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Title: The Role of Phosphorus in Diet-Induced Thermogenesis of Healthy Male Subjects 

Diet induced thermogenesis is the increase in postprandial energy expenditure above 

the basal metabolic rate divided by the energy content of the food consumed during the meal, 

and it is usually expressed as a percentage (Westerterp, 2004). Each macronutrient has a 

specific DIT range, with the proteins having the highest DIT (20-30% of the energy content), 

following by the carbohydrates (5-15%), and then the fats with the lowest DIT of (0-3%) 

(Westerterp et al, 1999). Phosphorus availability is an important determinant of DIT, since it 

is needed for ATP production. Refined carbohydrates and high sugar foods in addition to 

high saturated and trans-fats containing foods, that are linked to an increased obesity risk are 

low in phosphorus. Whereas protein rich foods (like meats, fish, poultry and dairy products) 

in addition to plant based foods such as nuts, unrefined grains, and beans, which are all 

related to decreased risk of obesity, are high in phosphorus (Halton et al, 2004). Previous 

studies have been done to measure the impact of phosphorus supplementation on DIT after 

consuming either a high protein meal (Abdouni et al, 2018) or a high carbohydrates meal 

(Assaad et al, 2018), and both studies concluded that phosphorus does increase PEE. Thus, in 

line with the previous studies, the present study is conducted to measure the involvement of 

phosphorus on DIT and respiratory quotient (RQ) of healthy male subjects consuming a high 

saturated fat meal. 

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

trial. Twelve healthy male subjects with an age range between 19 and 35 years and with a 

body mass index ranging from 19.2-34.6 Kg/m
2
 were recruited through direct approach. 

They were asked to come to the testing room after an overnight fast at 8:00 am. 

Anthropometric measurements (weight and height) were taken, then a finger prick 

experiment was done to determine the HbA1c blood level using the DCA VANTAGE 

SIEMENS MACHINE, and urine was collected to determine creatinine concentration in 

urine using VITROS 350 CHEMISTRY SYSTEM. Then the subjects were asked to rest for 
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30 min on a couch in a supine position, the resting REE including VO2 and VCO2, and RQ 

was measured for 30 min using the ventilated hood and canopy system (COSMED QUARK 

CPET UNIT, Italy) for indirect calorimetry measurement. Subjects had 15 min to consume 

the high saturated fat meal with the appropriate supplement. The supplements were either 500 

mg of phosphorus tablets or placebo tablets that were given in a random order each on one 

visit. Finally, the postprandial REE and RQ were measured for 4 hours, divided into a 15min 

measurement, followed by a 15min break. Subjects undertook 2 sessions in a random order 

over 2 different days which were separated by a minimum of one week as a washout period. 

The addition of phosphorus to the high saturated fat meal significantly increased the 

percent change from baseline in PEE; suggesting an increase in the production of ATP that 

depends primarily on the availability of phosphorus. Moreover, there was a significant 

difference between the two treatments in RQ, but there was no significant difference in the 

percent change in RQ for the phosphorus treatment compared to the control, suggesting no 

difference in fat oxidation when supplementing phosphorus to the high saturated fat meal 

compared to the control. When calculating the AUC for each variable, we only found a 

significant difference in the AUC for the RQ of phosphorus treatment compared to the 

control. 

In line with the previous studies (Abdouni et al 2018, Assaad et al, 2018), 

phopshporus was able to increase the percent change from baseline in PEE, suggesting that 

phosphorus is involved in DIT. Moreover, 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), Post-Prandial Energy 

Expenditure (PEE), Adenosine triphosphate (ATP), Respiratory Quotient (RQ), High 

saturated Fat. 
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CHAPTER I 

INTRODUCTION 
 

 

Total energy expenditure consists of three components: Basal metabolic rate, which 

is the energy required by the body when at rest to ensure vital functions; energy cost of 

physical activity; and diet induced thermogenesis. 

Post-prandial energy expenditure (PEE) is the increase in metabolic rate above the 

basal metabolic rate that occur after ingestion of food, it is the energy required for the 

digestion, absorption, transport and storage of food. Although DIT consists only of 5-15% of 

total energy expenditure, it can play a major role in the development of obesity. Many studies 

were conducted to determine the major determinants of DIT, a study (Westerterp, 2004) 

found that DIT is mostly affected by the energy content of the food, and the protein and the 

alcohol fraction of the diet.  

Another important determinant of DIT is phosphorus availability; Evidence has 

shown that the obesogenic, energy dense, and low nutrients diets are also low in phosphorus. 

The decreased phosphorus intake accompanied by an increase in carbohydrates intake will 

lead to an increased insulin secretion, to promote the uptake of carbohydrates and phosphorus 

by the peripheral cells; leading to a decreased availability of phosphorus for ATP generation, 

essentially needed postprandially for DIT.  

A low DIT has been closely linked to obesity. The decreased hepatic ATP lead to 

signals transmission to the nervous system to increase energy intake. Moreover, the reduced 

phosphorus status will affect the oxygen carrying capacity of hemoglobin, which will lead to 

a decrease in physical activity. All of those factors will cause an overall decrease in energy 

expenditure and an increase in energy intake, and will eventually increase the risk of obesity 

(Obeid, 2013). 

Phosphorus is mainly found in protein rich foods such as meats, fish, poultry, dairy 

products and also in plant based foods such as nuts, unrefined grains, and beans. Thus, weight 

loss caused by having a high protein diet for increased satiety and better insulin sensitivity 

(by limiting refined carbohydrates and sugars, and saturated and trans fats), may also be due 

to the fact that protein rich foods are also high in phosphorus. (Halton et al, 2004). 
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Two studies were conducted to determine the impact of ingestion of phosphorus on 

the DIT of lean and obese subjects. The first study (Abdouni et al, 2018) was to determine the 

impact of ingestion of phosphorus with a high protein-low phosphorus meal compared to 

normal protein-low phosphorus meal. they compared the DIT between the respective meals 

supplemented by either phosphorus or placebo, and reported a significant increase in 

postprandial energy expenditure with phosphorus supplementation independent from the 

protein content of the meal. The second study (Assaad et al, 2018) was to determine the 

impact of ingestion of phosphorus with a high carbohydrate meal. They compared the DIT 

between supplementation of either phosphorus or placebo with meals, and reported a 

significant increase in EE with the ingestion of Phosphorus. Therefore, it was reasonable to 

conclude that phosphorus is involved in DIT. 

In line with the previous studies, the present study is conducted to measure the 

involvement of phosphorus on DIT of male subjects consuming high saturated fat meals. The 

overall hypothesis of this study, is that phosphorus ingestion by healthy subjects would be 

associated with an increase in DIT.  
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CHAPTER II 

                     LITERATURE REVIEW 

 

A. Diet induced thermogenesis and obesity         

 

Diet induced thermogenesis can be defined as the increase in postprandial energy 

expenditure above the basal metabolic rate divided by the energy content of the food 

consumed during the meal, and it is usually expressed as a percentage (Westerterp, 2004). 

Each macronutrient has a specific DIT range, with the proteins having the highest DIT (20-

30% of the energy content), following by the carbohydrates (5-15%), and then the fats with 

the lowest DIT of (0-3%) (Westerterp et al, 1999).  

Many studies were conducted to find the determinants that mostly affects DIT. 

There are biological determinants of the individuals, and determinants that are related to the 

food and habits. One of the biggest biological determinants was found to be insulin 

sensitivity and the sympathetic nervous activity; a study (Watanabe et al, 2006) found a 

negative correlation between thermic effect of food (TEF) and a suppressed insulin 

sensitivity, and a positive correlation between TEF and the sympathetic nervous activity. 

They concluded that low insulin sensitivity decreases the response in the sympathetic nervous 

activity, which will lead to a low postprandial energy expenditure, hence low thermic effect 

of food. Moreover, ARs were found to be essentials in the process of the sympathetic 

nervous signaling. In a study conducted on mice (Bachman et al, 2002), -less mice were 

found to have a 16% lower metabolic rate then -with mice, and had increased leptin levels 

consistent with an increase in fat mass. On the other hand, UCP1 was found to be essential 

for the diet-induced adrenergic thermogenesis in mice, and its ablation induces obesity and 

abolishes DIT (Feldmann et al, 2008). In addition to the biological determinants, a big 

determinant of TEF was found to be diet composition. Westerterp et al (1998) found that 

macronutrients have a direct effect on DIT, with the proteins having the highest thermic 

response, and fats having a diminished thermic response. Moreover Westerterp (2004) found 

that the main determinant of DIT is the energy content of the food and the protein fraction of 

the diet. Since DIT is related to the activation of energy requiring processes of absorption, 

initial metabolism and storage of food prior to their oxidation, energy content of the food is a 

big determinant of DIT. Moreover, the high DIT of proteins is thought to regulate body 
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weight by increasing satiety (Westerterp, 2004). Another important determinant of DIT is 

meal pattern, irregular meal pattern lead to a lower DIT compared to regular meal pattern 

(Farshchi et al, 2004). Finally, duration of the meal and the number of shews were also 

shown to affect DIT (Hamada et al, 2014). More shews and higher duration of the meal 

increase DIT. 

Fats were shown to have the lowest DIT in macronutrients, with protein having a 3-

fold higher DIT than fats (Tentolouris et al, 2007). However, the different types of fats 

themselves were shown to have different DIT. Unsaturated fatty acids were shown to have 

higher thermogenic effect as compared to saturated fatty acids (Takeushi et al, 1995), the 

proposed mechanism was an observed lower sympathetic nervous activity in BAT of rats 

when fed SFA than PUFA. Similar results were shown for humans, with a higher DIT when 

consuming high PUFA/SFAs ratio over a prolonged period compared to low PUFA/SFA 

ratio (Lichtenbelt et al, 1997; Clevenger et al, 2014). The possible mechanism suggested by 

Clevenger et al (2014) was the greater ability of PUFAs to activates PPARs compared with 

SFA, in addition to the enzymes responsible for the unsaturated fatty acids oxidations (enoyl 

co-A isomerase and 2,4-dienoyl-coA reductase) that are involved in DIT. Comparing SFA 

and MUFA, Piers et al (2002) found no difference in DIT, but rather found a higherw DIT for 

high waist circumference subjects than low waist circumference subjects after consumption 

of olive oil (MUFA), but this difference was not seen for subjects who consumed cream 

(SFA). The possible mechanism suggested is a higher activation of the sympathetic nervous 

system by MUFA, and a higher response to catecholamines by the abdominal adipocytes than 

the gluteo-femoral adipocytes. Same results were demonstrated by Soares et al (2003). 

Finally, comparing MUFA and PUFA, K. R. Polley et al (2018) and Jones et al 

(2008) found greater DIT following MUFA rather than PUFA consumption. On the other 

hand, Clevenger et al (2014) found a greater DIT for PUFA rather than MUFA, but this 

contradicting result may be due to the fact that Clevenger et al’s (2014) study population 

were premenopausal women, and there are potential metabolic differences between males 

and females causing this difference as mentioned by K. R. Polley et al (2018).  

Obesity is an epidemic that has been on the rise worldwide (Abuduli et al, 2016). In 

2008, WHO reported that more than 1 in 10 of the world population were obese. Obesity has 

been linked to several serious diseases like diabetes mellitus and cardiovascular diseases. 

And efforts to counteract it were deemed ineffective, mainly because of the relapse after 

weight loss treatments (Carneiro et al, 2016). Obesity is mainly due to an imbalance between 

energy intake and energy expenditure that lead to an accumulation of fat storage. Low energy 
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expenditure may be due to low REE, low energy from physical activity, and low DIT or a 

combination of those three (Roberts, 1995). The association between DIT and obesity has 

been studied extensively and have led to contradictory findings. In a study comparing DIT for 

obese and non-obese men, Segal et al (1990) found DIT to be significantly lower for obese 

participants for the 3h after meal consumption. Another study by Schutz et al (1984) showed 

similar results; comparing obese and non-obese women, they found a lower DIT for obese 

women; and a negative correlation between DIT and body fat percentage, they attributed the 

low DIT to a defective sympathetic nervous system response for obese subjects. Another 

study however, found no correlation between leanness or obesity and DIT, but rather found a 

positive relation between DIT and the caloric content of the meal (D’Alessio et al, 1988). 

Some studies investigated the relation between obesity and PEE by employing a weight loss 

regimen (Granata et al, 2002). Ravussin et al (1983) found a positive relationship between 

thermic effect of food and weight loss. Weight loss significantly increased PEE in noninsulin 

dependent obese subjects. Moreover, the change in PEE with weight loss was shown to be 

dependent on the body type (gluteo-femoral obesity or abdominal obesity), den Besten et al 

(1988) reported an increase in in PEE following weight loss for gluteo-femoral obese women 

and not in abdominally obese women. Other studies however (Armellini et al, 1999), have 

shown that PEE for obese subjects was independent of the regional fat deposition; but rather 

the low PEE in obese subjects could be due to a large inactive fat mass (total adipose tissue) 

that leads to hyperinsulinemia and insulin resistance and reduced glucose uptake and storage.  

 

 

B. Fats Functions, sources and requirements 

 

Dietary fats can be defined as the lipids in plants or animals that can be consumed as food 

(FAO, 2010). Triglycerides mostly compose glycerolipids, accompanied by little amounts of 

phospholipids, monoacylglycerol, diacylglycerol, and sterols and sterol esters. Fatty acids 

mainly compose these entities and are required by humans for energy, and structural and 

metabolic activities. Those fatty acids can be divided into three classes, depending on the 

presence and number of double bonds: saturated fatty acids (SFA), monounsaturated fatty 

acids (MUFA) and polyunsaturated fatty acids (PUFA). Most of the double bonds of the 

naturally occurring unsaturated fatty acids are in the cis position, which means the hydrogen 

atoms on the double bonds are on the same side; when they occur in the opposite side, the 
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double bond will be in the trans orientation (FAO, 2010). 

SFA are mainly provided by animal fats (butyric, caproic, caprilic and capric 

acids…), but can also be provided by tropical oils like peanuts (arachidic, behenic, and 

lignoceric acids…), coconuts (caprylic, capric, lauric, and myristic acids) or palm oils (lauric, 

myristic and palmitic acids…). MUFAs occur mainly in the cis-form oleic acid that is 

essentially provided by olive oil, canola oil, and high oleic sunflower and safflower oil. 

PUFAs on the other hand, mostly occur in two forms, either in n-6 family (linoleic acids 

(LA) and arachidonic acids (AA)) or n-3 family (-linolenic acid (ALA), eicosapantaenoic 

acids (EPA) and docosahexaenoic acids (DHA)). Linoleic acids’ typical sources are 

vegetable oils, whereas arachidonic acids sources are animal fats, liver, egg lipids and fish. -

linolenic acid mainly comes from vegetable oils like flaxseed oil, perilla oil, canola oil, and 

soybean oil. EPA and DHA on the other hand, come from fish, especially oily ones like 

salmon, herring, anchovy… (FAO, 2010). 

SFAs have different roles and effects in the human body. Long chain saturated fatty 

acids (LCSFA) are essentially used as energy sources that can be stored in the adipocytes in 

the form of triacylglycerol, Medium chain saturated fatty acids (MCSFA) on the other hand, 

are more readily oxidized in the mitochondria (Beermann et al, 2003). Actually, oxidation of 

SFA decreases with increasing the carbon chain length(laurate> myristate> palmitate> 

stearate) (FAO, 2010). Moreover, MUFAs and PUFAs are more readily oxidized than SFA 

(Piers et al, 2002). High MUFA diet was shown to have a cholesterol lowering effect 

especially when substituting a high SFA diet (Kris-Etherton et al, 1999; Kaseb et al, 2013). 

PUFAs on the other hand, have different physiological functions depending on their type. 

They have an essential role in regulating inflammatory processes. AA from LA is responsible 

for producing pro-inflammatory eicosanoids, that are involved in inflammation, 

vasoconstriction and platelet aggregation. EPA and DHA from ALA are responsible for 

producing anti-inflammatory eicosanoids and docosanoids, that are mostly vasodilatators and 

anti-aggregators. EPA and DHA when taken in high quantities as fish oil supplements, 

compete with AA and reduce their inflammatory cytokines production (Calder, 2006). 

Another biological role of PUFAs is gene regulation. PUFAs activate genes responsible for 

fatty acids oxidation and mobilization (like peroxisome proliferators activated receptors 

PPAR) and inhibit genes responsible for de novo lipogenesis (like sterol regulatory element 

binding protein SREBP-1). Thus, PUFAs shift fatty acids metabolism from synthesis and 
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storage towards transport and oxidation. They are primarily stored in cell membrane 

phospholipids and can modify membrane fluidity and thickness (FAO, 2010). 

The acceptable macronutrient distribution range (AMDR) for total fat intake ranges 

between 20-35%. With 15% being the lower value for AMDR, to ensure adequate intake of 

essential fatty acids, and an absorption of fat soluble vitamins. And 35% being the upper 

limit, that is usually recommended for those engaged in high physical activity (FAO, 2010). 

However, fat intake should be in moderation, considering the quality of diet and subject’s 

anthropometric measurements. The Dietary recommended intake of the different types of fats 

for adults, infants and children, and pregnant and lactating women are summarized in the 

bellow tables. 

Table 1: Recommended dietary intake for total fat and fatty acid intake for adults (FAO, 

2010) 
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Table 2: Recommended dietary intake for total fats and fatty acids for infants (0-24 months) 

and children (2-18 years) (FAO, 2010) 

 

C. Fats, body weight, and diseases 

 

Dietary fats play a major role in controlling body weight. Many diets have been 

proposed to induce weight loss and reduce cardiac risk factor. Diets varied from being low-

carbs high fats diet (like Atkins diet), or very low fats diet (like ornish diets). Both diets 

induced weight loss after one year, but there was a problem with adherence to the diet for a 

long term, since they were considered too extreme (Dansinger et al, 2005). In an attempt to 

investigate whether a high polyunsaturated fats diet could attenuate the effect of a high 
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saturated fat diet, Crescenzo et al (2015) assessed body composition and energy balance after 

two weeks of feeding hamsters a high fat diet rich either in lard or safflower/linseed oil. They 

concluded that PUFAs decrease the obesogenic effect of a high fat diet and ameliorates blood 

lipid profile; it also decreases hepatic steatosis and mitochondrial oxidative stress. Same 

results were obtained for Yang et al (2017), when feeding a high MUFA and PUFA/SFA 

ratio to obese hamsters. This diet led to a decrease in body fat accumulation and a decrease in 

blood cholesterol and higher insulin levels. They attributed the lower obesogenic profile of 

hamsters fed high MUFA and PUFA diet to an increase in lipolytic enzyme activities. 

Maffeis et al (2001) investigated whether a fat meal is a risk factor for fat gain in children. 

They fed obese and non-obese children a high fat and a low-fat meal and took anthropometric 

measurements and indirect calorimetry after meal ingestion. They concluded that a high fat 

meal lead to a lower thermogenesis and a higher positive fat balance than a low-fat meal. 

Considering fats and diseases, as evidence has shown, different types of fats have 

different effects on body’s metabolism and blood lipid profile. SFAs have detrimental effects 

on body’s fat accumulation and blood lipid profile. Consumption of SFAs have been linked 

to increased coronary heart disease risk, by increasing LDL-c and decreasing insulin 

sensitivity (Li et al, 2019; Siri-Tarino et al, 2010). This has led to a recommendation to 

decrease SFAs intake to less than 10% of energy intake, to decrease the risk of CVD. 

Replacing SFAs with MUFAs in animal studies has led to a decrease in LDL cholesterol 

without lowering the level of HDLs, which has led to a lower LDL/HDL ratio. Replacing 

SFAs with PUFAs on the other hand, had been shown to decrease both LDL and HDL 

cholesterol, but the decrease in LDL would be to a greater extend, thus leading to a lower 

LDL/HDL ratio (Siri-Tarino et al, 2010). In a meta-analysis of RCTs, Mozaffarian et al 

(2010) concluded that replacing SFAs by PUFAs decreased the incidence of CHD by 19%, 

each 5% increase in energy from PUFAs decreased CHD risk by 10%.  The possible 

suggested mechanism was that this replacement decreased LDL-c without a reduction in 

HDL-c, leading to a lower TC/HDL ratio.  

Comparing the benefits of a high MUFA diet to a low-fat diet, a high MUFA diet 

have been linked to a lower CVD risk, since it lowers blood cholesterol and blood TG (Kris-

Etherton et al, 1999). Another risk factor for CVD is high blood pressure. MUFA was shown 

to decrease systolic and diastolic blood pressure compared to SFA, at total fat intake of 37% 

energy, but this effect was lost when having a higher fat intake (Rasmussen et al, 2006). In a 
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meta-analysis of prospective cohort studies, Yang et al (2016) concluded that long chain n-3 

PUFAs, especially DHAs, are associated with a decrease in the incidence of high blood 

pressure.  

Fat diets are also associated with inflammation that leads to insulin resistance and 

predispose individuals to DM II (Harford et al, 2011). SFAs lead to inflammation by 

activating inflammatory markers (like NFB, TNF-, interleukine-6), MUFAs on the other 

hand, do not lead to an activation of inflammatory markers. SFA and trans-FA alter insulin 

sensitivity whereas n-3 PUFAs improve it. The possible suggested mechanism is that SFAs 

impair insulin signaling pathways required for glucose uptake, and reduce adiponectin 

secretion (Siri-Tarino et al, 2010). Moreover, as have previously been shown, PUFAs can 

have inflammatory or anti-inflammatory properties depending on their type. n-6 PUFA are 

considered pro-inflammatory because of AA coming from LA that activates inflammatory 

markers such as leukotrienes and prostaglandins. n-3 PUFAs on the other hand, are anti-

inflammatory. ALA is considered an essential FA, because humans cannot synthesize it. 

ALA produces EPA and DHA that mainly act as competitive substrate for AA. n-3 PUFAs 

can also inhibit NFB pathway in inflammatory conditions. The significance of the anti-

inflammatory properties of n-3 PUFAs can be of particular importance in controlling 

inflammatory diseases like IBD (Marion-Letellier et al, 2015).  

Moreover, SFAs also may lead to atherogenesis by inducing a selective uptake of 

cholesterol by the capillary wall (Siri-Tarino et al, 2010). n-3 PUFAs decrease the risk of 

CVD by acting as vasodilatators and anti-aggregators, n-6 PUFAs on the other hand, increase 

the risk of CVD by having a contradictory effect, that is vasoconstriction and pro-platelet 

aggregation (FAO, 2010). 

 

D. Distribution of phosphorus in the body 

 
Phosphorus is a mineral that is naturally found in nature as an inorganic apatite 

form. It has a variety of oxidation state that ranges from PH-3 to P2O5. Phosphorus is second 

only to calcium among body inorganic elements. 85% of Phosphorus are found in skeletal 

tissues, 14% in soft tissues and only 1% in blood and body fluids. 70% of the phosphorus in 

human plasma is found as organic phospholipids. The remaining 30% inorganic phosphorus 
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will be either free (83%) or protein bound (17%). The majority of the free inorganic 

phosphorus found in plasma (80%) is in the form of HPO4
2-, 20% is in the form of H2PO4

-, 

and less than 0.01% is found as PO4
3-. Phosphorus consist of 1% of body weight, which 

means that a 70 Kg man will have 700g of phosphorus. The phosphorus in skeletal tissues are 

found as calcium phosphate at a ratio of 1:2 (P:Ca ratio). The phosphorus in the body have 

structural and metabolic roles. It can be resorbed from bones depending on body’s needs by 

calcitriol and PTH, it is a component of genetic materials (DNA and RNA), of phospholipds 

(structural component of membranes) and phosphoproteins (cell proliferation and 

differentiation). Phosphorus’ major metabolic functions are ensuring acid-base balance, being 

a major anion within body cells, and is essential to replenish energy compounds like ATP. 

Other important metabolic functions also exist. It is used for phosphorylation and 

dephosphorylation of compounds of substrates (like in glycogen synthesis and glycolysis), it 

delivers oxygen through 2,3 diphosphoglycerate, and is a component of growth factors or 

cytokines. 

E. Phosphorus sources and requirements 

 

Dietary phosphorus is mainly found in animal products that contain protein like 

dairy products, meat, fish, poultry and eggs; or in foods containing PO4 additives. It is mainly 

absorbed in its inorganic form, so food additives increase phosphorus absorption drastically 

(Kalantar-Zadeh et al, 2010). Phosphorus is also found in lesser extent in cereal grains and 

many vegetables, including legumes (Anderson, 2013). Since it is highly abundant in the 

food supply, deficiency is highly rare. As per the National Academies Press (1997), the 

adequate intake (AI) and the recommended dietary allowance (RDA) of phosphorus are as 

such: 

AI for infants for the first 6 months is 100mg/day 

AI for infants from 7 to 12 months is 275mg/day 

RDA for Children 1 through 3 years is 460 mg/day 

RDA for Children 4 through 8 years is 500 mg/day 

RDA for boys and girls 9 through 18 years is 1250 mg/day 



 

 12 

RDA for men and women >19 years is 700 mg/day 

RDA for pregnancy and lactation: 14 through 18 years is 1250mg/day 

                                                       19 through 50 years is 700 mg/day 

On the other hand, the tolerable upper limit (UL) was set to be 4g for adults, 

adolescents and lactating women, 3g for children and older adults, and 3.5g for pregnancy. 

Phosphorus in most food sources exhibit good bioavailability, except when it is 

present as phytic acids in grains and plant seeds (like in nuts, cereal, beans and peas). 

Human’s digestive system doesn’t contain phytase, thus it cannot hydrolyze phytic acid, 

making phosphorus not bioavailable. However, some plants naturally contain phytase, 

making phosphorus bioavailable. Also yeasts degrade phytate, which means that whole grains 

that are used to make leavened bread have a higher bioavailable phosphorus content than 

when it is used to make unleavened bread. Moreover, phosphorus in human milk have higher 

efficiency of absorption than from cow’s milk. The efficiency of absorption from infant’s soy 

milk is the lowest since phosphorus is present as phytic acid (National Academies Press, 

1997). 

F. Phosphorus absorption and homeostasis 

 

As mentioned previously, phosphate is more readily absorbed as inorganic 

phosphate at a rate of 65-75% in adults and at even higher rate in children. Phosphate will be 

absorbed in the small intestine by cotransport with Na+. Serum phosphate increases an hour 

after ingestion. This increase stimulates the secretion of PTH, which acts on the kidneys to 

favor phosphate excretion. However, serum phosphorus is not regulated as tightly as serum 

calcium, serum phosphorus is mostly affected by cellular release of phosphorus and dietary 

intake (Anderson, 2013). 

Phosphorus concentration in blood ranges between 2.7–4.5 mg/dl. Several hormones 

control phosphorus concentration to keep it in this range including PTH, 1,25 (OH)2 vitamin 

D, insulin, glucagon, calcitonin… In contrast to calcium that is primarily regulated by 

vitamin D, phosphorus is primarily regulated by PTH, that controls its excretion via the 

kidneys (by blocking its reabsorption by the proximal convoluted tubule), and increases bone 

resorption of phosphorus and calcium ions, and enhances the absorption of phosphorus and 

calcium by the small intestine by the 1,25 (OH)2 vitamin D. The hormone Fibroblast growth 
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factor 23 (FGF 23) secreted by skeletal cells was also shown to decrease serum phosphorus 

concentration, by decreasing renal reabsorption and intestinal absorption of phosphorus. In 

addition, FGF 23 reduces renal vitamin D production, and thus decreases intestinal 

absorption of calcium. The net balance of phosphorus in adults remains zero because of the 

role of PTH in controlling organs responsible of keeping phosphorus concentration within the 

normal range. For older adults however, phosphorus balance will become negative if the 

kidneys are functioning well, because of very low dietary intake of phosphorus. Older adults 

usually also have low intake of calcium. The low intake of both minerals is linked to 

osteoporosis. But scenarios of a low intake of calcium with adequate intake of phosphorus are 

also linked to bone fragility, because of an increased PTH secretion. The phosphorus balance 

and homeostasis are summarized in figure 1 (Anderson, 2013). 

 

Figure 1: Phosphorus balance and homeostasis (Anderson, 2013)  

 

G. Phosphorus, ATP and food intake 

 
Hepatic ATP depends on adequate dietary sources of phosphorus, since the body 

lack an adaptive mechanism to increase absorption of phosphorus upon low intake, and there 

is a relatively low amount of free phosphate stored within cells, and most tissues depend 

upon ECF phosphorus for their metabolic function. The obesogenic diets that are high in fats 

and refined carbs, are also low in phosphorus, which will lead to low ATP production, thus 

affecting energy balance and food intake. The possible mechanism is that low hepatic ATP 
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(changes in hepatic energy status) is thought to induce hepatic vagal afferent signals to the 

central nervous system to increase energy intake and decrease energy expenditure (Obeid, 

2013). On the other hand, the ratio of ATP to ADP is thought to regulate food intake. A high 

hepatic ATP production promotes satiety, and the faster this increase, the lower the energy 

intake.  

High carbohydrate intake is thought to decrease phosphorus available for ATP 

production, by stimulating insulin secretion, which promotes uptake of phosphorus, along 

with carbs, to use it for substrate phosphorylation (Figure 2). Thus, it is reasonable to 

conclude, that an addition of phosphorus supplements to the meal will help promote satiety 

and decrease energy intake, by providing phosphorus for both phosphorylation of substrates 

and hepatic ATP production (Obeid et al, 2010). 

In addition, high fructose diets (like having high fructose corn syrup in the diet) also 

lead to a decrease in serum phosphate, since it needs to be phosphorylated to fructose-1-P, 

and unlike glucose, it doesn’t have a feedback mechanism to stop producing fructose-1-P 

when it accumulates, and fructose will compete with ATP production for phosphorus 

utilization (Obeid, 2013). A high fructose consumption lead to hepatic ATP depletion and 

impairs recovery of this depletion, thus it may also be a risk factor for the development of 

non-alcoholic fatty liver disease (NAFLD) (Abdelmalek et al, 2012). An accumulation of uric 

acid and an inhibition of AMP- activate protein kinase (AMPK) that stimulates production of 

ATP, by high fructose consumption, may be the cause of fat accumulation in liver, thus 

leading to NAFLD (Bawden et al, 2015). 
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Figure 2: Proposed interaction among phosphorus, adenosine triphosphate (ATP) production 

and obesity (Obeid, 2013). 

 

H. Factors affecting ATP production 

 
As have previously been mentioned, fructose consumption negatively affects ATP 

production by utilizing phosphorus for the formation of fructose-1-P, and inhibiting AMPK. 

High refined carbs and high fats diets that are usually low in phosphorus, also compete with 

ATP production by increasing phosphorus uptake for substrate phosphorylation. Another 

factor that was known to affect ATP production is insulin sensitivity. Insulin is secreted by 

the pancreas to induce carbohydrates and phosphorus uptake by the cells. In case of insulin 

resistance for elderly patients with T2DM, there is a low peripheral uptake of glucose and 

phosphorus, leading to low ATP production in the muscles and liver. The prolonged 

hyperinsulinemia and hyperglycemia with an increased hepatic lipid accumulation, with a 

chronic insulin resistance, could lead to an oxidative stress that affects the hepatic 

mitochondrial flexibility. This is not the case for obese non-diabetic subjects who, on the 

contrary, have higher hepatic ATP production, suggesting that insulin resistance alone cannot 

impair muscle and liver ATP production for young obese subjects with no NAFLD (Fritsch et 

al, 2015). 

On the other hand, Kahl et al (2018), found other factors that affect hepatic ATP 

production, independent of insulin sensitivity. For adults with normal insulin sensitivity, 

glucose tolerance and hepatic lipids (HCL), there was a positive association between 
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phosphate and non-esterified fatty acids (NEFA). NEFA may increase hepatic phosphorus 

and stimulate energy generating processes. In addition, this study found a positive relation 

between ATP and some essential amino acids (leucine). Leucine was shown to improve 

mitochondrial performance in healthy humans, leading to higher ATP production. 

 

I. Phosphorus and body weight 

 

Obesity is among the biggest causes of morbidity and mortality in the western world 

(Crescenzo et al, 2015). Obesity is associated with high refined carbohydrate diets (Assaad et 

al, 2018) and high saturated fats diets (Crescenzo et al, 2015). Both diets are low in 

micronutrients, especially phosphorus, which is involved in ATP production. ATP is required 

for all energy requiring mechanisms (DIT, REE, physical activity…) that play a role in the 

development of obesity. High protein diets on the other hand are associated with lower 

obesity risk. Increasing proteins in diets also means increasing dietary phosphorus 

(Kremsdorf et al, 2013). Thus, it is reasonable to assume that phosphorus in proteins also 

play a role in decreasing the risk of obesity, besides proteins’ high satiety effect. In a trial to 

investigate whether the lower obesogenic effect of high protein diets is also affected by 

protein’s phosphorus content, Abdouni et al (2018) fed participants either high or low protein 

diets (egg whites that are deficient in phosphorus), with or without phosphorus; and measured 

the postprandial energy expenditure (PEE) for the next four hours. The investigators found a 

similar PEE for both diets that was significantly increased by phosphorus ingestion. This 

result shows the important role that phosphorus may play in the development of obesity. 

Another study done by Assaad et al (2018), comparing the PEE after the addition of 

phosphorus to a refined carbs meal with the PEE after having the refined carbs meal with 

placebo, showed similar results with an increase in PEE with phosphorus ingestion. 

Phosphorus was also shown to improve insulin sensitivity, playing a role in 

decreasing CVD risk. Since insulin sensitivity play a role in lipid metabolism, Hazim et al 

(2014) investigated whether phosphorus can alter postprandial lipemia. Subjects were given 

high fats meal with or without phosphorus, and postprandial blood samples were taken every 

hour for six hours after the meal ingestion. There were no changes in serum insulin, non-

esterified fatty acids (NEFA), and triglycerides (TG). However, phosphorus supplementation 

increased the postprandial concentration of apoB48 and decreased apoB100. Both 
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apolipoproteins have an atherogenic effect, so the effect of this phosphorus’ manipulation on 

the development of CVD is not clear. 

In conclusion, phosphorus in our body is affected by the type of dietary intake. 

Fructose have a phosphorus sequestering effect. High refined carbs and oils diets are low in 

phosphorus, and decrease phosphorus availability for ATP; by stimulating insulin secretion 

that promotes phosphorus uptake by peripheral cells. High proteins diets are also high in 

phosphorus, and their high thermogenic effect may also be due in part to their high 

phosphorus content. Phosphorus’ effect on postprandial lipemia is not clear, since it was 

shown to increase ApoB48 and decrease ApoB100. Thus, the effect of phosphorus on lipid 

metabolism, especially lipids’ DIT, is of special importance; to determine the potential role of 

phosphorus on the development of obesity related to high fats meal. 
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The objective of the present study was to determine the effect of phosphorus 

supplementation on diet induced thermogenesis and respiratory quotient, of healthy male 

subjects consuming a high saturated fat meal (79% of the Kcal as fat, 270Kcal), using 

unsalted spreadable butter as the main source of fat. 

The overall hypothesis of this proposal is that phosphorus ingestion by healthy subjects 

would be associated with an increase in diet-induced thermogenesis when taking a high fat 

meal. Our specific aim is as follows: 

Specific Aim: To assess the impact of phosphorus ingestion on PEE of healthy male 

subjects consuming high saturated fat meals. 
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CHAPTER III 

MATERIALS AND METHODS 

 

A. Study Design 

 

This study is a double-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 June 2017 and January 2019. Healthy male 

subjects with an age range between 19 and 35 years and with a body mass index ranging from 

19.2-34.6 Kg/m
2
 were recruited through direct approach. The purpose and the protocol of the 

study were explained to the volunteers. Subjects who fulfilled the general entrance 

requirements (do not have any of the exclusion criteria) signed an informed consent 

(Appendices I and II) and were referred to do a finger prick and a urine test to determine their 

HbA1c and albumin and creatinine levels, respectively, to make sure that they have normal 

glucose levels and kidney functions. Subjects with abnormal values will be asked to contact 

their doctor. Exclusion criteria included HbA1c level >5.5 and urine creatinine level >300 

mg/dl, subjects with diabetes, cardiovascular, cerebrovascular, pulmonary, renal, hepatic, or 

endocrinological (PTH) diseases in addition to the presence of any other significant medical 

disease. 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 also 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 or the use of nutritional supplements one day prior to the study.  

 



 

 20 

C. Experimental Protocol 

 
Experiment: The impact of phosphorus ingestion on PEE of healthy subjects consuming 

high saturated fat meal (12 subjects).  

In this experiment, overnight fasted subjects (> 8 hours) were requested to attend the 

testing room at around 8:00 am. Anthropometric measurements (weight and height) were 

taken, then a finger prick experiment was done to determine the HbA1c blood level using the 

DCA VANTAGE SIEMENS MACHINE (origin: UK, manufacturer: Siemens Healthcare 

Diagnostics, Inc, NY, USA), and urine was collected to determine creatinine concentration in 

urine using VITROS 350 CHEMISTRY SYSTEM (Ortho-Clinical Diagnostics, NY, USA). 

Then the subject was asked to rest for 30 min on a couch in a supine position, the resting 

REE including VO2 and VCO2, and RQ was measured for 30 min using the ventilated hood 

and canopy system (COSMED QUARK CPET UNIT, Italy) for indirect calorimetry 

measurement. Subjects had 15 min to consume the high saturated fat meal with the 

appropriate supplement. The supplements were either 500 mg of phosphorus tablets (see table 

4) or placebo tablets (see table 5) that were given in a random order each on one visit. 

Finally, the postprandial REE and RQ were measured for 4 hours, divided into a 15min 

measurement, followed by a 15min break (see figure 3). Subjects undertook 2 sessions in a 

random order over 2 different days which were separated by a minimum of one week as a 

washout period. 

Session 1: Ingestion of phosphorus tablets (4 tablets) with the high saturated fat meal 

(table6).   

Session 2: Ingestion of placebo tablets (4 tablets) with the high saturated fat meal (table 6). 
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Table 3: Ingredients of the Potassium Phosphate Tablets* 
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Table 4: 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 
 

 

 

 

       

 

 

 

 

 

Figure 3: Procedure for Diet-induced thermogenesis (DIT) test days. T represents the 

measurements for 15 minutes on the COSMED machine; and B represents the break for 15 

minutes.  

 

D. Anthropometric measurements 

Weight (Kg) was measured using an InBody machine while subjects were wearing 

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

with a movable head piece.  

 

E. Experimental meals 

The experimental meal comprised a toast and unsalted spreadable butter. The meal 
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provided 23.68g of fats (79% of total Kcal), including 14.527g saturated fats and 7.235g 

unsaturated fats, 11.97g of carbs (18% of total Kcal), and 2.18 g of proteins (3% of total 

Kcal). The meal had a total calorie of 270 Kcal with a total Phosphorus of 38.1 mg (see table 

5). 

Table 5: Composition of the High Saturated Fat Meal 

 High saturated fat meal 

(low in P) 

Toast 

P: 103 mg/100 g 

30 grams 

Butter 

P: 24 mg/100g 

6 tsp – 2tbsp 

30 grams 

CHO  

- grams 

- Calories 

- percentage 

 

- 11.97 grams 

- 48 Calories 

- 18% 

PROTEIN 

- grams 

- Calories 

- percentage 

 

- 2.18 grams 

- 9 Calories 

- 3% 

FAT 

-   grams 

- Calories 

- percentage 

 

- 23.68 grams 

- 213 Calories 

- 79% 

Saturated Fat 

- grams 

 

14.527 grams 

Unsaturated Fat 

-grams 

 

7.235 grams 

Total calories 270 Calories 

P (mg) 38.1 mg 
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F. Measurement of Baseline and Postprandial EE and RQ 

 

The COSMED machine measures VO2 consumption and VCO2 production, and it 

calculates the difference between the expired air in the hood and room air. In addition, the 

machine calculates energy expenditure and respiratory quotient. Absolute values for each 

variable were plotted against time, and the percent difference from baseline was calculated 

for each variable by subtracting the value at each time point from the average baseline value 

divided by the baseline value times 100, 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 0.65-1.0 (Fats: 0.65-7, Proteins: 0.8, Carbohydrates: 1.0).  

 

G. 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 area under the curve between the control and 

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

RESULTS 

 

A. Subjects characteristics 

 

Baseline characteristics including age, anthropometric measurements and fasting 

blood glucose and urine parameters are presented in table 6. Subjects were 12 healthy men, 

ranging in age from 21 to 35 and varying between normal adiposity to mild obesity (BMI 

19.2 – 34.6 Kg/m2). All participants had normal blood HbA1c levels and urine creatinine 

level.  

Table 6: Baseline Characteristics of the participants 

Variable Mean  SEM 

Age (years) 24.83  1.27 

Anthropometric Variables Weight (kg) 85.83  4.31 

Height (m) 178.50  1.46 

BMI (Kg/m2) 26.99  1.38 

Serum Parameters HbA1c (%) 5.25  0.09 

Urine Parameters Creatinine (mg/dl) 258.11  20.56 

Abbreviations: BMI, body mass index; HbA1c, hemoglobin A1c. 
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B. Postprandial Energy Expenditure 

 

Resting energy expenditure (REE) of the subjects was the same for the control and 

the phosphorus treatment (1.3 Kcal/min). Postprandial energy expenditure (PEE)  then 

increased similarly in both the control and phosphorus treatments for approximately two third 

of the time after meal ingestion (the first 150 min following meal ingestion), afterwards the 

increase tended to be higher when given phosphorus at 180 min after meal ingestion (1.43 for 

phosphorus treatment vs 1.38 for control); but this increase wasn’t significantly different 

according to treatment (P=0.057) but was only significant according to time (P=0.001). Then, 

at the last time point (240 min), the phosphorus treatment and the control had an almost 

similar PEE with 1.45 Kcal/min for the phosphorus treatment and 1.43 Kcal/min for the 

control. Both failed to go back to the REE (Table 7 and Figure 4). 

Changes in PEE, began at 0% and increased similarly for both treatments until 60 

min, afterwards the phosphorus treatment had a higher difference from baseline as compared 

to the control except at time 120 min when it was close (7.1% for the control and 7.2% for 

the phosphorus treatment). The highest difference between the two treatments was seen at 

180 min (3.5% for the control and 7.8% for the phosphorus treatment). At 240 min, there was 

still a significant difference between the two treatments (6.9% for the control and 9.6% for 

the phosphorus treatment). The increase in the percent change from baseline for both 

treatment was significantly different according to time (P Value = 0.001) and according to 

treatment (P Value = 0.028). 
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Table 7: Postprandial Energy Expenditure (Kcal/minute) of the subjects following the 

ingestion of the high saturated fat meal with or without phosphorus 

Time (minutes) Control 

Mean ± SEM 

Phosphorus 

Mean ± SEM 

0 1.32 ± 0.06 1.34 ± 0.05 

30 1.38 ± 0.05 1.37 ± 0.05 

60 1.41 ± 0.06 1.42 ± 0.06 

90 1.39 ± 0.06 1.43 ± 0.06 

120 1.43 ± 0.06 1.42 ± 0.04 

150 1.42 ± 0.06 1.44 ± 0.05 

180 1.38 ± 0.07 1.43 ± 0.05 

210 1.44 ± 0.07 1.44 ± 0.05 

240 1.43 ± 0.07 1.45 ± 0.06 
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Figure 4: Postprandial Energy Expenditure (Kcal/minute) of the Subjects Following the 

Ingestion of the High Saturated Fat Meal with or without Phosphorus 
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Table 8: Changes in Postprandial Energy Expenditure (Kcal/minute) of the subjects 

following the ingestion of the high saturated fat meal with or without phosphorus 

Time (minutes) Control 

Mean ± SEM 

Phosphorus 

Mean ± SEM 

0 0.00 ± 0.00 0.00 ± 0.00 

30 3.6 ± 1.14 2.9 ± 1.83 

60 5.7 ± 1.45 6.5 ± 1.94 

90 4.5 ± 1.68 7.2 ± 1.54 

120 7.1 ± 1.59 7.2 ± 2.76 

150 6.9 ± 2.36 9.3 ± 4.21 

180 3.5 ± 2.52 7.8 ± 3.06 

210 7.9 ± 2.65 8.7 ± 3.61 

240 6.9 ± 3.01 9.6 ± 3.27 
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Figure 5: Changes in Postprandial Energy Expenditure (%) of the Subjects Following the 

Ingestion of the High Saturated Fat Meal with or without Phosphorus 
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C. Postprandial Respiratory Quotient (RQ)  

 

Baseline RQ was 0.85 in the control and 0.79 in the phosphorus treatments. 

Postprandial RQ then stayed relatively stable in the first 120 min following meal ingestion in 

both the control (varying between 0.84 and 0.83) and phosphorus treatments (varying 

between 0.79 and 0.78). Afterwards, the RQ started decreasing in both treatments reaching a 

minimum of 0.8 and 0.75 in the control and phosphorus treatments, respectively, at the last 

time point (240 min). There was a significant difference between both treatments according 

to time (P=0.000) and treatment (P=0.000) (Table 9 & Figure 6).  

Changes in postprandial RQ (%) was very similar for both treatments. It began at 

0% for both treatments, then it decreased similarly for both treatments until time 60 min 

when it reached -2.5% for the control and -2.2% for the phosphorus, afterwards it increased 

to a maximum of -1.2% for the control and -0.4% for the phosphorus treatment at 90 min, 

then it started decreasing to reach a minimum of -5.5% at 180 min for the control and -5.7% 

at time 210 min for the phosphorus treatment, then increased slightly to be -5.3% for the 

control and -5.5% for the phosphorus treatment at the end of the experiment (240 min). There 

was a significant difference between both treatments according to time (P=0.000) but not 

according to treatment (P=0.372) (Table 10 & Figure 7).  
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Table 9: Postprandial Respiratory Quotient (RQ) of the Subjects Following the Ingestion of 

the High Saturated Fat Meal with or without Phosphorus 

Time (minutes) Control 

Mean ± SEM 

Phosphorus 

Mean ± SEM 

0 0.85 ± 0.02 0.79 ± 0.02 

30 0.83 ± 0.02 0.79 ± 0.02 

60 0.83 ± 0.02 0.78 ± 0.02 

90 0.84 ± 0.02 0.79 ± 0.02 

120 0.83 ± 0.02 0.78 ± 0.02 

150 0.82 ± 0.02 0.76 ± 0.02 

180 0.8 ± 0.02 0.76 ± 0.02 

210 0.8 ± 0.02 0.75 ± 0.02 

240 0.8 ± 0.01 0.75 ± 0.02 
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Figure 6: Postprandial Respiratory Quotient (RQ) of the Subjects Following the Ingestion of 

the High Saturated Fat Meal with or without Phosphorus 
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Table 10: Changes in Postprandial Respiratory Quotient (RQ) of the Subjects Following the 

Ingestion of the High Saturated Fat Meal with or without Phosphorus 

Time (minutes) Control 

Mean ± SEM 

Phosphorus 

Mean ± SEM 

0 0.00 ± 0.00 0.00 ± 0.00 

30 -2.1 ± 0.88 -0.9 ± 0.89 

60 -2.5 ± 0.99 -2.2 ± 1.23 

90 -1.2 ± 0.83 -0.4 ± 1.16 

120 -1.7 ± 1.17 -1.8 ± 1.64 

150 -3.4 ± 0.95 -4.1 ± 1.19 

180 -5.5 ± 1.45 -4.1 ± 1.24 

210 -5.1 ± 1.63 -5.7 ± 1.55 

240 -5.3 ± 2.1 -5.5 ± 1.32 
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Figure 7: Changes in Postprandial Respiratory Quotient (RQ) of the Subjects Following the 

Ingestion of the High Saturated Fat Meal with or without Phosphorus   
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D. Area Under the Curve (AUC) 

 

The area under the curve for the REE, percent change in REE, RQ, and percent 

change in RQ was calculated using the GraphPrism software. Total and net AUC for each 

variable are shown in table 12, for the control and the phosphorus treatment.  

The AUC of the RQ was significantly lower with phosphorus supplementation than the 

control, with a P-Value of 0.007. The total and net AUC of the RQ were the same for the 

control (194.95) and the phosphorus treatment (183.27). there was no significant difference 

for any other AUC variables (table 11).   
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Table 11: Area Under the Curve Parameters of the Phosphorus and Control treatments of 

the Subjects Following the Ingestion of the High Saturated Fat Meal 

AUC-Variables 
Control 

Mean ± SEM 

Phosphorus 

Mean ± SEM 
P-Value 

AUC_REE_Total 334.2 ± 15.4 337.5 ± 13.2 0.56 

AUC_%Dif_REE_Total 1385 ± 323 1956 ± 467 0.243 

AUC_%Dif_REE_Net 1269 ± 343 1607 ± 555 0.545 

AUC_RQ_Total 194.95 ± 5.09 183.27 ± 5.18 0.007 

AUC_%Dif_RQ_Total 1302 ± 334 1253 ± 317 0.869 
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CHAPTER V 
 

DISCUSSION 

 
 

The present study investigates the effect of phosphorus supplementation on diet 

induced thermogenesis and respiratory quotient of healthy male subjects consuming a high 

saturated fat meal. Phosphorus availability for ATP production is conditioned by different 

factors. The type of the macronutrient consumed is the most important factor, since glucose 

consumption stimulates insulin release, which favors glucose and phosphorus uptake by the 

cells for substrate phosphorylation, thus making phosphorus unavailable for hepatic ATP 

production (Obeid et al, 2010). In addition, fructose has a “phosphate sequestering action”; 

when consumed, it needs to be phosphorylated to fructose-1-P, but unlike glucose, it doesn’t 

have a feedback mechanism to stop producing fructose-1-P when it accumulates, thus high 

fructose consumption will compete with ATP production for phosphorus utilization (Obeid, 

2013). On the other hand, high protein diets are usually high in phosphorus, so their high DIT 

may also be due to the fact that they provide phosphorus for hepatic ATP production. 

Previous studies have examined the relationship between supplementing phosphorus to meals 

with different macronutrients composition and the change in DIT. Abdouni et al (2018) fed 

participants either high or low protein diets, with or without phosphorus; and measured the 

postprandial energy expenditure (PEE) for the next four hours. The investigators found a 

significant increase in PEE after phosphorus ingestion compared to the meal with placebo. 

Moreover, Assaad et al (2018), compared the PEE after the addition of phosphorus to a 

refined carbs meal with the PEE after having the refined carbs meal with placebo, and 

showed similar results with a significant increase in PEE with phosphorus ingestion. Thus, it 

was reasonable to conclude that dietary phosphorus is involved in DIT. In line with the 

previous studies, the present study is conducted to measure the involvement of phosphorus in 

DIT of male subjects consuming high saturated fat meals. The effect of phosphorus on lipid 

metabolism, especially lipids’ DIT, is of special importance; to determine the potential role of 

phosphorus on the development of obesity related to high fats meal.  

The present findings confirm that there is a strong association between phosphorus 

intake and DIT. The addition of phosphorus to the high saturated fat meal significantly 

increased the percent change from baseline in DIT; suggesting an increase in the production 

of ATP that depends primarily on the availability of phosphorus. In addition, PEE between 
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the two treatments tended to be significantly different (P=0.057). Moreover, there was a 

significant difference between the two treatments in RQ, but there was no significant 

difference in the percent change in RQ for the phosphorus treatment compared to the control, 

suggesting no difference in fat oxidation when supplementing phosphorus to the high 

saturated fat meal compared to the control. When calculating the AUC for each variable, we 

only found a significant difference in the AUC for the RQ of phosphorus treatment compared 

to the control. 

Our results are compatible with the studies that correlate phosphorus intake to 

decreased body weight and visceral fats. High protein foods in addition to whole grains 

contain phosphorus, which may play a partial role in their weight loss effect. In an attempt to 

investigate if the phosphorus by itself is associated to decreased body weight, independently 

from the food source, Ayoub et al (2015) gave participants phosphorus supplements or 

placebo with the three main meals for 12 weeks, and anthropometric measurements and 

blood profile were recorded. They found a significant decrease in body weight, BMI, waist 

circumference and subjective appetite scores. Supporting a promising role for phosphorus in 

weight management and decreasing visceral fats and energy intake. 

It has been shown that fats have the lowest DIT among macronutrients (0-3%) 

(Tentolouris et al, 2007). However, the different types of fats themselves have different DIT. 

Saturated fatty acids were shown to have the lowest DIT among the fats (Casas-Agustench et 

al, 2008). In line with this, PEE in the present study increased for both treatments from 

baseline (1.3 Kcal) until it reached 1.4 Kcal at the end of the experiment, both failing to get 

back to the REE after 4 hours from meal ingestion. The difference in PEE between the two 

treatments only tended to be significant (P=0.057). However, the percent change from 

baseline was significantly different between the two treatments (P= 0.028), it was higher for 

the phosphorus treatment compared to the placebo at time 90 min and from 150 min and 

onward, this could be explained by the fact that serum phosphate increases an hour after 

ingestion (Anderson, 2013), and this result support the hypothesis that phosphorus ingestion 

with the saturated fat meal actually increase its thermic effect.  

Despite the literature showing conflicting results, saturated fatty acids consumption 

has been linked to insulin resistance and greater BMI, predisposing individuals to type II DM 

(Lovejoy et al, 2002; Bray et al, 2002).  A high RQ means a high oxidation of carbohydrates 

and a low oxidation of fats, and is usually correlated to weight gain (Bray et al, 2002).  A 

shift from high carbs intake to high fat intake may result in a positive fat balance, because the 

body needs several days to adjust fat oxidation to match fat intake (Smith et al, 2000). In the 
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study by Smith et al (2000), a higher baseline RQ was correlated to a higher insulin 

concentration, suggesting that insulin resistance is correlated to decreased fat oxidation. They 

showed that fat oxidation is delayed when increasing the percent fat in the diet from a 37% 

fat diet to a 50% fat diet, suggesting that fat oxidation in the muscles is modulated by the 

level of physical activity, which increases the enzymes required to oxidize fats (Lipoprotein 

Lipase and Carnitine L-Palmitoyl Transferase I), and the number of mitochondria.  

In the present study, we didn’t observe a significant decrease in the RQ following 

phosphorus supplementation as compared to the placebo, so there was no higher fat oxidation 

when ingesting phosphorus with the high saturated fats meal. This suggests that phosphorus 

supplementation did not play a role in increasing fat oxidation. This finding confirms a study 

by Smith et al (2000) which deemed that fat oxidation is difficult to be adjusted promptly to 

match fat intake, unless having a high physical activity level. However, we found a 

significant difference when calculating the AUC of the RQ for the phosphorus treatment as 

compared to the placebo. There are many determinants that may affect RQ, Toubro et al 

(1998) found that 24 hour RQ is mostly affected (besides diet’s macronutrient composition) 

by fasting plasma insulin levels, plasma free fatty acids concentration and the two days’ diet 

composition immediately preceding the test date. This means that a slight change in the 

starting time for the same individual between the two sessions, could reflect in a change in 

RQ caused by a change in fasting insulin. Also, even though we asked the participants to 

have a weight maintenance diet three days prior the study date, a failure of compliance to 

have the same macronutrient composition during the two days prior to each session, could 

also explain the difference in RQ seen for the same individuals between the two sessions. 

In a previous study that investigated the effect of phosphorus on postprandial 

lipemia (Hazim et al, 2014), subjects were given high fats meal with or without phosphorus, 

and postprandial blood samples were taken every hour for six hours after the meal ingestion. 

There were no changes in serum insulin, non-esterified fatty acids (NEFA), and triglycerides 

(TG). However, phosphorus supplementation increased the postprandial concentration of 

apoB48 and decreased apoB100. Both lipoproteins are atherogenic, thus this may raise some 

questions on the advantage of supplementing phosphorus to a high fat meal. 

The main strength of the study is its design, it is a double blind randomized 

controlled trial which maintain the integrity of the study and reduce the potential for bias, by 

blinding both the researcher and the participant to the supplement ingested randomly in each 

session; and enable us to determine whether a cause-effect relationship exists between 
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supplementing phosphorus to the meal and the DIT; in addition, meals were equally and 

accurately given to all participants. 

The weaknesses of the study include the small sample size, and some abrupt 

movements or moments of sleepiness that affected some measurements, even though the 

participants were overall under good control. In addition, even though we tried to keep the 

starting time fixed at 8:00 am, there was still a failure of compliance for some subjects to 

come at the same time in both sessions, and as we mentioned earlier, this could have affected 

the results. Moreover, in alignment with Hazim et al (2014), we concluded that fats, to be 

totally absorbed and metabolized, need more than 4 hours (they conducted the experiment for 

6 hours postprandially), thus we can conclude that the duration of the experiment may be 

another limitation of this study. We should also mention that we would have gotten 

significant results with the AUC if we have divided it into two intervals (first 120 min and the 

second 120 min), since fats and phosphorus needs 60-90 min to be absorbed, and the biggest 

difference was seen after 120 min (150 min and onwards); but since it was a double-blind 

experiment, this was acknowledged too late, and because of time constraints to submit the 

thesis we did not divide them. Finally, it would have been interesting if we had blood tests 

taken at several time points postprandially, to be able to have a clearer picture of the effect of 

phosphorus supplementation on postprandial lipemia along with PEE and fat oxidation, 

however, taking blood tests continuously during the experiment, would have affected the 

PEE results because of the stress it would have imposed to the participants during the test.  
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CHAPTER VI 

CONCLUSION AND RECOMMENDATIONS 

 

Our results have shown that phosphorus significantly increases the PEE when 

ingesting it with the high saturated fat meal. Moreover, our results suggest that phosphorus 

can have a weight reduction effect when consumed with the meal, because of its involvement 

in increasing DIT. Additionally, our results have shown no significant effect of phosphorus 

ingestion on the percent change in RQ, suggesting that phosphorus was not able to increase 

fat oxidation when consumed with a high saturated fat meal. 

In conclusion, our results suggest a promising effect of phosphorus on weight 

reduction through increasing DIT. More research should be done however, to investigate the 

effect of a long-term phosphorus supplementation, especially when consumed with high fat 

meals, since it was previously being shown that phosphorus, when consumed with a high fat 

meal, increased the postprandial concentration of apoB48 and decreased apoB100. Both 

lipoproteins are atherogenic, so there was no clear effect of the role of phosphorus on 

improving lipid profile. 
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APPENDIX I 

CONSENT FORM (ENGLISH) 
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APPENDIX II 

CONSENT FORM (ARABIC) 
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induced thermogenesis and obesity: Is a fat meal a risk factor for fat gain in children? The 

Journal of Clinical Endocrinology & Metabolism, 86(1), 214-219.  

Marion‐Letellier, R., Savoye, G., & Ghosh, S. (2015). Polyunsaturated fatty acids and 

inflammation. IUBMB Life, 67(9), 659-667.  

Mozaffarian, D., Micha, R., & Wallace, S. (2010). Effects on coronary heart disease of 

increasing polyunsaturated fat in place of saturated fat: A systematic review and meta-

analysis of randomized controlled trials. PLoS Medicine, 7(3), e1000252.  

Obeid, O. (2013). Low phosphorus status might contribute to the onset of obesity. Obesity 

Reviews, 14(8), 659-664.  



 

 55 

Obeid, O., Dimachkie, S., & Hlais, S. (2010). Increased phosphorus content of preload 

suppresses ad libitum energy intake at subsequent meal. International Journal of 

Obesity, 34(9), 1446.  

Piers, L., Walker, K., Stoney, R., Soares, M., & O'dea, K. (2002). The influence of the type 

of dietary fat on postprandial fat oxidation rates: Monounsaturated (olive oil) vs saturated fat 

(cream).International Journal of Obesity, 26(6), 814.  

Polley, K. R., Miller, M. K., Johnson, M., Vaughan, R., Paton, C. M., & Cooper, J. A. (2018). 

Metabolic responses to high-fat diets rich in MUFA v. PUFA. British Journal of 

Nutrition, 120(1), 13-22.  

Ravussin, E., Bogardus, C., Schwartz, R. S., Robbins, D. C., Wolfe, R. R., Horton, E. S., et 

al. (1983). Thermic effect of infused glucose and insulin in man. decreased response with 

increased insulin resistance in obesity and noninsulin-dependent diabetes mellitus. The 

Journal of Clinical Investigation, 72(3), 893-902.  

Roberts, S. B. (1995). Abnormalities of energy expenditure and the development of 

obesity. Obesity Research, 3(S2), 155s-163s.  

Schutz, Y., Bessard, T., & Jequier, E. (1984). Diet-induced thermogenesis measured over a 

whole day in obese and nonobese women. The American Journal of Clinical Nutrition, 40(3), 

542-552.  

Segal, K. R., Edaño, A., & Tomas, M. B. (1990). Thermic effect of a meal over 3 and 6 hours 

in lean and obese men. Metabolism, 39(9), 985-992.  

Siri-Tarino, P. W., Sun, Q., Hu, F. B., & Krauss, R. M. (2010). Saturated fat, carbohydrate, 

and cardiovascular disease. The American Journal of Clinical Nutrition, 91(3), 502-509.  

Siri-Tarino, P. W., Sun, Q., Hu, F. B., & Krauss, R. M. (2010). Saturated fatty acids and risk 

of coronary heart disease: Modulation by replacement nutrients. Current Atherosclerosis 

Reports, 12(6), 384-390.  



 

 56 

Smith, S. R., de Jonge, L., Zachwieja, J. J., Roy, H., Nguyen, T., Rood, J. C., et al. (2000). 

Fat and carbohydrate balances during adaptation to a high-fat diet. The American Journal of 

Clinical Nutrition, 71(2), 450-457.  

Soares, M., Cummings, S., Mamo, J., Kenrick, M., & Piers, L. (2004). The acute effects of 

olive oil v. cream on postprandial thermogenesis and substrate oxidation in postmenopausal 

women. British Journal of Nutrition, 91(2), 245-252.  

Takeuchi, H., Matsuo, T., Tokuyama, K., Shimomura, Y., & Suzuki, M. (1995). Diet-induced 

thermogenesis is lower in rats fed a lard diet than in those fed a high oleic acid safflower oil 

diet, a safflower oil diet or a linseed oil diet. The Journal of Nutrition, 125(4), 920-925.  

Tentolouris, N., Pavlatos, S., Kokkinos, A., Perrea, D., Pagoni, S., & Katsilambros, N. 

(2008). Diet-induced thermogenesis and substrate oxidation are not different between lean 

and obese women after two different isocaloric meals, one rich in protein and one rich in 

fat. Metabolism, 57(3), 313-320.  

Toubro, S., Sørensen, T. I., Hindsberger, C., Christensen, N. J., & Astrup, A. (1998). Twenty-

four-hour respiratory quotient: The role of diet and familial resemblance. The Journal of 

Clinical Endocrinology & Metabolism, 83(8), 2758-2764.  

van Marken Lichtenbelt, W., Mensink, R., & Westerterp, K. (1997). The effect of fat 

composition of the diet on energy metabolism. Zeitschrift Für 

Ernährungswissenschaft, 36(4), 303-305.  

Watanabe, T., Nomura, M., Nakayasu, K., Kawano, T., Ito, S., & Nakaya, Y. (2006). 

Relationships between thermic effect of food, insulin resistance and autonomic nervous 

activity. The Journal of Medical Investigation, 53(1, 2), 153-158.  

Westerterp, K. R. (2004). Diet induced thermogenesis. Nutrition & Metabolism, 1(1), 5.  

Westerterp, K., Wilson, S., & Rolland, V. (1999). Diet induced thermogenesis measured over 

24h in a respiration chamber: Effect of diet composition. International Journal of 

Obesity, 23(3), 287.  



 

 57 

Westerterp-Plantenga, M., Rolland, V., Wilson, S., & Westerterp, K. (1999). Satiety related 

to 24 h diet-induced thermogenesis during high protein/carbohydrate vs high fat diets 

measured in a respiration chamber. European Journal of Clinical Nutrition, 53(6), 495.  

Yang, B., Shi, M., Li, Z., Yang, J., & Li, D. (2016). Fish, long-chain n-3 PUFA and incidence 

of elevated blood pressure: A meta-analysis of prospective cohort studies. Nutrients, 8(1), 

58.  

Yang, S., Lin, S., Chang, J., & Chien, Y. (2017). High fat diet with a high monounsaturated 

fatty acid and polyunsaturated/saturated fatty acid ratio suppresses body fat accumulation and 

weight gain in obese hamsters. Nutrients, 9(10), 1148. 




