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Wheat gluten is the major protein source in many developing countries. Gluten 

lacks some essential amino acids, primarily lysine, and, accordingly, can’t foster 

optimal growth. For that reason, it should be complemented with a protein source 

containing the limiting amino acid to improve growth. Wheat is also known to contain 

limited amounts of available phosphorus. In a recent study on rats (Hammoud et al., 

2015), the addition of phosphorus to a low complete protein diet (10% egg white 

protein) was reported to yield weight gain comparable to that of a normal protein diet 

(20%). The objective of this study was to investigate the effect of phosphorus addition 

to a low incomplete protein diet on growth. 

 

   After receiving approval from Institutional Animal Care and Use Committee 

(IACUC) of the American University of Beirut (AUB), forty male rats, of around 220 g, 

were randomly divided into four groups and maintained on diets containing 10% protein 

in the form of wheat gluten (G) with added lysine (G+L) or phosphorus (G+P) or lysine 

plus phosphorus (G+L+P). Body weight and food intake were measured twice per week 

for 9 weeks. 

 

   Food intake varied significantly when lysine or phosphorus were added to the 

diet. Food intake of the lysine or phosphorus groups increased by about 15%, while that 

of both (lysine plus phosphorus) increased by about 45%. Weight gain and energy 

efficiency were significantly different according to lysine, phosphorus and their 

interaction lysine x phosphorus. Around 5 times improvement was seen following the 

addition of either lysine or phosphorus, and this was further amplified to 20 times with 

the combination.   

 

 In conclusion, enhanced growth following the addition of both lysine and 

phosphorus seems to be mainly related to efficient energy utilization rather than 

increased energy intake. Moreover, a combination of the missing amino acid plus 

phosphorus is required to improve the quality of a gluten based diet. 
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CHAPTER I 

INTRODUCTION 

 

The quality of protein consumed varies considerably. Developing countries, as 

well as vegetarian and vegan individuals, are known to follow a plant based diet 

depending a great deal on cereals as a major source of protein and energy (Hussain et 

al., 2004; Zhao et al., 2004). Moreover, in developed societies, the consumption of plant 

proteins is being highly encouraged notably because of the association of animal 

proteins with increases in the risk of some chronic diseases (ADA, 2003; Singh et al., 

2003; Sluijs et al., 2010; Teixeira et al., 2000). 

However, cereal proteins, of which wheat gluten, are of low quality and lack 

some essential amino acids, primarily lysine (Bos et al., 2005). Therefore, they induce 

growth impairment when used as the main source of protein in the diet (Burns et al., 

1982), and accordingly should be complemented with the missing amino acids to meet 

human needs (Hoffman and Favlo, 2004). It has indeed been shown that 

supplementation with lysine enhances the quality of wheat gluten (Scrimshaw et al., 

1973) and is able to slightly improve growth by increasing weight gain and food intake 

(Graham et al., 1981; Hussain et al., 2004; Zhao et al., 2004). 

But also, it has been well documented that wheat contains limiting amount of 

available phosphorus. Being in the form of phytate in plants and cereals, phosphorus 

bioavaibility from these sources is very low because humans and other species lack 

phytase, the necessary enzyme needed for digestion of phytate-phosphorus (Calvo and 

Tucker, 2013; Kalantar-Zadeh et al., 2010). Additionally, it was recently reported 
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(Hammoud et al., 2015) that the addition of phosphorus to a low complete protein diet 

was able to induce weight gain comparable to that of a normal protein diet.  

Therefore, we conducted this study to investigate whether the addition of 

phosphorus to a gluten diet can improve growth similarly to lysine supplementation. 
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CHAPTER II 

LITTERATURE REVIEW 
 

 

A. Proteins 

1. Overview 

Proteins are macronutrients that differ molecularly from carbohydrates and fat 

by the presence of nitrogen in their structure. In addition to their energetic role, 

providing 4 Kcal/g, proteins have both structural and functional roles in the body. They 

serve as major constituent of muscles and tissues, and provide amino acids to help in the 

production of cell membrane proteins, enzymes, hormones, transport carrier proteins, 

immunoproteins and other components essential to maintain the normal cellular and 

organ function, growth and health of the body (Hoffman and Favlo, 2004). 

Current recommendations (DRI report, Food and Nutrition Board, Institute of 

Medicine, 2002/2005) state that healthy human adults of all ages require 0.8 g of protein 

per kilogram of body weight per day. Protein requirements increase in certain 

conditions such as stress, growth, pregnancy and lactation and some disease states. 

Therefore, protein intakes may range from 10-15% up to 35% of total energy intake to 

ensure a nutritionally adequate diet for all adults. 

Much focus was given to the health effects induced by the variation of protein 

quantity in the diet. Low dietary protein was shown to unfavorably affect growth. In 

fact, proteins are needed to sustain the growth of the body during the period of 

development, and insufficient dietary amount of this nutrient provoked a decrease in 

weight gain, food intake and feed efficiency in rats as reported by Mercer et al (1981). 

A decrease in weight gain with very low protein diets (<5% protein) was also observed 
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in several studies (Donald et al., 1981; Peng et al., 1974; Swick et al., 1983). An 

inadequate protein intake was also found to provoke the down-regulation of energy 

metabolism and protein synthesis (Thalacker-Mercer et al., 2007). However, the impact 

held by the variation of the quality of dietary proteins is also of high importance. 

 

2. Dietary Sources 

Proteins are available in a variety of dietary sources. The most important are 

animal foods such as meat, poultry, fish, eggs, and dairy products. They contain high 

levels of protein and constitute the main dietary contribution, but not the only one. 

Proteins can also be found, in lesser amounts, in many plant and vegetable products 

which include legumes, cereals, nuts, seeds, fruits, vegetables, and starchy roots (DRI, 

2002/2005). 

However, animal and plant sources differ not only by the quantity of protein, 

but also by the quality of those proteins and their amino acids availability. The quality 

and nutritional value of a dietary protein source is determined by its essential amino 

acid composition, digestibility and bioavailability (FAO/WHO/UNU, 1985). Animal 

proteins are termed “complete protein” because they provide all nine essential amino 

acids in adequate amounts and thus are of high quality and able to sustain growth, 

whereas proteins from plant sources tend to lack one or even more of the indispensible 

amino acids, like for instance lysine and threonine, making them “incomplete proteins” 

of inferior quality (FAO/WHO/UNU, 1985). Studies indicated that plant proteins have 

lower biological value, protein efficiency and net protein utilization than animal sources 

with a net protein utilization of about 50% for wheat gluten, compared with nearly 

100% for meat, milk, and eggs (Hussain et al., 2004; Zhao et al., 2004). The nine 

essential amino acids have carbon skeletons that cannot be synthesized by humans and 
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they can only be obtained through the diet, while our body has the capacity to produce 

the rest. Consequently, the absence of one of them from the diet will compromise 

normal tissue growth and maintenance (Hoffman and Favlo; 2004). 

 

Table 1: Comparison Between the Essential Amino Acid Composition of Major Protein 

Sources (adapted from DRI, 2002/2005) 

Amino Acid Sources (mg/g protein) 

 Whole wheat flour Navy beans Milk Eggs 

Histidine 22 28 28 24 

Isoleucine 40 42 60 63 

Leucine 63 76 98 88 

Lysine 26 72 79 70 

Methionine + cysteine 35 19 34 56 

Phenylalanine + tyrosine 81 77 96 98 

Threonine 27 39 45 49 

Tryptophan 11 10 14 16 

Valine 43 46 67 72 

 

The sources of protein consumed around the world vary considerably. While 

Western and developed societies main protein sources come from animal products, with 

plant sources of protein contributing to a minor proportion of the intake (Singh et al., 

2003); individuals in developing countries or those following a vegetarian diet greatly 

depend on plants as the major protein source, with cereals and notably wheat accounting 

for a significant part of both the protein and energy supply (Bos et al., 2005; Hussain et 

al., 2004; Zhao et al., 2004). That is the case of Lebanon. According to the FAO (Food 

and Agriculture Organization of the United Nations) food balance sheet for the year 
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2011, cereals contribute to about 35.5% and 33% of the total energy and protein intake 

respectively, while only 13.8% of the total energy was obtained from animal products. 

Wheat in particular was found to be the most consumed, taking up to 88.4% of the 

cereal intake, leading to a minimal intake of lysine. 

 

3. Protein Complementarity 

Wheat contains mostly carbohydrates and only a moderate quantity of protein 

(8-12% on a weight basis), with gluten as the main form constituting up to 80-85% of 

the total wheat protein, the rest being storage proteins. In addition to the relatively low 

protein content, the quality of these proteins is considered poor due to the limited 

amount of some essential amino acids, primarily lysine. Based on their amino acid 

profile, gluten proteins are called “prolamins”; in fact, they possess a high content of 

proline and glutamine, occurring at the expense of indispensable amino acids present in 

very small quantities, particularly lysine as the first limiting amino acid, and to a lesser 

extent threonine (Bos et al., 2005). In fact, lysine is considered the main limiting amino 

acid in plant proteins, as lysine intakes were found significantly lower in vegans than in 

omnivores (Krajčovičoá-Kudláčková et al., 2000). 

As mentioned, the dietary inadequacy of one of the essential amino acids will 

have major detrimental impacts on our health and lead to similar signs to that of protein 

deficiency such as decreased food intake, loss of body weight, shortening of the life 

span, decreased protein synthesis and reduced amino acid oxidation (Ousterhout, 1960; 

Sidransky and Baba, 1960; Yamashita and Ashida, 1969). Therefore, when individuals 

restrict their diet to protein from plant sources, notably wheat, they will get inadequate 

amounts of the limiting amino acids, mainly lysine, and in consequence such diets may 

not be able to foster optimal growth. In a study by Burns et al. (1982), weight gain, food 
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intake and feed efficiency were all found higher in animal protein (casein) that two 

sources of plant proteins, soy and wheat gluten. Moreover, it was shown that proteins 

from animal sources induce higher energy expenditure than vegetable protein 

(Mikkelsen et al., 2000; Westerterp-Plantenga, 2003). 

Accordingly, due to the lack of lysine and lower protein quality of cereals, 

predominantly plant-based diets must be supplemented with the limiting amino acid or 

complemented by another protein source with better quality or higher lysine content, 

such as animal protein or legumes. This combination will provide a balanced amino 

acid pattern, improve the quality of protein and enhance the adequacy of the diet, thus 

matching human needs (Hoffman and Favlo, 2004; Hussain et al., 2004; Zhao et al., 

2004). Mattar and Obeid (2010) also reported that the supplementation of wheat gluten 

by as little as 5% casein was enough to improve the dietary value of gluten and prevent 

the decrease in feed efficiency occurring with plant-based diets. 

Many developing countries already complement their predominantly cereal 

protein diet with a better-quality protein supplying enough of the limiting amino acid to 

increase the utilization of dietary protein to an acceptable level (Hussain et al., 2004). 

Unfortunately, this can be unaffordable in many countries, and the fortification of staple 

foods by the missing amino acid can be a possible alternative for such populations 

(Zhao et al., 2004). In fact, it has been shown that fortifying wheat flour with lysine can 

significantly induce improvements in the protein quality, nutritional value and 

utilization of wheat gluten (Scrimshaw et al., 1973). In addition, the growth and 

development (Chase et al., 1976; Graham et al., 1981; Jansen and Chase, 1976), as well 

as the nutritional status and immune function of individuals consuming a wheat-based 

diet were all enhanced by lysine fortification of wheat (Hussain et al., 2004; Zhao et al., 

2004). 
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4. Health Impacts 

The consumption of plant proteins has been highly encouraged because they 

displayed many health benefits compared to animal sources. 

On one hand, high quality animal proteins were proven to be essential in any 

stage of life. They were found to yield an important role during late pregnancy. Godfrey 

et al. (1996) reported that low protein from meat and dairy products during that stage 

was associated with low birth weights in infants. Moreover, toward the late stage of life, 

meat-based diets lead to an increase in lean body mass in elderly compared to diets with 

exclusively plant proteins (Campbell et al., 1999). However, health concerns were 

raised over the high content of fat in animal products, mostly saturated fat and 

cholesterol, which was found to increase the risk of cardiovascular diseases and type 2 

diabetes (Hoffman and Favlo; 2004; Krauss et al., 2000). 

On the other hand, diets that emphasize a greater consumption of plant foods at 

the expense of animal proteins were shown to play an important role in preventing 

many chronic diseases such as cardiovascular diseases, dyslipidemia, type 2 diabetes 

and many types of cancers (ADA, 2003; Bazzano et al., 2002; Montonen et al., 2003; 

Potter, 2000). In fact, a very low meat intake was linked to an increase in life 

expectancy (Singh et al., 2003). Moreover, Sluijs et al. (2010) showed that only higher 

intake of total and animal protein, but not of vegetable protein, were associated with 

increased diabetes risk. But also, the onset of atherosclerosis was reduced in animals fed 

a vegetable protein diet compared to animal protein (Kritchevsky et al., 1981). 

Replacing animal proteins with soy also significantly lowered blood levels of total 

cholesterol, LDL cholesterol, and triglycerides without affecting HDL cholesterol 

(Fernandez et al., 1999; Krauss et al., 2000; Teixeira et al., 2000). Additionally, in many 
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other experimental studies on animals and humans, plasma cholesterol concentrations 

decreased with the consumption of vegetable protein (ADA, 2003; Nagata et al., 1998; 

Terpstra et al., 1991). High intakes of wheat gluten in particular had beneficial effects 

on cardiovascular disease risk by significantly reducing oxidized LDL, serum 

triacylglycerol and uric acid (Jenkins et al., 2001). 

Therefore, a combination of plant proteins that supply all the essential amino 

acids, can provide an excellent alternative source of protein, with lower saturated fat 

and cholesterol than animal protein, and that help protect against many diseases and 

sustain growth. 

 

B. Lysine 

1. Requirements 

Lysine being one of the nine indispensable amino acids that cannot be 

synthesized by the human body, it should essentially be provided by the diet in adequate 

amounts. Numerous studies focused on finding lysine requirements for humans. 

Depending on the method used in the studies, the lysine requirements of a healthy 

human adult varied and a wide range from 12 to 45 mg/kg/d was reported (El Khoury et 

al., 2000; FAO/WHO/UNU, 1985; Kurpad et al., 2001; Kurpad et al., 2002; Kurpad et 

al., 2003; Millward et al., 2002; Millward et al., 2000). Many stated that the lower value 

of 12 mg/kg/d set at the time as international recommendations (FAO/WHO/UNU, 

1985) was underestimated. The mean requirement of 30 mg/kg/d of lysine was found 

suitable for healthy adults throughout the world (Kurpad et al., 2001; Kurpad et al., 

2002; Young et al., 1989) or 50 mg lysine/g protein when the total protein intake meets 

the FAO/WHO/UNU estimated average protein requirement of 0.6 g/kg/d (El Khoury et 

al., 2000), and a higher value of 44 mg/kg/d was estimated for undernourished 
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individuals (Kurpad et al., 2003). The latest report by the FAO/WHO/UNU published in 

2007 reset the international recommendations at 30 mg/kg/d of dietary lysine for a 

healthy human adult. 

 

Table 2: Essential Amino Acid Requirements (FAO/WHO/UNU, 2007) and RDAs 

(DRI, 2002/2005) 

Amino acid Requirements for adults 

(mg/kg/d) 

RDA for adult >19y 

(mg/kg/d) 

histidine 10 mg/kg/d 14 mg/kg/d 

isoleucine 20 mg/kg/d 19 mg/kg/d 

leucine 39 mg/kg/d 42 mg/kg/d 

lysine 30 mg/kg/d 38 mg/kg/d 

methionine + cysteine 15 mg/kg/d 19 mg/kg/d 

phenylalanine + tyrosine 25 mg/kg/d 33 mg/kg/d 

threonine 15 mg/kg/d 20 mg/kg/d 

tryptophan 4 mg/kg/d 5 mg/kg/d 

valine 26 mg/kg/d 4 mg/kg/d 

 

It was reported that lysine being an essential amino acid, the presence of an 

adequate amount in the diet is necessary for growth and development. But, dietary 

lysine is also needed for maintenance of body weight, although the requirements during 

the maintenance period are lower than those of the growth stage (Millward et al., 1997; 

Neuberger et al., 1945). Therefore, age-related requirements for lysine are suggested, 

with higher values for infants as compared to adults, for instance 64 mg/kg/day are 

recommended for 0.5 year old infants. Moreover, requirements also change depending 
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on the physiological state of the individual, where they are set to increase during 

pregnancy and lactation (Tomé and Bos, 2007). 

Concerning the needs of growing rats, a study (Stockland et al., 1970) 

determined that the lysine requirements for maximum weight gain are 0.6% of a diet 

containing an equivalent of 10% of dietary protein. Moreover, lysine needs for 

maximum growth were found higher with the increase of wheat gluten quantity in the 

diet, when this protein is the exclusive source of dietary lysine. They increased from 

0.9% for a diet containing 30% wheat gluten to about 1.2% for a diet with 60% of wheat 

gluten (Munaver and Harper, 1959). 

 

2. Lysine and Growth 

It has been repeatedly shown in the literature that an adequate dietary amount 

of dietary lysine is necessary for growth and development. Mattar and Obeid (2010) 

found that the increase in the contribution of wheat gluten to the overall dietary protein 

supply, leading to a minimal lysine intake, will induce a decrease in total body weight, 

weight gain, food intake and feed efficiency. In fact, lysine deficiency, a common 

occurrence when plant proteins constitute the only source of protein in the diet, was 

extensively reported to provoke growth retardation and decrease food intake, and this 

was reversed by the introduction of lysine to the diet (Graham et al., 1981; Harper et al., 

1955; Munaver and Harper, 1959; Yamashita and Ashida, 1969). A study by Millet and 

Aluwe (2014) found that diets restricted in lysine decreased performance, and reduced 

daily weight gain and feed efficiency, while both were enhanced with high lysine diets. 

Moreover, growth, weight gain, food intake and feed efficiency all improved with the 

increase of dietary lysine amounts in other species (Guzman et al, 2013; Li et al., 2014; 

Walton et al., 1984). In rats, Chang and Chao (1969) showed that body weight increased 
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as the level of added dietary lysine increased, reaching a maximum with 0.4% of lysine 

in the diet; but liver fat was reduced with the presence of lysine. 

However, the supplementation of plant-based diets with lysine alone was not 

always sufficient to produce major improvements in weight, and the addition of 

threonine was found necessary to reverse growth retardation (Howe and Dooley, 1963; 

Tanphaichitr et al., 1976). Moreover, lysine fortification of wheat flour was able to just 

slightly increased weight and height of children (Hussain et al., 2004; Zhao et al., 2004). 

 

3. Health Impacts 

The increase of the quantity of lysine in the diet was also linked to many health 

manifestations, such as the reduction of lipid deposition in tissues (Hlais et al., 2012; 

Kroeckel et al., 2013). In fact, an important role of lysine is its involvement in the 

hepatic synthesis of carnitine. Lysine is a precursor of carnitine, which is required for 

the intra-mitochondrial transport of long-chain fatty-acyl groups for beta-oxidation. 

Dietary lysine deficiency in rats was found to reduce carnitine levels in the body, 

consequently reducing the capacity of fatty acid oxidation and increasing lipid 

accumulation, notably triglycerides and total cholesterol, in many tissues (liver, heart 

muscle). All of those were corrected by the supplementation with lysine (Harper et al., 

1955; Khan and Bamji, 1979; Tanphaichitr et al., 1976) but not by that of carnitine 

(Tanphaichitr et al., 1976). Plant proteins constitute a minor source of carnitine in the 

diet because of their lack of lysine, while the main dietary contribution comes from 

animal products rich in lysine. In a typical omnivorous diet, it was estimated that around 

75% of carnitine is provided from the diet while only 25% comes from the de novo 

biosynthesis from its precursor lysine (Tein et al., 1996). Therefore, populations 

consuming predominantly wheat-based diets are at risk of carnitine deficiency. 
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Lysine also exerted a role in glycemic control. It improved insulin sensitivity 

by increasing postprandial glucose clearance without affecting insulin release (Hlais et 

al., 2012; Obeid et al., 2008; Sulochana et al., 2002). In addition, lysine was reported to 

induce an increase in the levels of albumin (Scrimshaw et al., 1973) and pre-albumin 

(Zhao et al., 2004). 

 

C. Phosphorus 

1. Generalities 

Phosphorus is a critical component of living organisms required by all body 

cells for normal functioning, and an essential mineral that plays important roles in 

several key biological processes. It is the sixth most abundant mineral in the body, and 

the second of the body inorganic elements, with a total content in the average adult of 

about 700 g. Phosphorus is not proportionally distributed in the body, with the majority 

constituting 85% found in the skeleton (bones and teeth), 14% in soft tissues and 

muscles, and only 1% in extracellular fluid. Normal serum concentration is 2.5–4.5 

mg/dl (0.80–1.45 mmol/l) (Shills et al., 2005). 

Phosphorus is directly involved in ATP generation and energy production 

through carbohydrate, protein and fat metabolisms. It is highly needed for skeleton 

mineralization, being part of the bone apatite. Phosphorus is also a major constituent of 

many cellular compounds such as phospholipids, nucleic acids and nucleoproteins. In 

addition, many hormones, enzymes, and intracellular signaling molecules depend on 

phosphorus for activity. Therefore, an adequate dietary intake of phosphorus is 

necessary to maintain structural and functional welfare of the body. Both phosphorus 

deficiency and excess can have detrimental effects on health and several organs normal 

functioning and affect the production of ATP, synthesis of nucleic acids, and formation 
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of cell membranes, thus causing anorexia and reduced growth but an excessive amount 

was found to have deleterious effects on bone (Amanzadeh and Reilly, 2006; Hazim et 

al., 2014; Kalanter-Zadeh et al., 2010; Obeid et al., 2014; Takeda et al., 2014; Tanaka et 

al., 2013). 

The Recommended Dietary Allowance (RDA) of phosphorus for healthy adult 

men and women (19 yrs and older) have been fixed to 700 mg/day (Institute of 

Medicine, 1997). However, higher RDAs are required during growth periods of late 

childhood and adolescence. It was claimed (Obeid, 2013) that those recommendations 

are based on the lower limit of serum inorganic phosphorus in adults, and if taking the 

middle range the RDAs would be greater and better at covering our needs. However, till 

now no modifications have been done. 

 

Table 3: Phosphorus Recommendations for Men and Women (Institute of Medicine, 

1997) 

Age (years) RDA (mg) EAR (mg) UL (mg) 

4–8 500 405 3000 

9–13 1250 1055 4000 

14–18 1250 1055 4000 

19–30 700 580 4000 

31–50 700 580 4000 

51–70 700 580 4000 

71+ 700 580 3000 

 

Dietary phosphorus is well absorbed along the entire intestinal tract, with two 

pathways of intestinal absorption observed. Passive paracellular diffusion is 

predominant when inorganic phosphorus concentration is high in the lumen. However, 
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when phosphorus dietary intake and concentration are low, the active transport via 

luminal sodium phosphorus co-transporters (primarily regulated by 1,25-

dihydroxyvitamin D [1,25(OH)2D]) is stimulated to increase phosphorus absorption and 

utilization. The rate of absorption is highly variable, depending on the dietary sources of 

phosphorus. Phosphorus excretion is mainly urinary, with the kidneys, and to a lesser 

extent the small intestine, responsible in maintaining phosphorus homeostasis (Shills et 

al., 2005). 

 

2. Dietary Sources 

Phosphorus is abundantly supplied in the diet. Organic phosphorus is naturally 

present in most foods and related to the high protein content (Table 4). It is richest in 

animal-based foods like dairy products, meats, poultry, fish and eggs; but also found in 

plant sources of proteins such as cereals, grains, legumes and nuts. However, other 

significant yet incontrollable sources of phosphorus in western diets, contributing to 

more than 30% of phosphorus intake, were attributed to processed goods and fast foods 

(Calvo and Tucker, 2013; Kalantar-Zadeh et al., 2010; Uribarri and Calvo, 2013). 

Indeed, inorganic phosphates are widely used in food processing as additives and 

preservatives to enhance appearance and shelf life, and support a variety of other 

functions (Anderson, 2013; Calvo and Uribarri, 2013; Takeda et al., 2014). And with 

the growing consumption of processed conveniences, fast foods, soft drinks, restaurant 

meals and high protein diets in many western countries, phosphorus intake is increasing 

and exceeding the recommended amount of 700 mg/d (Amanzadeh and Reilly, 2006; 

Calvo and Tucker, 2013; Takeda et al., 2014; Uribarri and Calvo, 2013). 

Phosphorus absorption is the most efficient from the sources with added 

phosphorus during processing than from those with phosphorus a natural component of 
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foods. Indeed, inorganic phosphorus salts from additives are highly bioavailable, they 

are not bound to protein thus are more readily and almost completely absorbed in the 

intestinal tract. It is believed that inorganic phosphorus from additives is >90% 

absorbed in the gut in contrast with only 40 to 60% of organic dietary phosphorus 

naturally present in food (Kalantar-Zadeh et al., 2010). However, digestibility of 

animal-derived phosphorus is higher than that from plant proteins (Calvo and Tucker, 

2013; Takeda et al., 2014; Uribarri and Calvo, 2013). Organic phosphorus in animal 

sources present in intracellular compartments is easily hydrolyzed and rapidly absorbed, 

while in plants such as grains and legumes, phosphorus is principally stored in the form 

of phytate (Table 5). It is well known that enzymatic cleavage by phytase is needed to 

liberate phosphorus before absorption; however, the absence of phytase in humans and 

many mammals reduces considerably the digestibility and bioavailability of phosphorus 

coming from plant sources (Calvo and Tucker, 2013; Kalantar-Zadeh et al., 2010). 

Indeed, plant-based vegetarian diets led to lower phosphorus serum levels and 

absorption compared with meat based diets (Moe et al., 2011). But also, adding phytase 

to diets was found to induce an in increase phosphorus plasma concentration and 

digestibility (Kumar et al., 2010; Symeou et al., 2014). Furthermore, it was reported that 

the bioavailability and content of plant-derived phosphorus are influenced by food 

preparation methods, since for instance boiling and soaking of legumes was found to 

remove phytate, and the refinement of cereals reduced the amount of phosphorus by 

about 70% (Calvo and Uribarri, 2013; Kalantar-Zadeh et al., 2010). Moreover, malting 

and 12h fermentation were proven to be the most effective in reducing phytic acid and 

increasing non phytate phosphorus in sourdough (Mahgoub and Elhag, 1997). Yeast, 

used for fermentation, contains phosphatase capable of hydrolyzing phytate, hence 

doubling yeast and prolonging fermentation time was found to increase inorganic 
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phosphorus in bread (Harland and Harland, 1980). However, the contribution of yeast to 

phytate degradation was found very small. Yeast fermentation for up to 4h led to the 

breakdown of only 10% of phytic acid, while a prolonged fermentation of 5h reduced 

phytate by 38 % and increased soluble phosphorus by only 5% in whole wheat bread 

(Lopez et al, 2001). 

Hence, despite the apparent high content of phosphorus in plants, they are not 

considered good sources because of the low intestinal absorption and bioavailability. 
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Table 4: Phosphorus and Protein Content of Some Animal and Plant Food Items 

 Phosphorus 

(mg/100g) 

Protein 

(g/100g) 

P-to-Protein ratio 

(mg/g) 

Animal-based food 

Ground beef, cooked 222 26 8.5 

Chicken breast 246 28 8.8 

Tuna, canned in 

water 

216 23 9.4 

Whole egg, 1 large 140 11 12.7 

Milk, whole 84 3 28 

Hard cheese 511 25 20.4 

Cottage cheese 150 10 15 

Plant-based food 

Wheat flour 108 10 10.8 

Brown rice, cooked 77 2 38.5 

Pasta, cooked 58 6 9.6 

Soybeans 245 18 13.6 

Black beans, cooked 142 9 15.8 

Lentils, cooked 180 9 20 

Peanuts 345 27 12.8 

Broccoli, cooked 67 2 33.5 

(Adapted from “U.S. Department of Agriculture, Agricultural Research Service.2016. 

USDANational Nutrient Database for Standard Reference, Release 28. Nutrient List 

Home Page,http://ndb.nal.usda.gov/ndb/nutrients/index”) 
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Table 5: Total and Phytate Phosphorus Content of Some Plant-Based Food Items 

(adapted from Ravindran et al., 1994) 

 Total P (g/100g) Phytate-P (g/100g) Phytate-P 

(% of total) 

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 

 

3. Health Impacts 

It has been widely reported that disturbances in systemic phosphorus 

homeostasis leading to both high and low serum phosphorus levels have been associated 

with an increase in the risk of cardiovascular diseases. Hyperphosphatemia promote 

vascular calcification and endothelial dysfunction, with only a small elevation of serum 

levels within the normal range capable of provoking such effects, even in individuals 

free of cardiovascular and chronic kidney diseases (Gutiérrez, 2013; Tanaka et al., 

2013; Uribarri and Calvo, 2013). 

Furthermore, hypophosphatemia is also reportedly associated with insulin 

resistance and impaired glucose tolerance, while the addition of phosphorus in an 
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OGTT was found to improve insulin sensitivity and reduce blood glucose levels by 

increasing the rate of glucose disposal (Khattab et al., 2011). 

Dietary phosphorus was also found to influence the development of fatty liver 

induced by high cholesterol intakes. Tanaka et al. (2013) showed that dietary 

phosphorus restriction in mice significantly decreased plasma cholesterol levels while 

increasing liver weights and hepatic lipid accumulation induced by a high cholesterol 

diet. Low phosphorus status might also be an underlying cause behind many other 

diseases such as hypertension and the development of obesity (Obeid, 2013). 

The role of phosphorus in bone health has been extensively documented. 

Excessive dietary phosphorus intake and hyperphosphatemia negatively affect bone 

health by disrupting the hormonal regulation of phosphorus, calcium and vitamin D 

leading to a disordered mineral metabolism and bone loss (Calvo and Tucker, 2013; 

Takeda et al., 2014; Uribarri and Calvo, 2013). In contrast, Henry et al. (1979) stated 

that a severe phosphorus depletion induce a decrease in bone mineralization and protein 

deposition in tissues. 

 

4. Phosphorus and Growth 

Concerning the impact of phosphorus on growth, to this day not much research 

has been conducted. Henry et al. (1979) reported that phosphorus depletion to the 

quarter of normal levels in growing rats induced a decrease in growth rate, energy 

consumption and energy efficiency as well as protein efficiency and protein deposition 

in tissues. Moreover, the inclusion of phosphorus after a deficiency led to the 

improvement of growth. In another study (Pastoor et al., 1995) the restriction of 

phosphorus, to half the minimum amount required, slightly decreased weight gain, food 

intake and tibia growth in female kittens. But also, both plasma and urinary phosphorus 
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concentration were reduced as compensatory mechanisms to sustain normal growth. In 

addition, Tang et al. (2012) found that increasing dietary phosphorus in catfish 

improved growth by increasing body weight and feeding rate while body fat 

significantly decreased. Visanuvimola and Bertramb (2010) also showed that in 

crickets, the reduction of phosphorus availability in the diet induced a decrease in 

growth rates, while high phosphorus diets led to an increase in both weight gain and 

food intake. 

More recently, in a study on rats (Hammoud et al., 2015), the addition of 

dietary phosphorus to a low complete protein diet (10% egg white protein) induced an 

increase in weight gain and food intake comparable to that observed with a normal 

protein diet (20% egg white protein). 

Therefore, the objective of this study was to dissect the effect of phosphorus 

addition on weight gain, food intake, body composition, liver composition and other 

parameters in 40 rats maintained on a diet with wheat gluten as the exclusive source of 

protein. 
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CHAPTER III 

MATERIAL AND METHODS 
 

 

A. Experimental Procedure 

This study received approval from the Institutional Animal Care and Use 

Committee (IACUC) of the American University of Beirut (AUB).  

 

1. Animal Housing and Adaptation 

Forty six-week old male Sprague-Dawley rats (American University of Beirut, 

Lebanon) weighting around 220g were used. They were housed in individual wire-

bottomed cages that enable the collection of food spillage, in a temperature-controlled 

room (22°C ± 1°C) under 12-h/12-h light/dark cycle (lights on at 8 AM). Rats were 

allowed a seven days adaptation period where they had free access to water and were 

fed an ad libitum control diet (Table 6) to familiarize with the environment and the food 

before being put on their corresponding diets. 
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Table 6: Dietary composition of the control diet 

Ingredients Quantities (g/kg) 

Caseine 198 

Methionine 2 

Corn starch 310 

Sucrose 310 

Corn oil 100 

Cellulose 35 

Mineral mix1 35 

Vitamin mix2 10 

1 Mineral mix (AIN-93G, used at 35 g/kg of diet, obtained from Dyets inc.)  
2 Vitamin mix (AIN-93VX, used at 10 g/kg of diet, obtained from Dyets inc.) 

 

2. Experimental Design and Diet 

Following the one-week adaptation period, the rats were randomly divided into 

four experimental groups of ten rats, each group following its respective diet for a 

period of nine weeks (Table 7). 

The experimental diets were isocaloric, all composed of wheat gluten as the 

only source of protein, with the percentage of energy from protein fixed at 10% for all 

four groups. The remaining dietary ingredients in common to all are corn starch, 

sucrose, corn oil, cellulose, a phosphorus free mineral mix and a vitamin mix. The 

groups only differ by the addition of lysine or phosphorus as follows: 

 Group G: gluten diet, with no lysine and no phosphorus. 

 Group G+L: inclusion of 0.6% lysine to the gluten diet. 

 Group G+P: 0.3% phosphorus included in the form of potassium phosphate. 

 Group G+L+P: presence of both 0.6% lysine and 0.3% phosphorus. 
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Table 7: Dietary composition of the experimental diets of the four groups 

Ingredients g/kg Group G Group G+L Group G+P Group G+L+P 

Wheat gluten 1 130 130 130 130 

Corn starch 345  342 338.4 335.4 

Sucrose 345 342 338.4 335.4 

Fat (corn oil) 100 100 100 100 

Cellulose 35 35 35 35 

Mineral mix 2 35 35 35 35 

Vitamin mix 3 10 10 10 10 

Phosphorus added 4 - - 13.2 13.2 

Lysine added - 6 - 6 

Total calories (Kcal) 4180 Kcal 

(4.18 Kcal/g) 

4180 Kcal 

(4.18 Kcal/g) 

4127 Kcal 

(4.12 Kcal/g) 

4127 Kcal 

(4.12 Kcal/g) 

1 The diets contains 10% protein coming exclusively from wheat gluten (which has 76% 

protein) 2 Phosphorus free mineral mix (AIN-93G mineral mix phosphorus free, used at 

35 g/kg of diet, obtained from Dyets inc.) 3 Vitamin mix (AIN-93VX vitamin mix, used 

at 10 g/kg of diet, obtained from Dyets inc.) 4 The phosphorus used is potassium 

phosphate MW KH2PO4 =136 g of which P = 31g, in 1kg of diet for group 3 and 4: 

13.2 g KH2PO4 are to be added to get 0.3% phosphorus 

 

The rats were fed their corresponding experimental diets for nine weeks during 

which their body weight and food intake were measured twice per week, and the values 

for each week obtained by calculating the average of both days. Food intake calculation 

was done by subtracting the weight of the food cup on the day of weighting from its 

weight from the previous day of weighting, taking into account any possible food 

spillage. 

After nine weeks of follow up, the rats were fasted overnight. The following 

morning they were placed under anesthesia and then dissected. Blood samples were 

drawn from each rat and collected in EDTA tubes that were directly placed on ice. The 

rats were sacrificed by severing their hearts. The livers were immediately excised and 

weighed; they were frozen in liquid nitrogen then stored at -80°C pending analysis and 
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fat extraction. Rat weights were recorded once after anesthetizia and another time after 

blood draw and liver excision. The rat carcasses were placed in a convection oven for 

drying. The blood samples were centrifuged at 3500 (g) for 15 minutes at 3°C and 

plasma aliquots were collected and stored at -80°C pending analysis.  

 

B. Body Composition Analysis 

The rat carcasses were dried in a convection oven for four days at 100°C. 

Weighing was done before and after drying to record wet and dry weights. The rats 

were then homogenized. Fat extraction was performed on samples of the carcasses in 

duplicate using petroleum ether solvent (BP 40-60°C) in the solvent recovery extractor 

for fats “Det-gras N” (J.P. Selecta, Barcelona, Spain). Fat weight of the samples was 

obtained, and total fat percentage was deduced. 

 

C. Blood Analysis 

1. Plasma Glucose, Lipid Profile, Phosphorus, Albumin, BUN and CRP 

Plasma glucose, total cholesterol, HDL cholesterol, triglycerides, total 

phosphorus, albumin, BUN and CRP were determined using an enzymatic colorimetric 

method on the Vitros 350 Chemistry System (Ortho-Clinical Diagnostics, Johnson & 

Johnson, New York). 

LDL cholesterol was established from the values of total cholesterol, HDL 

cholesterol and triglycerides using Friedwald equation: 

LDL chol = Total chol – HDL chol – TG/5 
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2. Plasma Insulin 

Plasma insulin concentration was determined by enzyme immunoassay using a 

Rat/Mouse Insulin Elisa Kit (EZRMI-13K) provided by EMD Millipore Corporation, 

USA. 

 

D. Liver Analysis: Hepatic Fat Extraction 

The liver samples were weighed before and after freeze-drying (2.5 Liter 

Bench top Freeze-Dry System, LABCONCO). After freeze-drying for 48 hours, the 

liver sections were crushed. Fat extraction was then performed on liver samples of 

around 1 g each, placed in moisture free sealable filter bags and weighed before and 

after extraction. Extraction was done for 40 minutes per run using petroleum ether 

solvent (BP 400-600C) in Ankom XT10 (USA). Fat weight was calculated by 

subtracting the weight difference of the samples before and after fat extraction; and fat 

percentage was deduced. 

 

E. Statistical Analysis 

Data are expressed as means ± SD of all values. Statistical analysis was 

performed using SPSS 22 software program. Results were analyzed by a two-way 

analysis of variance (ANOVA), with lysine and phosphorus as both variables, and the 

interaction representing lysine x phosphorus. A probability of less than 0.05 was 

considered to be significant. 

  



 
 

27 
 

CHAPTER IV 

RESULTS 
 

A. Food Intake and Body Weight 

1. Food Intake 

All values are expressed as mean ± SD. Food intake in grams per day, was 

recorded twice per week over a 9-week period, however the average of the two values 

for each week are presented for the first 8 weeks (Table 9) as well as the total food 

intake of the 9 weeks (Table 8). A two-way analysis of variance (ANOVA) was 

performed with lysine and phosphorus as the two variables. 

The mean total food intake was the lowest in the group containing only gluten 

as the source of protein in group G (Table 8 and Figure 1). It was found that both lysine 

and phosphorus significantly affected food intake, since the inclusion of either lysine 

(group G+L) or phosphorus (group G+P) to the gluten diet increased total food intake 

by about 15%. However, the presence of their combination (lysine and phosphorus) in 

the group G+L+P was associated with about a 45% increment in food intake, which was 

more attributed to the added effect of lysine and phosphorus since their interaction was 

found close to significant (P=0.058) (Table 8). 

And this was observed through the first 8 weeks of the experiment (Table 9 and 

Figure 2), where food intake was affected by lysine and phosphorus, while the effect of 

their interaction was mostly not significant. As for food intake variation with time 

within each group, no statistical significance was found with groups G+L, G+P and 

G+L+P (P>0.05), while a slight decrease in the second half of the experiment was 

observed for group G, and food intake of G+L+P was at each week higher than the other 

groups. 
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Table 8: Body weight (g), weight gain (g/d), food intake (g/d) and energy efficiency (g/100Kcal) of the four groups of rats maintained on 

varied gluten diets over a 9-week experimental period 

  Two-way ANOVA P-value 

G G+L G+P G+L+P Lysine Phosphorus Interaction 

Initial body weight (g) 227.26±17.45 225.88±18.58 227.28±18.17 226.94±17.43 0.880 0.925 0.927 

Final body weight (g) 236.87±22.38 289.72±36.27 281.39±23.65 473.57±60.39 <0.001 <0.001 <0.001 

Total food intake (g/d) 17.36±2.28 20.37±3.34 19.17±2.37 25.54±2.73 <0.001 <0.001 0.058 

Total weight gain (g/d) 0.152±0.245 1.013±0.382 0.859±0.314 3.915±0.905 <0.001 <0.001 <0.001 

Total EE (g/100Kcal) 0.213±0.335 1.199±0.432 1.064±0.351 3.627±0.478 <0.001 <0.001 <0.001 

Group G contains 10% gluten protein; Group G+L: inclusion of lysine in the gluten diet; Group G+P: inclusion of phosphorus in the gluten 

diet; Group G+L+P: inclusion of lysine and phosphorus in the gluten diet. Values for each group are expressed as mean ± SD (standard 

deviation). Two-way ANOVA was performed, with lysine and phosphorus as the two variables, and the interaction representing lysine x 

phosphorus. Significance is found with P-value < 0.05.
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Figure 1: Mean total food intake in grams per day of the four groups over the 9-week 

experimental period 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Group G contains 10% gluten protein; Group G+L: inclusion of lysine in the gluten 

diet; Group G+P: inclusion of phosphorus in the gluten diet; Group G+L+P: inclusion 

of lysine and phosphorus in the gluten diet. Values for each group are expressed as 

mean ± SD (standard deviation). Two-way ANOVA was performed, with lysine and 

phosphorus as the two variables, and the interaction representing lysine x phosphorus. 

Significance is found with P-value < 0.05. 
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Table 9: Average food intake in grams per day of the four groups presented weekly, during the first 8 weeks of the experimental period 

  Two-way ANOVA P-value 

G G+L G+P G+L+P Lysine Phosphorus Interaction 

Week 1 17.770±1.331abcd 19.344±2.513 19.327±2.619 25.47±4.13 <0.001 <0.001 0.015 

Week 2 18.434±2.465abc 22.53±5.31 18.993±2.974 25.10±3.61 <0.001 0.195 0.401 

Week 3 19.88±4.28a 22.54±4.34 19.40±3.48 25.997±2.830 <0.001 0.221 0.109 

Week 4 19.62±4.02ab 22.69±4.40 20.347±3.031 25.96±4.04 <0.001 0.114 0.309 

Week 5 18.109±2.537abc 21.37±3.66 20.811±2.209 26.05±3.32 <0.001 <0.001 0.304 

Week 6 17.136±2.322bcd 19.98±4.93 19.454±2.232 25.239±2.441 <0.001 0.001 0.154 

Week 7 15.376±2.227d 18.11±4.64 17.914±1.978 25.073±2.553 <0.001 <0.001 0.027 

Week 8 15.82±3.87cd 19.82±4.01 19.500±2.825 26.15±3.66 <0.001 <0.001 0.255 

OWA P 0.012 0.145 0.425 0.988    

Group G contains 10% gluten protein; Group G+L: inclusion of lysine in the gluten diet; Group G+P: inclusion of phosphorus in the gluten 

diet; Group G+L+P: inclusion of lysine and phosphorus in the gluten diet. Values for each group are expressed as mean ± SD (standard 

deviation). Two-way ANOVA was performed between the four groups, with lysine and phosphorus as the two variables, and the interaction 

representing lysine x phosphorus. One-way ANOVA (OWA) was done to compare the within group variation with time. Significance is found 

with P-value < 0.05, different subscripts indicate significant difference using Fisher’s test.
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Figure 2: Mean food intake in grams per day presented weekly of the four groups over 

the first 8 weeks of the experimental period 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Group G contains 10% gluten protein; Group G+L: inclusion of lysine in the gluten 

diet; Group G+P: inclusion of phosphorus in the gluten diet; Group G+L+P: inclusion 

of lysine and phosphorus in the gluten diet. Values for each group are expressed as 

mean ± SD (standard deviation). Two-way ANOVA was performed, with lysine and 

phosphorus as the two variables, and the interaction representing lysine x phosphorus. 

Significance is found with P-value < 0.05.  
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2. Body Weight and Weight Gain 

The mean initial body weight of the rats was similar in between the four 

groups. Mean final body weight was recorded at the end of week 9 before the rats were 

sacrificed. Body weight was measured twice per week during 9 weeks, data for weight 

gain expressed as grams gained per day was averaged for every week presented for the 

first 8 weeks (Table 10), and the total weight gain was also calculated (Table 8). 

Lysine, phosphorus and the interaction of both exhibited significant effects on 

mean final body weight and mean total weight gain. In the gluten diet lacking lysine and 

phosphorus (group G), weight gain was blunted with mean final body weight (Figure 3) 

and mean total weight gain (Figure 4) having the lowest values of all four groups. Mean 

total weight gain increased by about 5 times with the presence of either lysine (group 

G+L) or phosphorus (group G+P) in the diet, while the addition of lysine and 

phosphorus together (group G+L+P) amplified this effect by increasing total weight 

gain by about 20 folds compared to group G (Figure 4). 

This trend was observed during 8 weeks since the effect of all of lysine, 

phosphorus and the interaction on weight gain was significant at each week, and weekly 

weight gain in G+L+P was at each time point higher than that of the other groups (Table 

10 and Figure 5). 

  



 
 

33 
 

Figure 3: Mean final body weight in grams of the four groups over the 9-week 

experimental period 

 

Group G contains 10% gluten protein; Group G+L: inclusion of lysine in the gluten 

diet; Group G+P: inclusion of phosphorus in the gluten diet; Group G+L+P: inclusion 

of lysine and phosphorus in the gluten diet. Values for each group are expressed as 

mean ± SD (standard deviation). Two-way ANOVA was performed, with lysine and 

phosphorus as the two variables, and the interaction representing lysine x phosphorus. 

Significance is found with P-value < 0.05. 

 

Figure 4: Mean total weight gain in grams per day of the four groups over the 9-week 

experimental period 

 

Group G contains 10% gluten protein; Group G+L: inclusion of lysine in the gluten 

diet; Group G+P: inclusion of phosphorus in the gluten diet; Group G+L+P: inclusion 

of lysine and phosphorus in the gluten diet. Values for each group are expressed as 

mean ± SD (standard deviation). Two-way ANOVA was performed, with lysine and 

phosphorus as the two variables, and the interaction representing lysine x phosphorus. 

Significance is found with P-value < 0.05. 
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Table 10: Average weight gain in grams per day of the four groups presented weekly, during the first 8 weeks of the experimental period 

  Two-way ANOVA P-value 

G G+L G+P G+L+P Lysine Phosphorus Interaction 

Week 1 -0.461±0.566a 1.330±0.912abc 0.817±1.059a 6.219±2.57a <0.001 <0.001 <0.001 

Week 2 -0.414±0.488a 0.824±1.166bc 0.029±0.942b 4.787±1.755ab <0.001 <0.001 <0.001 

Week 3 0.281±0.504b 1.749±0.627ab 1.040±0.728ac 4.760±1.581b <0.001 <0.001 0.001 

Week 4 0.641±0.344b 2.154±0.742a 1.337±1.079ac 4.450±1.803b <0.001 <0.001 0.031 

Week 5 0.500±0.282b 1.160±1.359abc 1.737±0.614c 4.041±1.157bc <0.001 <0.001 0.010 

Week 6 0.603±0.753b 0.573±0.837c 1.329±0.720ac 2.953±0.915c 0.004 <0.001 0.003 

Week 7 0.157±0.612b 0.361±1.945c 1.120±0.748ac 4.134±0.935bc <0.001 <0.001 0.001 

Week 8 0.596±0.887b 0.796±1.771bc 1.059±0.510ac 2.944±1.584c 0.015 0.003 0.047 

OWA P <0.001 0.033 0.002 0.001    

Group G contains 10% gluten protein; Group G+L: inclusion of lysine in the gluten diet; Group G+P: inclusion of phosphorus in the gluten 

diet; Group G+L+P: inclusion of lysine and phosphorus in the gluten diet. Values for each group are expressed as mean ± SD (standard 

deviation). Two-way ANOVA was performed between the four groups, with lysine and phosphorus as the two variables, and the interaction 

representing lysine x phosphorus. One-way ANOVA (OWA) was done to compare the within group variation with time. Significance is found 

with P-value < 0.05, different subscripts indicate significant difference using Fisher’s test. 
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Figure 5: Mean weight gain in grams per day presented weekly of the four groups over 

the first 8 weeks of the experimental period 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Group G contains 10% gluten protein; Group G+L: inclusion of lysine in the gluten 

diet; Group G+P: inclusion of phosphorus in the gluten diet; Group G+L+P: inclusion 

of lysine and phosphorus in the gluten diet. Values for each group are expressed as 

mean ± SD (standard deviation). Two-way ANOVA was performed, with lysine and 

phosphorus as the two variables, and the interaction representing lysine x phosphorus. 

Significance is found with P-value < 0.05. 

  

-1

0

1

2

3

4

5

6

7

week 1 week 2 week 3 week 4 week 5 week 6 week 7 week 8

M
e

an
 W

e
ig

h
t 

G
ai

n
 (

g/
d

)

G

G+L

G+P

G+L+P



 
 

36 
 

3. Energy Efficiency 

Energy efficiency was calculated as weight gained for 100 Kcal of food 

consumed and the average for each week during the first 8 weeks (Table 11) as well as 

the total energy efficiency (Table 8) are presented. 

The variation of energy efficiency is similar to that of weight gain with lysine, 

phosphorus and their interaction all found to have a significant effect. The lowest value 

was observed in group G (Figure 6), but energy efficiency increased with the addition of 

lysine (group G+L) or phosphorus (group G+P) to the gluten diet, with the magnitude of 

the increase (5 times) similar between the two groups. However, the interaction between 

lysine and phosphorus (group G+L+P) increased energy efficiency by about 20 folds. 

This was also true during 8 weeks, since the weekly energy efficiency was 

always greater in group G+L+P as compared to the others (Table 11 and Figure 7). 

However, phosphorus alone maintained a significant effect on energy efficiency at each 

time point, while the effect of lysine and the interaction was at some weeks found 

insignificant (P>0.05). 
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Figure 6: Mean total energy efficiency in grams per 100 Kcal of the four groups over 

the 9-week experimental period 

 

Group G contains 10% gluten protein; Group G+L: inclusion of lysine in the gluten 

diet; Group G+P: inclusion of phosphorus in the gluten diet; Group G+L+P: inclusion 

of lysine and phosphorus in the gluten diet. Values for each group are expressed as 

mean ± SD (standard deviation). Two-way ANOVA was performed, with lysine and 

phosphorus as the two variables, and the interaction representing lysine x phosphorus. 

Significance is found with P-value < 0.05.  
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Table 11: Average energy efficiency in grams per 100 Kcal of the four groups presented weekly, during the first 8 weeks of the experimental 

period 

  Two-way ANOVA P-value 

G G+L G+P G+L+P Lysine Phosphorus Interaction 

Week 1 -0.624±0.791a 1.580±0.996 0.931±1.215a 5.676±1.260a <0.001 <0.001 0.001 

Week 2 -0.540±0.594ab 0.749±1.443 -0.033±1.288b 4.449±1.036b <0.001 <0.001 <0.001 

Week 3 0.284±0.667c 1.960±0.845 1.273±0.886ac 4.358±1.215b <0.001 <0.001 0.021 

Week 4 0.800±0.456c 2.304±0.721 1.573±1.217ac 4.044±1.144b <0.001 <0.001 0.127 

Week 5 0.672±0.402c 1.357±1.572 1.991±0.666c 3.681±0.788bc <0.001 <0.001 0.107 

Week 6 0.882±1.134c 0.728±1.130 1.602±0.797ac 2.806±0.809cd 0.099 <0.001 0.035 

Week 7 0.197±1.088bc 0.129±2.748 1.470±0.915ac 3.914±0.589b 0.022 <0.001 0.016 

Week 8 0.713±1.441c 0.859±2.275 1.322±0.661ac 2.554±1.276d 0.162 0.022 0.268 

OWA P <0.001 0.065 0.001 <0.001    

Group G contains 10% gluten protein; Group G+L: inclusion of lysine in the gluten diet; Group G+P: inclusion of phosphorus in the gluten diet; 

Group G+L+P: inclusion of lysine and phosphorus in the gluten diet. Values for each group are expressed as mean ± SD (standard deviation). 

Two-way ANOVA was performed between the four groups, with lysine and phosphorus as the two variables, and the interaction representing 

lysine x phosphorus. One-way ANOVA (OWA) was done to compare the within group variation with time. Significance is found with P-value < 

0.05, different subscripts indicate significant difference using Fisher’s test.
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Figure 7: Mean energy efficiency in grams per 100 Kcal presented weekly of the four 

groups over the first 8 weeks of the experimental period 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Group G contains 10% gluten protein; Group G+L: inclusion of lysine in the gluten 

diet; Group G+P: inclusion of phosphorus in the gluten diet; Group G+L+P: inclusion 

of lysine and phosphorus in the gluten diet. Values for each group are expressed as 

mean ± SD (standard deviation). Two-way ANOVA was performed, with lysine and 

phosphorus as the two variables, and the interaction representing lysine x phosphorus. 

Significance is found with P-value < 0.05. 
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B. Body Composition Analysis 

Water, fat and defatted weight (g) in the whole carcass of the rats were 

significantly higher (P<0.001) with the addition of lysine (G+L) or phosphorus (G+P) 

to the gluten diet as compared to group G (Table 12). But the highest values were 

observed in group G+L+P resulting from the interaction of lysine and phosphorus. 

In term of percentages (Table 13), % of dry weight and fat % in the whole 

carcass were found to increase with the addition of phosphorus (G+P), but even more 

with the presence of both lysine and phosphorus (G+L+P). As for water % and defatted 

%, both decreased with the addition of phosphorus (G+P), and a bigger reduction was 

witnessed with the presence of both lysine and phosphorus (G+L+P).  

Lastly, considering the mineral mass as stable and negligible, protein is 

represented by the defatted mass remaining after subtracting the water and fat weight 

from the carcass. Phosphorus alone held a significant effect on the defatted % 

(P<0.001), which was found higher in the groups G+P and G+L+P as compared to those 

bared of phosphorus (G and G+L) (Table 13). 
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Table 12: Mean water, fat and defatted weight in grams of the four rat groups 

  Two-way ANOVA P-value 

G G+L G+P G+L+P Lysine Phosphorus Interaction 

Wet weight (g) 231.73±21.47 281.9±34.5 274.46±23.70 463.6±59.3 <0.001 <0.001 <0.001 

Water weight (g) 157.44±14.54 191.47±23.19 178.79±17.18 254.55±18.72 <0.001 <0.001 <0.001 

Dry weight (g) 74.29±7.74 90.45±11.58 95.67±8.11 209.0±61.2 <0.001 <0.001 <0.001 

Fat weight (g) 14.232±1.335 17.65±3.30 21.21±3.25 78.0±38.6 <0.001 <0.001 <0.001 

Defatted from dry (g) 60.06±6.71 72.80±9.20 74.46±6.69 130.98±26.50 <0.001 <0.001 <0.001 

Group G contains 10% gluten protein; Group G+L: inclusion of lysine in the gluten diet; Group G+P: inclusion of phosphorus in the gluten 

diet; Group G+L+P: inclusion of lysine and phosphorus in the gluten diet. Values for each group are expressed as mean ± SD (standard 

deviation). Two-way ANOVA was performed, with lysine and phosphorus as the two variables, and the interaction representing lysine x 

phosphorus. Significance is found with P-value < 0.05. 
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Table 13: Mean percentage of water, fat, defatted mass and protein in the four rat groups 

  Two-way ANOVA P-value 

G G+L G+P G+L+P Lysine Phosphorus Interaction 

Water % 67.949±1.166 67.930±0.743 65.109±1.493 55.60±6.75 <0.001 <0.001 <0.001 

Fat in wet % 6.157±0.432 6.239±0.786 7.762±1.220 16.29±5.78 <0.001 <0.001 <0.001 

Defatted % 25.894±1.023 25.831±0.943 27.129±0.790 28.108±2.606 0.370 0.001 0.296 

Dry weight % 32.051±1.166 32.070±0.743 34.891±1.493 44.40±6.75 <0.001 <0.001 <0.001 

Fat in dry % 19.210±1.178 19.451±2.406 22.165±2.755 35.92±7.82 <0.001 <0.001 <0.001 

Defatted from dry % 80.790±1.178 80.549±2.406 77.835±2.755 64.08±7.82 <0.001 <0.001 <0.001 

Group G contains 10% gluten protein; Group G+L: inclusion of lysine in the gluten diet; Group G+P: inclusion of phosphorus in the gluten 

diet; Group G+L+P: inclusion of lysine and phosphorus in the gluten diet. Values for each group are expressed as mean ± SD (standard 

deviation). Two-way ANOVA was performed, with lysine and phosphorus as the two variables, and the interaction representing lysine x 

phosphorus. Significance is found with P-value < 0.05. 
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C. Liver Composition Analysis 

Liver wet and dry weight (g) both increased with the addition of lysine (G+L) 

and phosphorus (G+P) as compared to group G, but the highest increment was observed 

in group G+L+P where the weight about doubled following the combination of lysine 

and phosphorus in the diet (Table 14). However, when taking into consideration the 

total body weight, liver weight (g/100g BW) was not influenced by the interaction of 

lysine and phosphorus (P=0.995) but increased in groups G+L and G+P, and even more 

in the group G+L+P because of the addition of each of lysine and phosphorus 

independently of the other. 

Regarding the percentages of liver dry weight, water, fat and defatted, they 

were only significantly affected by the addition on phosphorus (Table 15). The % of 

liver dry weight increased in the groups G+P and G+L+P, and in contrast water % 

decreased in the same groups. Groups G+P and G+L+P also had higher % of fat as 

compared to groups G+L and G. As for defatted %, that represents the protein as 

mineral mass is considered stable, it was the lowest in group G+P. 
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Table 14: Liver water, fat and protein weight of the four rat groups 

  Two-way ANOVA P-value 

G G+L G+P G+L+P Lysine Phosphorus Interaction 

Liver wet weight (g) 6.500±0.657 8.589±1.338 8.446±1.566 15.108±2.946 <0.001 <0.001 <0.001 

Liver wt g/100g BW 2.746±0.150 2.965±0.293 2.983±0.335 3.175±0.376 0.039 0.026 0.995 

Liver water weight (g) 4.676±0.459 6.144±0.956 5.827±1.007 10.465±2.074 <0.001 <0.001 <0.001 

Liver dry weight (g) 1.824±0.213 2.445±0.405 2.619±0.641 4.643±1.075 <0.001 <0.001 0.003 

Liver fat weight (g) 0.199±0.061 0.289±0.096 0.703±0.460 0.960±0.384 0.078 <0.001 0.332 

Group G contains 10% gluten protein; Group G+L: inclusion of lysine in the gluten diet; Group G+P: inclusion of phosphorus in the gluten 

diet; Group G+L+P: inclusion of lysine and phosphorus in the gluten diet. Values for each group are expressed as mean ± SD (standard 

deviation). Two-way ANOVA was performed, with lysine and phosphorus as the two variables, and the interaction representing lysine x 

phosphorus. Significance is found with P-value < 0.05. 

(wt: weight, BW: body weight) 
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Table 15: Liver water, fat and protein percentages of the four rat groups 

  Two-way ANOVA P-value 

G G+L G+P G+L+P Lysine Phosphorus Interaction 

Liver water % 71.958±1.033 71.540±1.254 69.181±2.939 69.31±3.44 0.851 0.002 0.721 

Liver fat in wet % 3.046±0.826 3.363±0.895 8.03±4.25 6.365±2.332 0.487 <0.001 0.292 

Liver defatted % 24.997±1.055 25.096±0.923 22.787±1.574 24.324±1.961 0.081 0.002 0.123 

Liver dry weight % 28.042±1.033 28.460±1.254 30.819±2.939 30.69±3.44 0.788 0.003 0.717 

Liver fat in dry % 10.839±2.883 11.757±2.768 25.15±11.07 20.36±5.67 0.440 <0.001 0.250 

Group G contains 10% gluten protein; Group G+L: inclusion of lysine in the gluten diet; Group G+P: inclusion of phosphorus in the gluten 

diet; Group G+L+P: inclusion of lysine and phosphorus in the gluten diet. Values for each group are expressed as mean ± SD (standard 

deviation). Two-way ANOVA was performed, with lysine and phosphorus as the two variables, and the interaction representing lysine x 

phosphorus. Significance is found with P-value < 0.05. 
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D. Plasma Analysis 

1. Phosphorus, Albumin, BUN and CRP 

Mean plasma phosphorus concentration was significantly affected by the 

presence of phosphorus and was higher in the groups G+P and G+L+P (Table 16). 

 

Lysine as well as the interaction lysine-phosphorus had a significant effect on 

mean plasma albumin concentration. The lowest value was observed in the group G+P, 

followed by that of group G, while the addition of lysine increased plasma albumin 

(group G+L), with the highest concentration attributed group G+L+P with the presence 

of lysine and phosphorus as shown in Table 16. 

 

Mean BUN concentration significantly decreased with the addition of 

phosphorus to the diet (group G+P and group G+L+P), but was not affected by lysine or 

the interaction lysine-phosphorus (Table 16). 

 

There was no statistically significant effect on plasma CRP levels (Table 16). 
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Table 16: Mean plasma total phosphorus, albumin, BUN and CRP of the four groups 

  Two-way ANOVA P-value 

G G+L G+P G+L+P Lysine Phosphorus Interaction 

Total P (mg/dl) 5.989±1.359 5.790±1.116 7.490±0.782 8.260±0.643 0.425 <0.001 0.167 

Albumin (g/dl) 3.133±0.158 3.410±0.213 2.770±0.216 3.744±0.321 <0.001 0.850 <0.001 

BUN (mg/dl) 15.78±7.97 16.00±7.01 9.30±5.77 11.70±2.98 0.511 0.010 0.585 

CRP (mg/L) 0.889±1.364 0.600±0.699 1.300±1.567 0.700±0.483 0.218 0.519 0.642 

Group G contains 10% gluten protein; Group G+L: inclusion of lysine in the gluten diet; Group G+P: inclusion of phosphorus in the gluten 

diet; Group G+L+P: inclusion of lysine and phosphorus in the gluten diet. Values for each group are expressed as mean ± SD (standard 

deviation). Two-way ANOVA was performed, with lysine and phosphorus as the two variables, and the interaction representing lysine x 

phosphorus. Significance is found with P-value < 0.05. 

(P: phosphorus, BUN: Blood Urea Nitrogen, CRP: C-reactive protein) 
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2. Glucose, Insulin and HOMA-IR 

There was no significant effect on mean plasma glucose concentration by 

either lysine, phosphorus or both (Table 17). 

 

Lysine, phosphorus and the interaction lysine-phosphorus significantly affected 

mean plasma insulin levels, which slightly increased in groups G+L and G+P as 

compared to group G, while a higher increase was seen in group G+L+P (Table 17). 

 

Concerning HOMA-IR index (Table 17), it was significantly affected by each 

of lysine and phosphorus, but not by their interaction. A very small increase from group 

G was detected with the addition of lysine (group G+L) or phosphorus (group G+P), but 

a higher increment was induced by the presence of both (group G+L+P). 
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Table 17: Mean plasma glucose, insulin and HOMA-IR index of the four groups 

  Two-way ANOVA P-value 

G G+L G+P G+L+P Lysine Phosphorus Interaction 

Glucose (mg/dl) 177.0±60.3 184.7±63.2 171.0±56.4 233.5±42.2 0.052 0.215 0.121 

Insulin (μg/ml) 491.0±58.7 516.0±52.0 521.2±177.4 703.4±117.4 0.007 0.005 0.032 

HOMA-IR 6.345±2.610 6.906±2.832 6.86±5.29 11.596±2.496 0.025 0.027 0.073 

Group G contains 10% gluten protein; Group G+L: inclusion of lysine in the gluten diet; Group G+P: inclusion of phosphorus in the gluten 

diet; Group G+L+P: inclusion of lysine and phosphorus in the gluten diet. Values for each group are expressed as mean ± SD (standard 

deviation). Two-way ANOVA was performed, with lysine and phosphorus as the two variables, and the interaction representing lysine x 

phosphorus. Significance is found with P-value < 0.05. 
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3. Lipid Profile 

Phosphorus alone, but not lysine or the interaction of lysine and phosphorus, 

had a significant effect on cholesterol (Table 18). Mean plasma concentration of total 

cholesterol, LDL cholesterol and HDL cholesterol all decreased in the two groups with 

added phosphorus (group G+P and group G+L+P). 

 

Mean plasma levels of triglycerides increased with the addition of lysine alone 

(group G+L) as compared to the groups with no lysine (group G and group G+P), but 

was also affected by the interaction of lysine and phosphorus with an even higher 

increment observed with the addition of both to the diet (group G+L+P) in table 18. 
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Table 18: Mean plasma triglycerides, total and LDL and HDL cholesterol of the four groups 

  Two-way ANOVA P-value 

G G+L G+P G+L+P Lysine Phosphorus Interaction 

Cholesterol (mg/dl) 89.22±13.80 84.70±13.27 75.20±10.13 81.20±6.78 0.982 0.014 0.216 

LDL (mg/dl) 16.53±4.32 17.50±5.29 12.32±5.41 12.32±4.37 0.799 0.006 0.732 

HDL (mg/dl) 67.33±10.30 59.50±9.57 58.10±6.31 57.20±4.92 0.074 0.023 0.252 

TG (mg/dl) 26.78±6.48 38.50±9.55 23.90±5.43 58.40±26.43 <0.001 0.117 0.034 

Group G contains 10% gluten protein; Group G+L: inclusion of lysine in the gluten diet; Group G+P: inclusion of phosphorus in the gluten 

diet; Group G+L+P: inclusion of lysine and phosphorus in the gluten diet. Values for each group are expressed as mean ± SD (standard 

deviation). Two-way ANOVA was performed, with lysine and phosphorus as the two variables, and the interaction representing lysine x 

phosphorus. Significance is found with P-value < 0.05. 
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CHAPTER V 

DISCUSSION 
 

 

Wheat proteins, mostly in the form of gluten, are plant proteins of low quality, 

lacking primarily in the essential amino acid lysine (Bos et al., 2005). Many developing 

countries, as well as individuals following vegetarian or vegan diets, highly depend on 

wheat as the major source of both energy and protein (Hussain et al., 2004; Zhao et al., 

2004). Wheat contains a moderate quantity of gluten proteins (around 10%), and when 

used as the main dietary protein source, those incomplete proteins cannot sustain 

optimal growth and were reported to induce growth impairment (Burns et al., 1982). 

Wheat is also known to contain limited amount of available phosphorus, which has 

recently been found to improve growth in a low complete protein diet (Hammoud et al., 

2015). Therefore, this study used an animal model (rats) to test the hypothesis that 

phosphorus can impact growth maintained on an incomplete protein diet. 

The variation of protein levels in the diet have been reported to strongly 

influence food intake. In previous studies, a U shaped relation between both was 

established. Very low protein diets as well as high dietary protein led to a decrease in 

food consumption, while in contrast a moderately low protein diet (10% protein) 

induced an adaptative mechanism and was found to boost food intake (Du et al., 2000; 

Malta et al., 2014; Peng et al., 1974; White et al., 2000). In the case of our experiment, 

no down regulation of food intake was observed, as the within group variation with time 

was not significant in the groups G+L, G+P and G+L+P. Moreover, changes in food 

intake were apparent from the start of the experimental period, which indicates an acute 
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effect. Radcliffe and Webster (1976) stated that animals are able to control their appetite 

to serve two goals: long term control where the needs for growth determine nutrient 

requirements and short term regulation of food intake to maintain homeostasis. It was in 

fact reported that lysine deficient rats are extremely sensitive to small reductions in 

dietary lysine concentration. These rats would, when given the choice, select against 

such diets in order to meet the needs for growth (Hrupka et al., 1999) and would quickly 

adapt food intake to avoid consuming an amino acid imbalanced diet (Leung et al., 

1968). 

The significantly lower food intake seen in group G as compared to the other 

groups is evidently due to the low quality protein of the diet and its inadequacy in term 

of lysine, which is in line with previous studies reporting that lower amount of food was 

consumed when the proteins in the diet were of low quality (Burns et al., 1982; Mattar 

and Obeid, 2010). A possible explanation for this manifestation is related to the decline 

of plasma lysine levels following the consumption of a diet limited in this amino acid, 

which would result in lower concentration of lysine in the brain inducing an anorectic 

response to decrease food intake (Gietzen et al., 1998; Harper et al., 1970). Another 

possibility may be that the limited amount of a certain essential amino acid in an 

incomplete protein diet will lead to an excess in other amino acid, notably because of 

the incapacity to optimally metabolize proteins. A decrease in food intake would follow 

in order to protect against the potential toxicity of this amino acid accumulation (Du et 

al., 2000).  

The addition of lysine to the gluten diet (group G+L), as well as that of 

phosphorus in group G+P, were each found to increase food intake by about 15%. 

These results are supported by other studies where energy consumption was enhanced 
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with the increase of dietary lysine (Chang and Chao, 1969; Mattar and Obeid, 2010) or 

the addition to the diet of phosphorus (Hammoud et al., 2015). However, supplementing 

with lysine alone was not always able to highly improve weight gain and food intake 

(Hussain et al., 2004; Zhao et al., 2004), and better results were observed when lysine 

was added in combination with threonine (Tanphaichitr et al., 1976). On the other hand, 

ATP production is known to be directly associated with phosphorus availability, and an 

adequate supply of dietary phosphorus is required for postprandial hepatic ATP 

production (Obeid et al., 2014), hence making ATP available for protein synthesis. A 

sufficient amount of phosphorus would thereby facilitate amino acid metabolism and 

raise energy intake (Hammoud et al., 2015; Henry et al., 1979), that has been found to 

decrease with the accumulation of free amino acid in the circulation (Young and 

Marchini, 1990). Additionally, adding lysine plus phosphorus together in group G+L+P 

induced an increment in food intake of around 45%, and this seems to be due to the 

added effect of both since their combination led to a borderline significant increase (P = 

0.058). These results suggest that the variation of food intake may not be related to the 

amount of dietary protein but rather to the capacity of the body to properly metabolize 

the ingested proteins. 

The previous suggestion can be a possible explanation to the variation of body 

proteins and plasma BUN. Phosphorus, independently of lysine, induced a significant 

increase in the total protein content of the carcasses, as well as a decline in BUN plasma 

levels, a product of protein breakdown (Harper et al., 1970). The presence of 

phosphorus has thus improved protein metabolism and diminished amino acid oxidation 

and deamination. This is in accordance with the finding of Henry et al. (1979) that 

showed a decline in protein deposition in tissues occurring after severe phosphorus 

depletion, as it is well known that protein metabolism is highly depended on 
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phosphorylation. Therefore, the presence of an adequate amount of phosphorus, along 

with lysine, is necessary to get an optimal protein metabolism with incomplete protein 

diets. 

Mean final body weight and weight gain were blunted in group G, as expected 

with incomplete protein diets in which an uneven supply of one of the indispensable 

amino acids can impair growth (Burns et al., 1982; Herzeberg and Rogerson, 1984; 

Mattar and Obeid, 2010). Very low protein diets are also well known to induce growth 

retardation (Donald et al., 1981; Swick et al., 1983). Even though the diet consumed by 

the rats in group G contains a moderately low amount of protein (10%), growth was 

impaired similarly to that of very low protein diets because of the imbalanced essential 

amino acid pattern of wheat gluten constituting the sole protein source in the diet. It was 

in fact proven that the dietary inadequacy of one of the essential amino acids will induce 

effects witnessed with protein deficiency namely growth retardation, body weight loss, 

diminished protein synthesis and amino acid oxidation (Ousterhout, 1960; Sidransky 

and Baba, 1960; Yamashita and Ashida, 1969). 

The pattern of changes in weight gain was however different from that 

observed with food intake. Adding either lysine (group G+L) or phosphorus (group 

G+P) to the gluten diet lead to an increase in weight gain of about 5 times. The 

improvement in weight gain and growth observed with the addition to the gluten diet of 

lysine, the main limiting amino acid, were widely reported in past studies (Graham et 

al., 1981; Munaver and Harper, 1959; Yamashita and Ashida, 1969). Notably, Bahl and 

Venkitasubramanian (1977) found that the fortification of wheat by as little as 0.2% 

lysine induced significant improvement in weight gain of rats. However, our main 

objective was to decipher the role of phosphorus in such diets. Similarly to lysine, 
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adding phosphorus enhanced weight gain and growth, which was supported by the 

findings of Hammoud et al. (2015) where weight increased with the rise of the amount 

of dietary phosphorus. In this same context, Henry et al. (1979) showed that phosphorus 

addition after a deficiency improved growth rate. However, the addition of both lysine 

and phosphorus together in the diet (group G+L+P) amplified this effect, as the 

combination of those two variables induced a considerable higher increment in weight 

of around 20 folds. In our experiment, this large increase in weight gain observed in 

group G+L+P was not attributed to a greater consumption of food since the magnitude 

of increase observed in food intake was lower. Additionally, the diets administered to 

the four groups had similar compositions, and varied majorly by the addition of lysine 

or phosphorus. It has been reported that the rise in weight gain is not necessarily caused 

by hyperphagia (Racliffe and Webster, 1976), and in our case this was further explained 

when energy efficiency (weight gain in grams for 100 Kcal consumed) was calculated. 

A similar pattern of variation for mean weight gain and energy efficiency can be seen 

between the groups. Indeed, energy efficiency significantly improved with the addition 

of either lysine or phosphorus, and increased by about 5 times. This enhancement was 

intensified to a 20-fold increment with the combination of lysine and phosphorus (group 

G+L+P). Therefore, we can state that the improvement in weight gain and growth 

following the addition of lysine and phosphorus seems to be mainly related to a more 

efficient utilization of the energy consumed as seen with an enhanced energy efficiency, 

rather than an increased food intake. Adding each of lysine and phosphorus alone to the 

gluten diet induced only a small enhancement in weight and food intake. Since both 

lysine, as an essential amino acid, and phosphorus, being involved in ATP production, 

are required in good quantities to obtain an optimal metabolism, adding their 

combination is required to obtain the highest improvement in growth rate. 



 
 

57 
 

Lysine and its interaction with phosphorus were found to induce an increase in 

plasma albumin levels. This outcome was witnessed in other studies where lysine 

supplementation also enhanced serum albumin (Scrimshaw et al., 1973). This was even 

observed in infants who followed lysine deficient diets and had low serum albumin 

levels (Graham et al., 1981). It is well known that the imbalance in one essential amino 

acid will limit the utilization of other amino acids and the synthesis of body protein in 

the same way as protein deficiency (Ousterhout, 1960; Sidransky and Baba, 1960; 

Yamashita and Ashida, 1969). Additionally, it was reported that lysine is a major amino 

acid component of albumin (Denko et al., 1970) therefore its presence is vital for 

albumin synthesis. Phosphorus also plays a crucial role in protein metabolism as stated 

previously. All this can explain the rise in albumin plasma levels resulting from lysine 

addition and its interaction with phosphorus, indicating an increased protein synthesis. 

Body fat was found to be significantly affected by lysine, phosphorus and 

lysine x phopshorus, however only phosphorus held a significant impact on liver fat. 

The fat in the whole rat carcass increases with the presence of phosphorus and a higher 

increment was observed with the combination of lysine plus phosphorus. As for liver 

fat, it was considerably higher in the groups containing phosphorus regardless of the 

presence of lysine. Dietary phosphorus has been found to influence the development of 

fatty liver following high cholesterol diets. Tanaka et al. (2013) showed that dietary 

phosphorus restriction in mice significantly decreased plasma cholesterol levels while 

increasing hepatic lipid accumulation. The opposite happened in our experiment where 

phosphorus addition, and not restriction, provoked such effects. Total cholesterol, LDL 

cholesterol and HDL cholesterol were affected by phosphorus and all significantly 

decreased in the two phosphorus containing groups. These findings are in line with 

those of Hazim et al. (2014) where phosphorus supplementation induced a decrease in 
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apoB100 indicating a possible suppression in hepatic production or increase in the 

clearance from the circulation of VLDL and LDL, the apoB100 containing lipoproteins. 

Moreover, the relation between plasma phosphorus and the lipid profile seems to be 

controversial as high serum phosphate was linked with both an increase and decrease in 

total and LDL cholesterol, however an inverse relation with triglycerides was observed 

in both studies (Lippi et al., 2009; Park et al., 2009).  

In the case of our study, mean plasma triglyceride levels were found to increase 

with the addition of lysine alone, but were also affected by the interaction of lysine and 

phosphorus where an even higher increment was observed (G+L+P). The importance of 

lysine in the hepatic synthesis of carnitine has been widely documented. Carnitine is 

involved in the intra-mitochondrial transport of long-chain fatty acids groups for beta-

oxidation (Tanphaichitr et al., 1976); and it was reported (Khan and Bamji, 1979) that 

dietary lysine deficiency would reduce carnitine levels, therefore impair fatty acid 

oxidation and result in lipid, notably triglyceride, accumulation in the body tissues. 

Tanphaichitr et al., 1976 went further stating that an essential amino acid deficiency, for 

instance lysine, would impair protein synthesis particularly that of the lipoprotein 

complex which is needed for hepatic triglyceride secretion, leading to an increased fat 

accumulation in the liver. Therefore, lysine will play a role in the formation of the 

lipoprotein complex as well as that of carnitine, thus an adequate amount of lysine is 

needed to prevent triglyceride accumulation in tissues. Moreover, plasma insulin was 

significantly higher in group G+L+P indicating a state of decreased insulin sensitivity. 

Insulin, a lipogenic hormone promoting fat storage, was widely reported to stimulate 

triglyceride synthesis, and insulin resistance has been associated with an impaired lipid 

profile and increased serum triglycerides (D’agostino et al., 2004; Dimitriadis et al., 
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2011; Garg, 1996; McMurray and Hackney, 2005), further explaining the higher 

increment in triglycerides observed in group G+L+P. 

It is good to note as a notable strength that, this study being done on an animal 

model, it was conducted in a well controlled environment, particularly regarding weight 

and food intake measurements.  
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CHAPTER VI 

CONCLUSION 
 

 

The addition of phosphorus to a diet based exclusively on wheat gluten, a low 

quality protein, exhibited similar increases in weight gain and food intake as the 

supplementation with lysine, the main limiting amino acid. However, the presence of 

both lysine and phosphorus had a greater impact and was able to further improve 

growth, which seemed to be mainly related to more efficient energy utilization rather 

than increased energy intake. Thus, a combination of the main missing amino acid with 

phosphorus is required to sustain optimal growth and enhance the quality of an 

incomplete protein diet. 

Therefore, supplementing wheat derived products with a combination of 

phosphorus and lysine can be the best alternative in populations following plant based 

diets, especially in cases where complementing with a better quality protein, such as 

animal proteins, is expensive and thus not very affordable and feasible. For future 

researches, it would be interesting to conduct trials at a human level to observe the 

impact of this supplementation in humans. 
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