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Following infection or other inflammatory stimuli, an acute phase response occurs in which 
cytokines and oxidant molecules are produced to help in the removal of causative agent and 
repair any damage caused by the insult. However, inappropriate production of cytokines and 
oxidant molecules could carry the risk of damaging or destroying the host. The presence of 
adequate amounts of antioxidant defences, such as glutathione, help the body in scavenging 
oxidant molecules and regulating cytokines production. Since the synthesis of many 
compounds containing sulphur amino acids (cysteine and methionine), such as glutathione 
and wide range of acute phase proteins, are increased after exposure to an inflammatory 
stimulus, the availability of sulphur amino acids may have a strong influence on the ability of 
the host to successfully resist invading organisms. 

However, Reeds et al. (1994) have calculated that the profile of amino acids released 
from skeletal muscle during the acute phase response is relatively deficient in the aromatic 
amino acids (phenylalanine, tryptophan and tyrosine) in relation to the amino acid 
composition of the acute phase proteins. Furthermore, it was hypothesised that the imbalance 
between the proportions of amino acids released from muscle and the proportions needed for 
acute phase protein synthesis, was responsible for the negative nitrogen balance during the 
inflammatory response. 

Arginine supplementation has also been shown to have immunoenhancing effects in 
normal subjects, and in clinically ill patients. In rats, addition of arginine reduced the extent 
of the N negative nitrogen balance following bone fracture. 

The extent to which dietary intervention, by correcting deficiencies in sulphur amino 
acids, tryptophan, and arginine intake, improves antioxidant defences and modulates the 
metabolic response to infection was examined in this thesis using a young rat model. Rats 
were given an inflammatory challenge by intraperitoneal injection of endotoxin, and were 
compared with ad libitum and pair-fed controls. 

Glutathione (GSH) concentrations in various organs (liver, lung, spleen and thymus), 
and hepatic protein content decreased in animals fed the low-protein diets. In endotoxin-
treated rats, the magnitude of the increase of the acute phase protein, a-1 acid glycoprotein, 
was reduced in animals fed the low-protein diets. 

Addition of the sulphur amino acid, methionine, to the low-protein diets, restored 
GSH concentrations and increased hepatic protein content in endotoxin-treated animals and 
in animals fed ad libitum. In endotoxin-treated rats, addition of methionine to the low-
protein diets reduced (not statistically significant) the number of neutrophils in lung, while in 
ad libitum and in pair-fed animals, addition of methionine increased (not statistically 
significant) the number of neutrophils. Furthermore, before starting treatments, addition of 
methionine to the low-protein diets improved growth. 

In general, there was no indication that addition of tryptophan or arginine had marked 
effects on the acute inflammatory response after exposure to the endotoxin. 

To conclude, dietary methionine is the most important amino acid regarding the 
ability to modulate the inflammatory response. 
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Literature Review 

CHAPTER ONE 

1. Literature Review 

1.1 Introduction 

Inflammation is a complex process and a morbid condition of the body 

initiated by tissue damage caused by various of factors. Infanunation may be caused 

by mechanical injury (e.g. surgery), physical iiyury (e.g. bum), chemical iigury (e.g. 

exposure to a corrosive chemical), immunological injury (e.g. hypersensitivity 

reactions) and biological injury (e.g. infection) (Beiyamini & Leskowitz, 1991). 

Inflammation is closely related to serious health problems, for example following 

trauma which is the principle cause of death between the ages of 1 and 40. In Great 

Britain injured patients occupy more hospitals beds than patients with cancer and 

heart disease combined (Westaby, 1989). Infection is still the major cause of death 

in developing countries. Death due to infectious diseases reaches about 30 to 50% of 

the population in some developing countries (Playfair, 1995). 

Cachexia, weight loss and wasting of peripheral tissues are the main 

characteristics of diseases associated with an inflammatory stimulus (Fong et al. 

1989; Tracey, 1992). The difference between cachexia associated with an 

inflammatory stimulus (e.g. infection) and weight loss caused by starvation is that in 

cachexia there is a wasting of peripheral proteins and a conservation of liver 

proteins, while in starvation there is a conservation of skeletal muscle proteins and a 

loss of liver proteins (Brennan & Ekman, 1984; Wilmore, 1991; Tracey, 1992). Fong 

et al. (1989) have demonstrated that when rats were injected with inflammatory 

agents (Lipopolysaccharide, Tumour necrosis factor, or Interleukin-1) there was 

wasting of muscular proteins and preservation of liver proteins. When these rats 

were compared with a pair-fed controls (rats given the same amount of food eaten by 

animals receiving inflammatory stimuli), the pair-fed animals showed a relative 

preservation of skeletal muscle protein and a loss of liver proteins. 

Following an inflammatory stimulus (e.g. bacteria, injury), cytokines and 

oxidant molecules are produced to aid in the removal of causative agent and repair 
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any damage caused by the inflammatory insult (Roitt er a/. 1996). Cytokines and 

oxidant molecules have the ability to enhance each other production. Cytokines 

eailiarwze free rawiiciil pHTOciiwDtioii iit)m iniauaroiihKigfss ([Ivaimis <2f (loxi jBree 

radicals enhance cytokine production via activation of the nuclear transcription 

factor NFKB (Schreck et al 1991). NFKB is a protein, which has been found in the 

(rytcqplasin ()f i/aricHis <:e11 ti/pes, siicli aus tS Euowi TT Th/irLpliocryte, iiiacanoiybiayge!̂  aiicl 

monocytes (Baeurele & Baltimore, 1991). NFKB has the ability to up-regulate 

(rytcdcirw: piDocluctkiri b]/ FHroiiiotiry? tiie traoisanqptiowi ()f inRN/l jxxr cg/tcdcines within 

cytokine producing cells (Peristehs er a/. 1992; PGzenmaier ef a/. 1992; Schreck 

al. 1991). NFKB is present in the cytoplasm of unstimulated cells in a complex with 

its inhit)hx)r, ItcB (TBeieiierle 6k ISaltunon:, 1()8IS). tlie cell is istuiiuiiibscL, for 

example with oxidant molecules or with cytokines, N F K B released from its inhibitor, 

l̂ cB, iiiy?raHk:s 1x) tiie iiucleus, iirul zictivTites rbs tzuTget gp:nes (jGHhosli jk ISaltirrwore;, 

1990). 

Although, production of oxidant molecules and cytokines after infection 

could be beneficial, inappropriate production of cytokines and oxidant molecules 

could carry the risk of destroying the host (Tracey & Cerami, 1993; Halliwell et al. 

1988). Therefore, the presence of adequate antioxidant defences within the host 

could play a role in protecting the body from potentially toxic substances such as 

oxidant molecules, for example, by converting them to non-harmful substances, e.g. 

water, and by reducing the ability of oxidant molecules to enhance the activity of the 

NFKB, thereby helping to regulate cytokine production. 

A major question asked by this thesis is the extent to which dietary 

intervention, either by changing dietary protein level, or by adding specific amino 

acids, can improve antioxidant defences, and modulate the metabolic response to 

inflammation. 

Glutathione and sulphur amino acids will be discussed in detail in this review, 

since a number of studies suggest an increased requirement for sulphur amino acids 

and glutathione during an inflammatory response. In addition, a description of 
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cytokines, oxidant molecules, acute phase proteins, and their effects will also be 

discussed, 

1.2 Cytokines 

Cytokines are polypeptides with low molecular weight, rarely more than 15-

30 Kilodalton (KD) in size. Cytokines comprise interleukins 1-17 (ILl-17), Tumour 

necrosis factor (TNF), and interferons (IFN). They were originally thought to be 

produced by lymphoid cells only, and for this reason, they were named 

lymphokines. It is well established that other cells are also capable of producing 

these "kines", and they acquired the name cytokines (Dinarello & Mier, 1987). 

Activated phagocytic immune cells, T and B-lymphocytes, fibroblasts, and various 

endothelial cells are all capable of synthesisiug cytokines (Dinarello & Mier, 1987; 

Dinarello, 1986; Miossec & Ziff, 1986). A number of cytokines and their main 

features are summarised in Table 1.1 (Roitt et al 1996). As can be seen from the 

table, they exert a wide range of biological effects. 

Cytokines can stimulate the production of each other. Any change in the 

production of one cytokine can have a profound effect on the production of other 

cytokines (Meydani, 1990). 

Cytokines act as hormone-like molecules within the immune system. In the 

computer world, for example, an instrument called a modem is used to connect one 

computer to other. Similarly in the immune system, cytokines act as a 'biological 

modem', which allows the immune cells to be in permanent communication with 

each other. 

One of the beneficial functions that the body can obtain from producing 

cytokines, in response to an inflammatory stimulus, is to destroy invading 

pathological organisms and restore damaged tissue (Grimble, 1994a; Grimble, 

1994b). This is also one of the functions of oxidant molecules. However, excessive 

or inappropriate production of cytokines frequently leads to mortality and morbidity 

(Tracey&Cerami, 1993). 
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Table 1.1 Cytokines and their main features 

Cytokine Molecular 
weight 

cell source (s) main cell 
target (s) 

main actions 

lEN-y 40-50 000 (dimer) T Cells, NK cells lymphocytes, 
monocytes,tissue cells 

immunoregulation, B 
cell differentiation, 
some antiviral action 

m-l-a. IL-ip 33 000 (precursor) 
17 500 (mature) 

monocytes, dendritic 
cells, some B cells, 
Gbroblasts, qaithelia] 
cells, endothelium, 
astrocytes, 
macrophages 

thymocytes, 
neutrophils, T and B 
cells, tissue cells 

immunoregulation, 
inflammation, fever 

IL-2 15 000 T cells, NK cells T cells, B cells, 
monocytes 

proliferation, 
activation 

IL-3 150 000 T cells stem cells, 
progenitors 

pan-specific colony 
stimulating factor 

IL-4 15 000 T cells B cells, T cells division and 
defferentiation 

IL-5 20 000 T cells B cells, eosinophils difkrentiation 
IL-6 20 000 macrophages, T cells, 

fibroblasts, some B 
cells 

T cells, B cells, 
thymocytes, 
hepatocytes 

differentiation, acute 
phase protein 
synthesis 

E/-8 (fimiily) 8000 macrophages, skin 
cells 

granulocytes, T cells chemotaxis 

TNF-a 
TNF-P (lymphotoxm) 

50 000 (tiimer) macrophages, 
lymphocytes 

fibroblasts, 
endothelium 

inflammation, 
catabolism 
(cachexia), Gbrosis; 
production of other 
cytokines (IL-1, IL-6, 
GMCSf) 

source (Roitt gf oA 1996). 

1.2.1 The role of cytokines during the immune response 

At the onset of infection, cytokine producing cells, e.g. macrophages, are 

activated either by phagocytosis of the invading microorganism or by exposure to its 

products or toxins. Both of which resulted in the synthesis and release of cytokines 

(Dinarello, 1984). 

When antigens are displayed on the surface of macrophages, or other antigen 

presenting cells, in a physical association with a class J] histocompatibility molecule 

(DR.), T-cells can recognise antigens. The receptors of T-cells interact with the 

antigen-DR complex and become activated. Macrophages secrete IL-1 which 

stimulates T-cells to grow, become activated, and to secrete a variety of cytokines. 
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SLHch (IS IIv-1, 3, aiid^l, E) ceJl clLEfereaitiatiiyg fawztoi, (icui intarfemo-y (IDFN-i/). ][[/.! 

iaicansases lOie s^Titliesis of 11,-2,21, awicl 4k, y-iiiterfeanoii, iiiwi IDLr/Z insceqptoirs. (Zlcioal 

expansion of activated T-cell is influenced by TL-2. TL-3 stimulates the marrow stem 

cells to produce erythrocytes (hematopoiesis). IL-4, B-cell differentiating factor, IL-

1, IL-2, and y-interferon provide signals necessary for B-cells maturation. Finally, y-

interferon, released from activated T-cell, increases the recognition of T-cell to the 

antigen by enhancing the HLA-DR expression on the macrophages (see Figure 1-1). 

Cytokines like IFN-a, IFN-y, IL-2, and IL-4 stimulate and modify immune 

function following an inflammatory stimulus. Other cytokines like ILl, IL-6, TNF-a, 

and TNF-P not only stimulate and modify immune functions, but also initiate 

metabolic changes in the macro and micro nutrients following infection, cancer, 

surgery, and uguiy (Charters & Grimble, 1989; Cousins & Leinart, 1988; Dinarello, 

1984; Feingold a/. 1989), see Figure 1-2. 
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Figure 1-1 T-cell activation & cytokine production 

l)Activation of macrophage by antigen. 

Histocompatibility molecule (class n ) 

Antigen 

Macrophage I — 

IL-l released 3ed \ / 

2) Recognition of T-cell to macrophage 

T-cell 

3) Antigen presenting cell bound to T-cell 

Antigen presentmg 
cell 

(e.g. macrophage) 

T-cell proliferation 

i-ccEY fT^ll \ fT^n 
•Release of various cytokines 
(e.g IL-2, IL-3, y-interferon) 

Various functions 

1) Stimulates B-lymphocyte to produce antibody. 
2) B-cell activation and proliferation. 
3) Macrophage activation. 
4) T-8 cytotoxic cell produces substances to destroy the antigen-

bearing cell. 
5) Cytokines produced help in: 

a) Enhancing the recognition of T-cell to antigen. 
b) B-cell maturation. 
c) Clonal expansion of T-cell. 
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The metabolic eSect of H - l , IL-6, and TNF can be direct via interaction widi 

tissues, and indirect via stimulation of the endocrine and central nervous system 

(Beutler & Cerami, 1988; Grimble, 1990). 

As IL-1, IL-6, and TNF are the cytokines primarily responsible for the 

changes in nutrient metabolism, the properties of these cytokines will be discussed 

further. 

Figure 1-2 Influences of pro-inflammatory cytokines upon the immune 

system and on metabolism following inflammatory stimuli * 

Inflammatory stimuli 

Adapted from (Grimble:1994b). 

IL-1, IL-6 & TNF 

Metabolic effect 
Fever; Anorexia; Acute ph-
ase proteins; Altered copper 
, zinc & iron metabolism; 
Enhanced anti-oxidant def-
ences; Muscle proteolysis 

& Gluconeogenesis 
T-cell immunoglobulin chem-
proliferation class switching otaxis 

IL-2 

Immune system activation 
& Modulation 

IL-4 rL-3 

1.2.2 Interleuldn 1 (IL-1) 

Interleukin 1 was previously known as endogenous pyrogen, lymphocyte 

activating factor and catabolin ( Roitt et al. 1996). It can be produced by many cells, 

such as endothelial cells, T and B cells (Golub & Green, 1991), but most abundantly 

by macrophages (Roitt et al 1996). T and B cell activation is enhanced by IL-1 

(Golub & Green, 1991). IL-1 stimulates T-cell to grow, and initiates the secretion of 

a variety of cytokines (Nossal, 1987). IL-1 activates T-cells, by enhancing the 
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recognition of T-cells, by antigen presenting cells (Dinarello & Mier, 1987). IL-l 

also stimulates the production of prostaglandins and degradative enzymes (e.g. 

collagenase), and this function is believed to be responsible for the destruction of 

cartilage and bone following infection and in inflammatory diseases (Roitt et al. 

1996). Fever-induced anorexia is also believed to be due to the action of IL-l 

(Dinarello & Wolff, 1982; Roitt et al. 1996). The rise in body temperature might 

help the host in fighting infectious diseases, since many viruses and bacteria grow 

and replicate well at normal body temperature. Therefore, resetting the temperature 

of the body to be higher than normal (37 C) provides an unsuitable environment for 

pathogen replication. Furthermore, antibody and interferon production, and 

phagocytosis, are enhanced by increasing body temperature. In the liver, IL-l 

stiiDulates tlie ]pr()diicticHi olF axyute fthzise pitxteins (LXinarello, ISfSW; IRjoitt ef zzA 

1996). IL-l, in addition to other cytokines, is also able to stimulate the production of 

(zcmirker r(%giikitoiT/ lionnories, j»Iucaa*oî  cxortiscd, awireaiaLUiie, zinci gpnoNvtli tworicwoiie, 

indirectly, by enhancing the production of releasing factors such as corticotrophin 

releasing factor (CRF) (reviewed in Grimble, 1990). 

1.2.3 Interleukin 6 (IL-6) 

InterleuMn 6 was previously known as B-cell differentiating factor or 

hepatocyte stimulating factor. It can be produced by macrophages, T cells, B cells, 

and fibroblast (Roitt et al 1996). The main biological actions of IL-6 are stimulating 

B cell differentiation, and increasing immunoglobulin synthesis and secretion 

(Sehgal et al. 1987). It promotes growth of hybridomas, supports growth of T-cells 

and thymocytes, stimulates the production of acute-phase proteins in the liver 

(Heinrich et al. 1990), and enables B cells to differentiate into antibody-forming 

cells ( Roitt et al. 1996). 

1.2.4 Tumour necrosis factor (TNF) 

Tumor necrosis factor, or cachectin, is a 17 KD protein produced from 

macrophages, T cells, B cells, natural killer cells, mast cells, eosinophils, astrocytes, 

and Kupffer cells (Tracey, 1994). The demonstration that TNF is one of the 
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endogenous mediators of the host response to inflammation has only occurred since 

1980. Thereafter, large amounts of data, both in vivo and in vitro studies, have 

shown that most of the catabolic changes, which occur after the exposure to an 

inflammatory stimulus, can be reproduced by ( A4oLi&wer 1988). [he 

biological effects of TNF on various organs are shown in Table 1.2. 

Table 1.2 The biological effects of TNF on various organs * 

Tissue or cell type Biological response 
Brain 1- Anorexia. 

2- Increases adrenocorticotropin, growth 
hormone, prolactin. 

3- Decreases thyroid stimulating hormone. 
Muscle 1- Net whole body protein catabolism. 

2- Increases efQux of amino acids &om 
skeletal muscle. 

3- Reduction of resting transmembrane 
potential. 

4- Suppression of glucose transferase-4, 
5- Glycogenolysis. 
6- Lactate efQux. 

Adipose 1- Suppression of lipoprotein lipase. 
2- Increased free fatty acid efflux. 
3- Increased lipolysis. 
4- Decreased lipogenesis. 

Liver 1- Acute-phase protein synthesis. 
2- Decreased albumin synthesis. 
3- Increased lipogenesis. 
4- Enhanced glucagon-mediated amino acid 

transport. 
5- Increased gluconeogenesis. 

Source: (Tracey, 1994). 

9 
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1.2.5 Cytokine receptors 

Cytokines can induce their metabolic effects in cells via high affinity 

membrane receptors. When less than 10% of the total membrane receptor number is 

occupied by cytokines, the nucleus can receive adequate signals from cytokines, and 

maximum cellular biological responses occur (Tracey & Cerami, 1993). Due to these 

high affinity cytokine receptors, cytokines are able to induce their metabolic effects 

even at low concentrations (Roitt et al 1996). 

1.2.6 Innate control systems for preventing overexpression of cytokines 

In response to an inflammatory stimulus, cytokines are produced with the 

purpose of providing nutrients for the immune system and increasing the resistance 

of the host against invading organisms. However, overproduction of cytokines leads 

to exhaustion of host nutrients and exerts damage to the tissue, as mentioned earlier. 

Excessive or overproduction of cytokines has been associated with morbidity and 

mortality in a wide range of diseases, such as malaria, asthma, cancer, meningitis, 

inflammatory bowel disease, rheumatoid arthritis (Kwaitkowski et al. 1990; Broide 

ef aZ. 1992; Balkwill a/. 1987; Waage ef aZ. 1989). Furthermore, excessive 

production of cytokines has been shown to have a role in the pathogenesis of 

multiple sclerosis, atherosclerosis, and Alzheimer's disease (Chofflon et al. 1992; 

Hajjar & Pomerantz, 1992; Bauer et al. 1992). Therefore, to obtain maximum 

beneficial effects from cytokines with minimum tissue damage, the amount of 

cytokines produced should be well controlled. The question here is: Do we have 

mechanisms which cam control excessive production of cytokines? The answer is 

yes; When cytokines are produced, they bring about various metabolic changes, 

which in turn initiate mechanisms that downregulate and prevent over or 

unnecessary expression of cytokines. 

IL-1 and TNF enhance the production of two types of cytokine inhibitory 

proteins namely, the receptor antagonist for IL-l(ILl-ra), and the cytokine 

antagonist for TNF (TNF-a). ILl-ra, structurally related to IL-1, is a protein 

produced by immunoglobulin G (IgG), adherent monocytes and keratinocytes. ILl-

10 
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ra binds to ILl receptors, thereby reducing the number of receptors available for IL-

1 to bind with. TNF-a is a soluble serum fragment generated by enzymatic cleavage 

from the extra cellular domain of the cytokine receptor. This shed receptor domain 

binds to TNF, thereby blocking its access to target receptors in the membrane. 

Consequently, as a result of the actions of these two cytokine inhibitory proteins, the 

metabolic effects produced by IL-1 and TNF to the host cells will be reduced 

(review, Roitt e/ aZ. 1996; Burger & Dayer, 1995). 

A number of antioxidant compounds and enzymes are increased following 

TNF and IL-1 production. Consequently, the oxidant molecules ability to enhance 

the activity of the NFKB will be reduced, thereby down-regulating cytokine 

production. When young rats were injected with an inflammatory stimulus (TNF) 

glutathione (GSH) concentration in the liver was increased significantly (Hunter & 

Grimble, 1994). Wong & Goeddel (1988) have reported that treatment with TNF-a , 

TNF-p, IL-1 a and IL-|3 were observed to increase the production of manganous 

superoxide dismutase. Superoxide dismutase protects the cells from the toxicity of 

superoxide radicals both in vivo and in vitro (McCord & Fridovich, 1969). 

Ceruloplasmin, which functions as an antioxidant defence (Goldstein et al. 7979), 

has also been reported to be increased by IL-1 in rats (Barber & Cousins, 1988). 

Glucocorticoid production, due to the effect of cytokines on CRF, down-

regulates the production of cytokines (Tracey & Cerami, 1993). Beutler et al. (1986) 

have shown that when macrophages, isolated from BALB/c mice, were treated with 

dexamethasone (a glucocorticoid hormone), there was suppression of cachectin 

(TNF) production, if the hormone was introduced prior to or at the same time as 

endotoxin. 

Other cytokines, like IL-4 and IL-10, were also have been shown to down-

regulate IL-1 and TNF production (Burger & Dayer, 1995). 

11 
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1.2.7 Bacterial endotoxin (lipopolysaccharide)-a potent stimulator of 

cytokine production 

Bacterial endotoxin {lipopolysaccharide (LPS)} is the most widely studied 

agent inducing cytokine production (Tracey & Cerami, 1993). LPS is an integral part 

of the gram-negative bacteria. Gram negative bacteria consist of three layers (Figure 

1-3); an outer membrane, a thin layer of peptidoglycan, and the plasma membrane. 

LPS located in the outer membrane, and accounts for approximately 40% of cell 

surface area. LPS is made up of three main parts (reviewed in Bannister et al. 1996) 

(Figure 1-4); 

1) The core region, lipid A, which is responsible for the main toxic events and acts 

by stimulating macrophages to produce cytokines. 

2) An oligosaccharide region linked to lipid A via the sugar compound, ketodeoxy 

octanoic acid (KDO). 

3) A long polysaccharide chain, responsible for the antigenic speciGcity for the LPS, 

attached to the oligosaccharide region. 

Figure 1-3 Structure of gram negative bacteria 

Outer membrane 

Peptidoglycan 

Plasma membrane 

LPS 

??????????????' 

??????????????? 

LPS is transported in the blood as a complex with the lipid transport 

compound, high-density lipoprotein (HDL). Munford et al. (1981) reported that 

12 
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organs which normally take-up HDL, e.g. liver, are those organs with high risk of 

exposure to high concentration of endotoxin. 

The production of TNF, by macrophages and monocytes, can be initiated by 

endotoxin (Beutler et al. 1986; Sariban et al. 1988). Endotoxin was also found to 

stimulate IL-1 production from macrophages, monocytes, neutrophils and 

endothelial cells (Miossec & 1986; Tiku a/. 1986). TNF and IL-1 are also 

found in the serum of patient with sepsis, in whom the likely cause was LPS 

(Giradin ef a/. 1988). 

Figure 1-4 The main structural parts of lipopolysaccharide 

Lipid A 

Oligosaccharide region 

Polysaccharide region 

KDO 

1.2.8 Cytokines and their metabolic effect on protein metabolism 

Infection is associated with an increase in muscle protein breakdown and 

negative nitrogen balance (Beisel, 1975). The amino acids released from muscle are 

used by visceral organs (e.g. liver) to provide carbon skeleton for gluconeogenesis 
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(Powanda, 1977), and in the synthesis of acute phase proteins (Powanda, 1977; 

Hunter & Grimble, 1994). 

Following infection or injury, IL-1, IL-6, IL-8 and TNF initiate wasting of 

peripheral tissues resulting from the loss of tissue protein, lipid and micro-nutrients 

(Grimble, 1994b). The most studied cytokines involved in altering protein 

metabolism are IL-1, IL-6, and TNF (Charters & Grimble, 1989; Dinarello, 1984; 

Hack et al. 1996). Increased production of cytokines, particularly, IL-1, IL-6, and 

TNF-a leads to a significant alteration in muscle protein metabolism. The alteration 

in protein metabolism could be due to both enhanced proteolysis and decreased 

protein synthesis (Baracos gf a/. 1983; Charters & Grimble, 1989). After exposure to 

an inflammatory stimulus, an increase in muscle protein catabolism occurred, and 

the amino acids released are used for glucose, glutathione and acute phase protein 

synthesis (Brenner er a/. 1990; Fong ez aZ. 1989; Fukushima ef a/. 1992). The 

immune system uses these important substrates to support its activity. By this action, 

cytokines increase the resistance of the host against invaders and promote wound 

healing (Heinrich et al. 1990; Newsholme et al. 1985). On the other hand, it is worth 

mentioning that in mammals there is no protein storage depot (Tracey, 1994). 

Therefore, prolonged or inappropriate production of cytokines may lead to tissue 

damage, and prolonged wound healing. 

In skeletal muscle, oxidation of branched-chain amino acids, namely, 

leucine, isoleucine, and valine is increased due to an inflammatory stimulus. These 

amino acids are deaminated, and the carbon skeletons are converted to tricarboxylic 

intermediates, which are the same as the intermediates formed during glucose and 

fatty acid catabolism. These intermediates enter the Kreb cycle to produce ATP, or 

can be used to make glucose or fat. The amine groups released from the above 

process are attached to pyruvate and glutamic acid to form alanine and glutamine 

respectively (Williamson, 1992). These products, with other amino acids reaching 

the blood stream, are taken up by the liver. Subsequently, they can be used to 

synthesise acute phase proteins or may be deaminated and the carbon skeleton enter 

the gluconeogenic pathway with subsequent excretion of the nitrogen in the form of 

14 



Literature Review 

urea, ammonia, and other nitrogenous compounds in mine (Long et al. 1977; Beisel 

& Wannemacher, 1980; Jennings & Elia, 1996) 

Glutamine released as a result of muscle breakdown and glucose synthesised 

in liver due to increase gluconeogenesis from aminoacids, are major fuel sources for 

the immune system (Newsholme er <2/. 1985; Newsholme & Newsholme, 1989). 

1.3 Acute phase response 

The acute phase response (APR) refers to the wide range of physiological 

changes executed by the host, immediately after infection or injury has occurred, in 

an effort to neutralise the inflammatory agent and activate the repair process. The 

APR is characterised by fever, changes in vascular permeability, increased 

production of various hormones including glucagon, adrenocorticotrophic hormone 

(ACTH), Cortisol, glucocorticoids, thyroid stimulating hormone, and adrenaline, and 

the production of acute phase proteins. In case of injury, a number of additional 

responses such as aggregation of platelets and clot formation, dilation, leakage of 

blood vessels and activation of macrophages occur at the site of injury. These 

physiological changes are initiated by inflammatory mediators, which include 

cytokines, anaphylatoxins and eicosanoids. These mediators enhance the 

proliferation, and the biosynthetic activities of many cells and organs. Tissue 

macrophages or blood monocytes are the cells most commonly associated with 

initiating the cascade of events during the acute phase response. Activated 

macrophages release cytokines, such as IL-1 and TNF families, which are very 

important in initiating the series of reactions that occur immediately after exposure 

to an inflammatory stimulus (Figure 1-5). Furthermore, IL-1 and TNF, produced 

from macrophages, activate fibroblasts and endothelial cells, thus releasing other 

cytokines (reviewed in Baumann & Gauldie, 1994). The changes in body 

performance aim to protect the host, enhance the repair process, and restore the 

disturbed physiological homeostasis. 
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Figure 1-5 cascade of events during the acute phase response 
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by the production of cytokines. IL-1 raises the hypothalamic set point by acting on 

neurones located in the preoptic area of the anterior hypothalamus, through 

increased production of prostaglandins, most notably prostaglandin E. The rise in the 

thermostatic set point drives mechanisms of heat conservation (vasoconstriction) and 

heat production (muscle shivering) until the blood and core temperature are elevated 

to match the hypothalamic set point (Dinarello & Wolff, 1982). 

One of the important physiological signs of the APR is the dramatic alteration 

in the protein biosynthetic profile in the liver, which in turn cause changes in the 

concentration of some plasma proteins (Heinrich et al 1990). These proteins are 

called the acute phase proteins. 

1.4 Acute phase proteins 

Acute phase proteins are those plasma proteins, synthesised predominantly by 

the liver, whose concentrations are altered during inflammation. These changes in 

the concentration of proteins can be positive or negative. Positive acute phase 

proteins are those proteins which increase their concentrations after inflammation 

(e.g. ceruloplasmin, C-reactive protein, ai-acid glycoprotein, a-2 macroglobulin, 

haptoglobin, a 1-proteinase inhibitor, and serum amyloid A protein). Negative acute 

phase proteins are those proteins which decrease their concentrations after 

inflammation such as albumin and transferrin (Fleck, 1989). Table 1.3 shows the 

concentrations of acute phase proteins during normal health and following an APR 

in humans. 
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Table 1.3 The plasma concentrations of some positive and negative human 

acute phase proteins under normal and acute phase response conditions 

reported from several studies 

Acute phase protein Normal value Acute phase value 
mg/ml mg/ml 

Serum Amyloid A 0.01 1.0-2.0'' 
a-1 acid glycoprotein 0.6-1.2 1.5-2.5"""'̂  

Ceruloplasmin 0.3-0.4 0.4-0.6"̂ *̂ ' 
al-proteinase inhibitor 1.5-3.0 4.0-6.0'̂ '"'" 

Haptoglobin 1.0-2.0 5.0-6.0"^"" 
C-reactive protein 0.001 0.3-0.5^ 

Albumin 35-45 20-30 
Transferrin 2.0-3.0 1.5-2.0" '̂" 

a: Allen gf a/. (1977), b; Lebreton ef a/. (1979), c; Putnam (ed.) (1975), d; Pepys & Baltz (1983). 

As described earlier, the alteration in the hepatic protein synthesis is 

regulated by IL-6, IL-1 and TNF (Heinrich et al. 1990). IL-1 and TNF-a, produced 

during the APR, stimulate the synthesis of glucocorticoids located in the adrenal 

glands, via the central nervous system. Consequently, the increase production of 

glucocorticoids enhances the synthesis of acute phase proteins indirectly, by 

enhancing the effect of IL-1 and IL-6 on many of the acute phase proteins (Fey & 

Gauldie, 1990; Prowse & Baumaon, 1988). On the other hand, glucocorticoids 

down-regulate the production of cytokines from macrophages (Beutler et al. 1986). 

The acute phase proteins have a wide range of functions that aid in host 

defence. Some of the well-documented functions of acute phase response are listed 

in Table 1.4. 
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Table 1.4 Biological functions of some acute phase proteins 

Acute phase proteins Biological functions 

al-proteinase inhibitor^ 

a l - antichymotrypsin^ 

a2- macroglobulin^ 

Inhibition of proteinases 

C-reactive protein^ 

Serum amyloid A ^ 

Removal of antigens from the host 

C-reactive protein" 

C3 complement^ 

Activation of the immune response 

Proteinase inhibitors'^ 

al-acid glycoprotein'^ 

Suppression of the immune response 

Ceruloplasmin'^ 

al-acid glycoprotein^^ 

Behaving as an antioxidant 

Ceruloplasmin' 

Haptoglobin' 

Transferrin' 

al-acid glycoprotein' ̂  

Binding and transport of metals and 
biologically active compounds 

1; Koj (1985b), 2; Goldstein & Elwyn (1989), 3; Carney et aL (1998), 4; Leung (1998), 5; Segelmark et 
al (1997), 6; Costello et aL (1984), 7; Laine et al. (1990), 8; Moore et aL (1997). 

The biological properties of C-reactive protein, one of the main acute phase 

proteins in human, and a-1 acid glycoprotein, one of the very strong acute phase 

proteins in rat (Heiniich et al. 1990) will be discussed in details below. These two 

acute phase proteins show the highest increase during an acute phase response, with 

serum levels elevated to 20-1000 fold at the onset of inflammation. 
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1.4.1 C-reactive protein 

C-reactive protein (CRP) was originally named for its ability to bind and 

precipitate the C-polysaccharide fraction of pneumococcal lysates. CRP may 

increase up to 1000-fold during the acute phase response (Baltz et al. 1982). CRP 

opsonize bacteria for phagocytosis, and activates the classical complement pathway 

(Volanakis, 1982). CRP has the ability to bind and clear nuclear materials released 

from the cells due to the destruction of foreign particles (Robey et al. 1984). In the 

presence of calcium ions, CRP binds phosphorylcholine residues, and other 

microbial complex polysaccharides, and thus aid in their detoxification and 

clearance (Pepys & Baltz, 1983). Heurtz et al. (1996) have shown a reduction in the 

neutrophil infiltration in the bronchoalveolar lavage fluid after injection of CRP 

peptide to mice. This fimction of CRP was supported by another study conducted by 

Zoukd et al. (1997) who found that CRP has the ability to diminish neutrophil 

infiltration at the site of inflammation by cleavage and shedding of selectin, a 

molecule necessary for the interaction of neutrophil with endothelial cells. 

1.4.2 a-1 acid glycoprotein 

a-1 acid glycoprotein, is a single polypeptide chain, with five carbohydrate 

(CHO) chains attached to it. It can be distinguished from other glycoprotein by it is 

high content of CHO (45%), including large amounts of sialic acid (Yoshima et al. 

1981). It is produced mainly by liver, however, inflammatory cells such as 

lymphocytes, and polymorphonucleocytes (PMN) can also produce a-1 acid 

glycoprotein in response to an inflammatory stimulus (Gahmberg & Anderson, 

1978). a -1 acid glycoprotein can be classified as a very strong acute phase reactant 

in rat, and a strong reactant in human (Koj, 1985a; Heinrich et al. 1990). 

a -1 acid glycoprotein has been shown to inhibit platelet aggregation (Costello 

et al. 1979). Superoxide production (Og"") by neutrophils was inhibited in the 

presence of a-1 acid glycoprotein (Costello et al. 1984 & Laine et al. 1990). In 

Laine's study (1990), for example, PMN stimulated with opsonized zymosan or with 

phorbol myristate acetate show some inhibition of 02~ production after addition of 
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a-1 acid glycoprotein. This inhibition was dose related. Thus, a-1 acid glycoprotein 

may function as an antioxidant compound. 

Reeds er a/. (1994) suggest that the amino acid composition of skeletal 

muscle proteins does not match the amino acid requirement for synthesising acute 

phase proteins, during the acute inflammatory response. As a result of this mismatch, 

between the amino acids released from muscle and requirement of acute phase 

proteins, some amino acids will be released in quantities surplus to these 

requirements. The surplus amino acids would be catabolised contributing to the 

negative nitrogen balance, which is characteristic of the infected traumatised 

individual. This hypothesis is discussed in further detail later, and is investigated in 

the thesis using rats as the experimental model. Table 1.5 shows that the amino acid 

composition of rat muscle protein was quite similar to the amino acid composition of 

human muscle protein. However, Reeds et al.'s (1994) hypothesis was not based on 

the amino acid composition of human muscle protein, but it based on the mean 

values of amino acid composition of bovine, porcine and ovine muscle proteins. 
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Table 1.5 The amino acid composition of muscle proteins (g amino/kg 

protein) 

Amino acid Rat muscle Human muscle Mammal̂  Mean values of 
protein' bovine, porcine 

and ovine 
muscle^ 

Arginine 45 41 66 69 
Histidine 40 32 28 51 

Isoleucine 35 38 5 47 48 
Leucine 102 102^ 80 81 
Lysine 90 85J 85 98 

Methionine 21 2^5 25 25 
Phenylalanine 75 74^ 45 40 

Threonine 77 70 46 47 
Valine 71 73^ 55 54 
cystine 14 17 5 14 13 

tryptophan 18 21 11 13 
alanine 65 65 5 65 59 

aspargine + 50 5&5 80 92 
Aspartate 

glutamine + 135 139 146 145 
glutamate 

glycine 38 33^ 50 45 
Proline 40 73^ 50 48 
serine 86 74 51 41 

tyrosine 28 28 31 36 
^ Mean values of rat and human muscle proteins taken from Block et al. (1956). 
^ Mean values of beef, human, lamb, rabbit, rat, swine, pork, and veal muscle 
proteins taken from Block et al. (1956). 
^ Reeds et al.'s (1994) study had based their calculations on the mean values of 
bovine, porcine and ovine muscle proteins taken from Anderson et al. (1986). 

1.5 Infection and growth 

Infectious diseases of childhood are usually associated with decreased weight 

gain and linear growth (height) (Stephensen, 1999). Pathogens affect the growth 

process by reducing food intake and by changing the partitioning of nutrients away 

from peripheral tissues (e.g. skeletal muscle) toward immune cells and visceral 

tissues (e.g. liver). It is now well accepted that the deterioration in growth, which 
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results from loss of tissue lipid, protein, and micronutrients, is partly due to the 

induction of cytokines, particularly IL-1, IL-6, and TNF, in response to 

inflammatory stimuli. Nutrients released from peripheral tissues are used in 

metabolic responses that nourish the immune system and protect the host. As 

indicated earlier (section 1.2.1) the metabolic effect of IL-1, IL-6 and TNF can be 

direct via interaction with tissues, and indirect via stimulating the central nervous 

system (Grimble, 1994a; Johnson, 1997). 

Receptors for IL-1 and TNF-a were found in brain tissue (Pamet et al. 1994; 

Kinouchi et al. 1991). In addition to that, brain cells such as astrocytes and 

microglia are able to synthesise IL-1, IL-6 and TNF-a (Benveniste, 1992). The 

stimiilatioii cdT idbe central iien/ous sg/steni tnf crytcdkiniss iiicn:a<x;s thwe ZKyth/ity ()f tlie 

sympathetic nervous system and the formation of corticotrophin, and thus increases 

the production of counter regulatory hormones (CRHs) (Cortisol, glucagon, 

adrenaline and growth hormone). CRHs increase the breakdown of peripheral tissue, 

providing free CHO, fat, protein, and micronutrients to the immune system 

(Grimble, 1990). 

When the induction of cytokines was initiated by injection of LPS in rats, 

protein synthesis in muscle was decreased by 30 to 40%, after 24 hours of giving 

LPS. The reduction in protein synthesis cannot be explained solely by the reduction 

in food intake. Thus, anorectic LPS-treated rats experience a greater fall in muscle 

protein synthesis compared with fasted-control rats. On the other hand, hepatic 

protein synthesis and hepatic protein content was markedly elevated in LPS-treated 

animals compared with control or fasted rats (Jepson et al. 1986). 

TNF has been shown to increase lipolysis and inhibit lipoprotein lipase 

activity in peripheral tissue (Memon et al. 1994). Bone growth might also be 

affected by the production of cytokines. Reduction in osteoblast proliferation and 

osteoclast production occurred by increasing production of IL-1 and TNF-a (Skerry, 

1994). When experimental colitis was induced in rats, suppression of bone growth 

occur, and the decrease in linear bone growth was positively correlated with the 
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level of IL-6 (Koniaiis, 1997). Furthermore, Saklatvala (1986) and Black a/. 

(1990) have shown that TNF or IL-1 administration accelerates bone resorption. 

C^dokines iiKgffdso be hivobMxijnthe aiKKoda found in h%R%*ed patkads, 

either directly by affecting the appetite centres by affecting the firing rate of 

glucose-sensitive neurones in the lateral hypothalamus (Plata-Salaman et al. 1988), 

or indirectly by increasing the formation of corticotrophin-releasing factor (Uehara 

gf aZ. 1989). The three m^or findings obtained from Uehara's study, an in vivo 

study conducted in rats, were; 

1) The administration of either LPS, a potent stimulator of the production of IL-1, or 

IL-1, both caused a reduction in food intake in a dose-related manner. The reduction 

in food intake induced by IL-1 was similar to those induced by LPS. 

2) When prednisolone, a glucocorticoid hormone, which has been shown to inhibit 

cytokine production, was injected to the LPS-treated rats, the magnitude of reduction 

in food intake was markedly suppressed. 

3) Finally, the reduction in food intake found after IL-1 administration was 

completely prevented when hypothalamic CRF was immunoneutralised by 

intracerebro-ventricular injection of rabbit CRF antiserum. 

To conclude, cytokines are involved in the deterioration of growth usually 

seen in infected individual. This occurs by causing anorexia, increasing peripheral 

tissue breakdown, and by diverting nutrients towards immune cells at the expense of 

growth process. 

1.6 Free radicals, oxidant molecules and antioxidant defences 

1.6.1 Free radicals and oxidant molecules 

Free radicals are molecular intermediates that have one or more unpaired 

electron, and arise during oxidation reactions. They are capable of accepting 

electrons and abstracting hydrogen ions from other molecules with which they come 

into contact, causing structural and functional damages. Some internal and external 

sources of free radicals are shown in Table 1.6. These molecules are highly reactive 
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Reactive oxygen species (ROS) is a general scientific term usually used to refer to 

free radical molecules, and to non-radical molecules that are able to oxidised other 

biomolecules, or are easily converted into radicals (Halliwell, 1996). Table 1.7 

shows some important ROS found in aerobic-living organisms. 

Table 1.6 Some sources of free radicals 

Internally generated sources 
Mitochondria 
Phagocytes 
Xanthine oxidase 
Reactions involving iron and other transition metals 
Arachidonate pathways 
Peroxisomes 
Exercise 
Inflammation 
Ischaemia / reperfusion 

External sources 
Cigarette smoke 
Environmental pollutants 
Radiation 
Ultraviolet light 
Certain drugs, pesticides, anaesthetics, and 

industrial solvents 
Ozone 

^Source: Langseth, 1995 (ILSI Europe Concise Monographs). 

Table 1.7 Name and structure of some reactive oxygen species found in 

aerobic-living organism 

Name Structure 
1- Free radicals 

a) Hydroiyl radical OH" 
b) Superoxide radical Oz' 
c) Lipid peroxyl radical LOO' 
d) Nitric oxide radical NO' 

2-Non radical-oxidant 
molecules 

a) Hydrogen peroxide H3O2 
b) Hypochlorous acid HOCl 
c) Ozone O3 
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1.6.2 Oxidation of biomolecules by oxygen radicals 

Since we are oxygen (02)-dependent hosts, the most important biological 

radicals, are the O2 radicals. Molecular O2 is a radical molecule, having two unpaired 

electrons with a parallel spin confguration, donated by . 

Most other biomolecules are covalently bonded non radicals, having pairs of 

electrons with an opposite spin configuration . Therefore, the reaction 

of O2 with biomolecules is spin restricted. The difference in spin configuration 

would prevent the O2 from accepting a pair of electrons at once, or simultaneously. 

Thus it slows down the reaction of O2 with biomolecules. Furthermore, the spin 

feature of O2 allows this molecule to be a one-electron reductant molecule, 

. The acceptance of one electron lead to the formation of superoxide 

radical (reviewed in Halliwell & Gutteridge, 1990). 

1.6.3 Sources of reactive oxygen species 

1.63.1 The production of reactive oxygen species as a consequence of normal 

metabolic processes 

ROS such as superoxide (O2""), and hydrogen peroxide (H2O2) can be 

continuously produced inside human body, as a consequence of normal metabolic 

process. There are many molecules that are unstable in the presence of O2 and 

undergo oxidation reactions. Halliwell, gives a good example, he said, and I quote 

"If a solution of the hormone epinephrine (adrenaline) is left standing on a 

laboratory bench, it becomes oxidised. It undergoes a chemical reaction with O2 , 

making 02*"and H2O2" (Halliwell, 1997). Thus, logically, our molecules are at risk 

of undergoing oxidation reactions. Some examples of non-enzymatic and enzymatic 

free radicals reactions can be seen in Figure 1-6. Another way of producing ROS, is 

by the electron transport chain (ETC) in the mitochondria. There are a small 

percentage of electrons that escape from the electron carriers in the ETC and react 

with O2 making O2' ~ and H2O2. These molecules, however, are not highly reactive. 
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but if they come in contact with transition metals, such as iron and copper, they will 

be converted to the highly reactive hydroxyl radical (OH*). 

Figure 1-6 Examples of free radicals reactions 

1) Enzymatic production of free radicals 

a) Xanthine + O2 + H2O Xanthine oxidase NADP + H + 20-)° ~ 

b) NADPH + 2 quinone Cytochrome p450 reductase NADP + 2 semiquinone' + 

2) Non enzymatic production of free radicals 

a) O2 + Fe^ ^ Fe^ + O2' 

b) H2O2 + Fe^ ^ Fe^ + OH' + OH' 

1.63.2 Enhanced production of reactive oxygen species as part of immune 

defence 

ROS can also be produced at enhanced rate as a part of defence mechanism. 

When phagocytes or neutrophils come in contact with a foreign particle, they 

produced O2"" and H2O2 with the purpose of inactivating or destroying the antigen. 

02% H2O2, OH", and hypochlorous acid (HOCl) can be produced when phagocytic 

cells are activated (Droge et al. 1994; Halliwell et al 1988). Neutrophils, one of the 

major circulating PMN, account for 70% of total PMN circulating in the blood. 

When they come into contact with a foreign particle, the enzyme NADPH oxidase, 

located in the plasma membrane, is activated. Once the enzyme is activated, 

NADPH, found in the cytoplasm of neutrophils, is converted to NADP, and the 

electrons passed onto O2, outside the cell, converting it to O2"". The process of the 

rapid consumption of molecular oxygen that accompanies formation of 02*" is called 

the 'respiratory burst'. This process also occurred in other phagocytic cells 
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engulfs the particle, forming phagocytic vacuole, which then enters the cytoplasm of 

tbf; nfrutrcqptuUL iSksxt, ()2"" is (loirveiteii to PLzCDz ia a lacHi eai27/matic ixsacticHi. TThu: 

rate of this conversion is greatly increased by superoxide dismutase (Halliwell ef a/. 

1988): 

Reaction (1) 

202"̂  + ZCT Superoxide dismutase H2O2 + ()% 
^ 

Neutrophils use H2O2 to produce the highly reactive oxygen species OH" and HOCl, 

which are highly toxic to foreign organisms. In the presence of trace amounts of iron 

and other transition metals, H2O2 can be converted to OH": 

Reaction (2) 

Transition metals (reduced form) + H2O2 >OH" + OH" + Transition 

metals (oxidised form). 

or by the presence of the enzyme myeloperoxidase, H2O2 is converted to HOCl 

(HOCl; the major component of household bleach that kills bacteria): 

Reaction (3) 

H2O2 + C r Myeloperoxidase ^ HOCr + H2O 

Figure 1-7 highlights the important steps of the production of ROS by neutrophils. 
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Figure 1-7 The production of reactive oxygen species from neutrophils 
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1.6.4 Possible side effects caused by overproduction of reactive oxygen 

species 

The advantages of producing ROS are to kill invading pathological 

organisms, destroy damaged tissue, and enhanced wound healing by stimulating 

fibroblast proliferation. However, these molecules carry the risk of destroying the 

host tissues. When, for example, OH" attacks polyunsaturated fatty acids (PUFA), 

located in the cell membrane, it abstracts an atom of hydrogen to form water. Is the 

process of further damage stopped by converting OH" to water? Unfortunately, the 

aiiswer is iio. luiypairexi elexztrorLs ori ii caitxcm atcxoi, iifter aii i:lectrcHi tuas 

been removed, undergoes molecular arrangements to form a conjugated diene. The 

conjugated diene react with oxygen to form a peroxy radical. Peroxy radicals can 

aJbsdiawct tryclrcyren adxorns froin aiicdiiea- lEatty iicici sicbe-cdiaLui tc) fcMnoi lipici pizrctxicies 

(TH[allivyell, 198'7). (ZcHisequeridh/, idieinacLuzai cdiaiii reEicticHi cxfiibistracliryg trytiroysen 

and reacting with oxygen continues (Figure 1-8 shows the steps of lipid 

peroxidation). Damage to protein can be caused by the production of ROS. 

Inactivation of protease inhibitors, such as a-1 protease inhibitor, may be caused by 

the production of HOCl. ROS are also able to damage deoxyribonucleic acid 

(DNA), forming DNA base adducts (Elghissassi et al 1995). DNA-repairing 

enzymes and polymerases can be extensively damaged by oxidant molecules 

(Wiseman & Halliwell, 1996). OH" is able to attack all four DNA bases, while O2" ~ 

and H2O2 are unable to react with DNA bases (Halliwell & Aruoma, 1991). Other 

types of possible damage caused by free radicals can be seen in Figure 1-9. 

Although the phagocytic defence mechanism is beneficial to the body, over or 

unregulated production of ROS, from inappropriate activation of phagocytic cells, 

can damage host cells. Many chronic inflammatory diseases, such as inflammatory 

bowel disease and rheumatoid arthritis are accompanied by sustained production of 

ROS, due to inappropriate phagocyte activation (Grisham, 1994 & Halliwell, 1995). 

The continuous production of ROS would therefore overwhelm the antioxidant 

defences, and damage tissue. 
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Figure 1-8 Lipid peroxidation 
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Figure 1-9 Free radical damage 
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* Source: Langseth, 1995 (ILSI Europe Concise Monographs). 

The risk produced from these free radical molecules can be minimised if there 

are enough antioxidant defences to stop the oxidant chain reactions. There are a 

variety of antioxidant molecules and enzymes e.g. vitamins E & C, GSH, GSH 

peroxidase, catalase, and superoxide dismutase, which can protect mammalian 

tissues from free radicals by converting them into non-harmful molecules. For 

example, vitamin E has the ability to break the chain of lipid peroxidation by 

donating the hydrogen atom of the hydroxyl group on its chromanol ring to the free 

radical and convert it to a stable molecule (Garrow & James, 1993). Superoxide 

dismutase catalyses the removal of the toxic superoxide radical anion to a molecular 

oxygen and hydrogen peroxide (see reaction 1, p 28). 

Hydrogen peroxide can either be rapidly converted to water by the action of 

the enzyme catalase: 

2H2O2 Catalase 2H2O + 0% 
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Or in the presence of GSH, which is a very important antioxidant in the body, the 

enzyme GSH peroxidase has the ability to remove H2O2; 

2GSH (reduced form) +2H2O2 GSH peroxidase GSSG (the oxidised form 
^ 

of GSH) + 2H2O 

It is worth mentioning that GSH peroxidase is more important in scavenging 

H2O2 than catalase. This is because GSH peroxidase is found in mitochondria and 

cytosol, and has the same location of superoxide dismutase, while catalase is located 

in peroxisomes (Halliwell, 1987). 

1.7 Glutathione-cycling and function 

Glutathione (GSH), one of the major antioxidant compounds in tissue, was 

named philothion by de Rey-pailhade in 1888, which is a Greek word means; 

philo=love, thion=sulphur. In 1929, Sir Frederick Gowland Hopkins discovered that 

philothion is actually a thiol compound, and it was renamed glutathione (GSH). 

GSH consists of three amino acids, cysteine, glycine, and glutamate (Figure 1-10), in 

which cysteine is the most limiting amino acid for glutathione synthesis (Meister et 

a/. 1986). 

Figure 1-10 The structure of Glutathione 
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GSH has three important structural characteristics without which its metabolic and 

functional properties would be abolished. The three structural characteristics are; 

1) The presence of the thiol group (SH) of cysteine, which is actually the major 

striKituial caitanLoii ()f TbexstowTiig; (jS»H lAnLdi iiicxst, if iicnt all (xf its irLetat)C)lic 

functions. 

2) Cysteine is bound to the y-carboxyl group of glutamate instead of the common a-

carboxyl group. This distinct criterion allows y-glutamylcysteine, an intermediate in 

the GSH metabolic pathway, to be resistant to all dipeptidases, except y-glutamyl 

transpeptidase. 

3) The presence of glycine protects GSH from cleavage by the intracellular enzyme, 

y-glutamylcy clotransferase. 

Most of glutathione present in cells is in the form of GSH, and more than 

90% of non-protein sulphur of the cells is in the form of GSH (Meister, 1995). The 

liver is the major site of GSH synthesis and transport (Lauterburg et al. 1984). Other 

organs such as kidney, lung, spleen, intestine and thymus are also capable of 

synthesising GSH (Meister, 1989). 

Two consecutive steps are required to synthesise glutathione, each step 

consumes one ATP molecule: 

y-glutamylcysteine synthetase 
1) L-Glutamate + L-cysteine + ATP > y-glutamyl-cysteine + ADP + Pi 

2) y-glutamyl-cysteine + glycine + ATP GSH synthetase GSH + ADP + Pi. 
p . 

The rate-limiting enzyme in the pathway for GSH synthesis is y-

glutamylcysteine synthetase. Under normal physiological conditions the activity of 

y-glutamylcysteine synthetase is feed back inhibited by GSH (Richman & Meister 

1975; Huang gf a/. 1993). 

Since the enzymes involved in the degradation of glutathione, y-glutamyl 

transpeptidase and dipeptidase are bound to the external surfaces of cell membrane 

(Tate & Meister, 1981), the degradation of glutathione occurs extracellularly. 
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IFigpire 1-11 iUustradxss tlie pxatlrwEry cxf g^ntatliLOiie irietatwolisin. ttie ziction ()f 

glutamyl transpeptidase, glutathione is broken down to y-glutamyl amino acid and 

izyTSbsingfl grlyTibie (/Uliscm <&: Ivleistea^ 1!)81). (ZSfstinue, loietliioiiuie, iglirkmiiDHe, zucwl 

many dipeptidases, especially aminoacyl glycine, are good acceptors of the above 

transpeptidation reaction (Thompson & Meister, 1975; Tate & Meister, 1974; 

Meister & Anderson, 1983). 

Figure 1-11 Glutathione metabolism 
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y-glutamyl amino acid is transported into certain cells, y-glutamyl amino acid is 

substrate of the y-glutamyl cyclotransferase, an intracellular enzyme which converts 

y-glutamyl amino acid into 5-oxoproline and the corresponding amino acid. In an 

ATP dependent reaction, the enzyme 5-oxoprolinase converts 5-oxoproluie to 

glutamate. 

Exported GSH, and extracellular cystine interact with y-glutamyl 

transpeptidase leading to the formation of y-glutamyl cystine, y-glutamyl cystine is 

transported into the cell, and reduced to form cysteine and y-glutamyl cysteine. 

Cysteine and y-glutamyl cysteine are substrates for y-glutamyl cysteine synthetase 

and GSH synthetase, respectively. 

The liver is the m^or site for the synthesis of plasma GSH (Lauterburg a/. 

1984). The transport of hepatic GSH to plasma is a way of distributiiig cysteine and 

GSH to other cells, after reacting with y-glutamyl transpeptidase, which is located in 

the external surfaces of cell membranes. The role of the y-glutamyl transpeptidase in 

utilising GSH has been shown by Meister and his colleagues (Griffith & Meister, 

1979; Anderson et al 1980). They found a dramatic increase of plasma GSH levels 

and glutathionuria after administering y-glutamyl transpeptidase inhibitors to 

experimental animals, indicating the important of this enzyme in the cellular uptake 

and utilisation of plasma GSH. 

GSH plays important functions within the cells. It is used by several 

transhydrogenases, and serves as a reductant by providing the H" to maintain other 

compounds in a reduced form (e.g. ascorbate, a tocopherol, coenzyme A and, 

deoxyribonucleotide). GSH serves as an antioxidant compound by reacting directly 

with free radicals or as a substrate for GSH peroxidase. NADPH is required for the 

conversion of the oxidised form of glutathione to the reduced form, which has the 

antioxidant property, in a reaction catalysed by glutathione reductase (Figure 1-12). 

GSH also serves as a storage form of cysteine (Meister, 1995). 

It's worth mentioning that the antioxidant property of GSH is not only 

important in conditions where there is external source of oxidant agents, but also 
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iHickar iioiiruil lybjfsiolojgical cxxnuihicHis (Bcryeris <Sk (Zhjmce, 191^3). IlHis, (jSiH 

deGciency leads to damage of various tissues in mice and rats without administration 

of oxidant agents (Meister, 1991). Since mitochondria do not contain catalase 

(Meister, 1991), they depend mostly on GSH for scavenging oxidant molecules. It is 

also interesting to note that mitochondria do not have glutathione synthetic enzymes 

(y-glutamyl cysteine synthetase and GSH synthetase). Thus, mitochondria fully 

dependent on GSH synthesised in the cytosol, which is then transported to 

mitochondria (Griffith & Meister, 1985). 

Figure 1-12 Glutathione cycle 
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GSH also function as an immunomodulator. It is well established that an 

adequate amount of GSH is important for T-cells to function properly (Gmunder et 

al. 1990; Robinson et al 1993; Fidelus & Tsan, 1986). For example, Gmunder et al 

1990 have shown that lymphocytes with high GSH level had increased DNA 
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5%T#hesis conqamxi lymphocytes vwlh lovwsr (jSH l&vd. liovMrwo, the 

relationship between GSH and lymphocyte is complex. For example, in healthy 

human subjects, the number of CD4" T cells increases with intracellular GSH levels 

up to 20-30 nmol/^g protein, but declines at higher concentrations. A similar pattern 

also occurred with the number of CDS", ui relation to GSH concentration, but to a 

lesser extent than CD4" (Kinscherf gf a/. 1994). 

1.8 Sulphur amino acids (cysteine & methionine) 

1.8.1 The chemical structure and sources of cysteine 

Cysteine is a polar, uncharged sulphur amino acid (Figure 1-13). 

Figure 1-13 The chemical structure of cysteine 
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The most important source of cysteine is dietary intake (Bauman et al. 1988). 

Cysteine from dietary intake can be derived directly as an amino acid, or indirectly 

from methionine. 

1.8.2 Cysteine synthesis from methionine 

Cysteine can be synthesised from methionine via the transmethylation-

transsulphuration pathway (Figure 1-14). Traver & Schmidt (1939) isolated ^^S-

labelled cysteine from rat hair, after feeding ^^S-labelled methionine, indicating the 

transfer of methionine sulphur to cysteine sulphur. 
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Figure 1-14 The transmethylation-transsulphuration pathway 
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methyltransferase; C-PS: Cystathionine ^-synthase; C-yL: Cystathionine y-lyase. 
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TThe fust aep in the tnui!%nctbyl:&don padhv/ay staMs v/hen nxMluoniae is 

condensed with ATP in a reaction catalysed by methionine adenosyltransferase. S-

adenosyl methionine (S-AM) is formed. S-AM transfers the methyl group to any 

methyl group acceptor such as guanidino acetic acid, in a reaction catalysed by 

methyltransferase, leaving S-adenosyl homocysteine, which is degraded by 

hydrolysis to form homocysteine, in a reaction catalysed by adenosyl 

homocysteinase. Homocysteine can either be methylated by betaine-homocysteine 

methyltransferase (B-HM), or by S-methyl tetrahydrofolate homocysteine 

methyltransferase (S-MTHM) to form methionine. The other possibility is to 

condense with serine, the first step in the transsulphuration pathway, in an 

irreversible reaction, catalysed by cystaAionine )3-syiithase (C-pS) to form 

cystathionine. Due to this irreversible reaction, cysteine cannot be used as a 

precursor for methionine (Finkelstein, 1990). Greenberg (1975) demonstrated that 

cysteine synthesis from methionine via cystathionine is the sole pathway for the 

formation of cysteine in vertebrates. Hydrolytic cleavage of cystathionine, by the 

action of cystathionine y-lyase, forms cysteine and a-ketoglutarate (reviewed in 

Horton et al. 1992 & Murray et al. 1988). Thus the enzymes S-MTHM and B-HM 

compete with the enzyme C-PS for homocysteine within the cell and determine 

whether methionine is recycled or committed to the transulphuration pathway. 

Because methionine is an essential amino acid for mammals, the availability of 

homocysteine for the synthesis of cysteine depends on an ample supply of 

methionine. 

The Km values for the homocysteine methyltransferases enzymes, the 

methionine conserving enzymes, are two order of magnitude lower than 

cystathionine synthase and cystathionase, the homocysteine catabolising enzymes 

(reviewed in Finkelstein, 1990). Therefore, at low concentration of substrate, 

remethylation has a kinetic advantage compared to transsulphuration, and 

methionine will be conserved at the expense of cysteine synthesis. In this situation 

GSH synthesis would be compromised since cysteine is the rate limiting substrate in 

its formation. 
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diet 46% of homocysteine is converted to cystatMonine, and 54% is remethylated to 

methionine, while in a low-protein diet only 25% of homocysteine is converted to 

cystathionine and 75% is remethylated to methionine. When the activity of C-PS, 

the enzyme necessary for condensing homocysteine with serine to form 

cystathionine in the first step of the transsulphm-ation pathway, was determined in 

rats given either 1% or 0.25% methionine with various amounts of cysteine, the 

addition of cysteine caused a reduction in the activity of C-(3S, mainly by decreasing 

its mRNA level, indicating that a feedback system for cysteine synthesis occurs 

(Yamamoto et al. 1995). Thus cysteine synthesis is influenced by two major 

biochemical factors i.e. between S-MTHM, together with B-HM, and C-pS, and the 

feedback mechanism in GSH synthesis; and on a nutritional factor, the amount of 

sulphur amino acid consumed. 

In a survey of the enzymes of sulphur amino acid metabolism in the rat, 

Finkelstein (1990) showed that all tissues contained methionine adenosyltransferase, 

adenosyl homocysteinase, methyltetrahydrofolate reductase, methyltetrahydrofolate 

homocysteine methyltransferase. Only liver contained betaine-homocysteine 

methyltransferase, and five organs lacked cytathionine synthase (spleen, adrenal, 

lung, testes and heart). From this profile of enzymes it could be concluded that only 

liver can totally recycle methionine, and that spleen, adrenal, lung, testes and heart 

are incapable of synthesising cysteine, and must therefore extract the amino acid 

from the blood stream either as such or in the form of GSH. 

1.8.3 Cysteine metabolism 

The metabolism of cysteine can be divided into two main routes: 

1) The cysteine-conserving routes: used to synthesis GSH, and to make proteins. 

2) The cysteine-catabolising routes: in which cysteine is broken-down to taurine and 

inorganic sulphate. 
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rhere is oHich evidence, \vhich suggests that the catabohsm cf cg^aeine 

occurs predominately via the oxidation of cysteine to cysteine sulfinate in a reaction 

ca&b^ed by c^adne dkmygem^e (Yamagudn ef ^ 1973; Stq)anu^ 1979y 

Thereafter, cysteine sulfinate can be catabolised via the taurine pathway, or via the 

pyruvate pathway (Figure 1-15). 

Figure 1-15 Cysteine degradation 
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In the taurine pathway, cysteine sulfinate is decarboxylated to form hypotaurine, in a 

reaction catalysed by cysteine sulfinate decarboxylase (Jacobsen et al. 1964). 

Finally, hypotaurine dehydrogenase converts hypotaurine to taurine (Reviewed in 

Horton et al. 1992). In the pyruvate pathway, cysteine sulfinate loses its amino 
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jgrcnipi bgf trzuisauoniiiiatioii tc) fcomi fS-siiLGLogfl pg/TiryaHb2 iwdiicji is tlieii clecximiiosed to 

pyruvate and sulphite. Sulphite is then oxidised by sulphite oxidase to form sulphate 

(Macleod ef a/. 1961). Daniels & Stipanuk (1982) and Bagley & Sdpanuk (1995) 

liarve (Dlxseai/eci tluit tbu: awztivityr of izyisteins clu)]cy;>eiiEu&e iii rat liegDatocsftes wriis ]i()t 

significantly different between rats fed a diet deficient in sulphur amino acids and 

rats fed adequate amounts of it, but it was 3-17 times greater when sulphur amino 

acids were given in excess. This observation implies that animals are unable to 

conserve cysteine by a reduction in catabolism but that the pathway was responsive 

to potentially toxic quantities of the amino acid. It is therefore apparent that changes 

in glutathione or protein synthesis are important mechanisms in the conservation of 

cTfSteiiie in tlie l)0(i}r. Iii aii in T/itro srbichy, Siidjpanidc ef a/. (1()9:2) liai/e (lernoruabnateKi 

that cysteine metabolism to its major metabolites (GSH, taurine, sulphate) in rat 

hepatocytes was greatly affected by cysteine concentration. As cysteine 

concentration was increased, the formation of glutathione, sulphate and taurine were 

increased on a molar basis. However, the percentage of total cysteine metabolism 

that resulted in glutathione, taurine, and sulphate production in incubations with 0.05 

mmol/1 [^^S] cysteine + bathocuproine disulphonate (to prevent the auto-oxidation of 

cysteine) were 41%, 15%, and 44% respectively, whereas the percentage of cysteine 

metabolism to GSH, taurine, and sulphate in incubation with 1.0 mmol/1 [^^S] 

cysteine were 19%, 34%, and 47% respectively. The main conclusions that were 

obtained from this study were that under conditions of low cysteine availability, 

glutathione synthesis was favoured, under conditions of high cysteine availability, 

taurine production was favoured, and that the percentage of cysteine converted to 

sulphate was unaffected by cysteine availability. 

Observation of the kinetics of enzymes on the main pathways for cysteine 

metabolism (protein, glutathione, and sulphate and taurine) provides an interesting 

insight. The reported Km of L-cysteinyl-tRNA synthetase, y-glutamylcysteuie 

synthetase, and for cysteine dioxygenase were 0.003mmol/L (Waterson et al. 1974), 

0.35 mmol/L (Richman & Meister, 1975), and 0.45 mmol/L (Yamaguchi et al. 1978) 

respectively. This may indicate that even under low concentration of cysteine, L-
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syidhet&se can sKiueve maximiim cakdytic efGci<%K?̂  luid the 

priority will be for protein synthesis. Conversely, the formation of GSH, and 

sulphate and taurine will increase in proportion with cysteine availability in the cell. 

But, as already mentioned, relatively more cysteine will be converted to taurine than 

GSH as the intracellular concentration of cysteine rises. Thus factors, other than the 

kinetic properties of enzymes, determine the flow of metabolites along the various 

pathways of sulphur amino acid metabolism. 

Some evidence suggests that cysteine can be catabolised by cysteine 

sulphinate independent pathway which leads to the formation of reduced sulphur and 

pyruvate. There are two cysteine sulphinate independent pathways that occur in 

mammalian tissues. These are, either by transamination of cysteine to produce 3-

mercaptopyruvate followed by sulphur transforation, or by the cleavage of cysteine 

by cystathionase forming pyruvate, NH3, and thiocysteine. Rhodanese catalyses the 

transfer of sulphur from thiocysteine to many acceptors such as cyanide (reviewed in 

Devlin, 1992). 

1.8.4 Sulphur amino acids and the growth process 

In the biosynthesis of proteins, cysteine is incorporated as a part of peptide 

(zhiiuis T/la cgfsteicHS-tFUM/l. TThe isulflrydryi gpnoiyp (S>H), thus sidk: cliairi lof crysteiiie, is 

very important in stabilising the structure of proteins by forming a covalent 

disulphide linkage (Greenberg, 1975). The disulphide groups participate in the 

formation and stabilisation of the secondary, tertiary and quaternary structure of 

proteins, either by joining different parts of a single polypeptide chain to form loops 

within the chain or by joining different peptide chains. An example of proteins with 

intrachain S-S bound are albumin, and A chain of insulin, and an example of 

proteins with interchain S-S bound are between A and B chains of insulin, and 

between the light and heavy chains in immunoglobulin (reviewed in Torchinsky, 

1981} 
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Although cysteine can be synthesised from methionine, there are indications 

that there is a requirement for the amino acid in the diet of growing rats. When 

methionine was provided at the minimum requirement needed to support growth 

(0.17%), the addition of cysteine to such a diet improves the growth performance of 

growing rats (Sowers a/. 1972 & Stockland ef aZ. 1973). Cho gf a/. (1984) have 

observed d i # t h e nieaa dai^Tvey^btg^un cf rak fed cUe%]Mmddiag adequate or 

excess amounts of sulphur amino acids, in the form of methionine or cystine, was 

significantly higher than rats fed diet providing only the absolute minimum 

methionine requirement of growing rats (0.17%) recommended by Sowers et al. 

(1972) and Stockland et al (1973). Alhamdan & Grimble (1997) have shown that 

tlie ZLvarâ re ciaily wfeiĝ bt grain odFinats i%:d ii loTaf̂ proteiri chet (8(3 pMnoteiii/kg? cLLet), 

s%ipi]pleMieiite(l \vitli 1/16 g izyrsteinke/kg; (liet, lAMis liigjiear thuiii animals fed tlie loiw^ 

protein diet, but without cysteine supplementation. The total amount of sulphur 

amino acids present in the former diet was 32 mmol/kg diet, and in the latter diet it 

was 20 mmol/kg diet. 

1.8.5 The role of sulphur amino acids in modulating the metabolic 

response to an inflammatory stimulus 

Since the production of many compounds containing sulphur amino acids are 

increased during inflammation, such as glutathione, and a wide range of acute phase 

proteins, the dietary supply of cysteine may need to be increased to satisfy the need 

for these compounds, particularly glutathione and metallothionein which are rich in 

the amino acid (Grimble, 1992). Consequently, by providing the required substrates 

in adequate amounts for synthesising these compounds, the body can improve its 

ability to control the effects of oxidant molecules and the production of cytokines in 

response to inflammatory stimuli. 

The availability of sulphur amino acids has a strong influence on the 

glutathione content in liver, lung, spleen, thymus, muscle, and heart, both in the 

presence and absence of inflammatory stimuli (Cho et al. 1984; Bauman et al. 1988 
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previous experiments carried out in our laboratory, showed the ability of either 

methionine or cysteine supplementation to enhance glutathione concentration in liver 

and lung during an inflammatory response in animals fed a low-protein diet (Hunter 

& Grimble 1994). Bauman et al. (1988b) have shown that rats fed on 75 g protein/kg 

diet, had lower hepatic GSH than rats fed on 150 g protein/kg diet, using casein as a 

source of protein. However, when the 75 g protein/kg diet was supplemented with L-

2-oxothiazolidine-4-carboxylate (OTC), a stable derivative of cysteine, to be 

isosulphurous with the 150 g protein/kg diet, hepatic GSH concentration in animals 

fed the 75 g protein + OTC/kg diet was not different from that in rats fed the 150 g 

protein/kg diet. Paaw & Davis (1990) have observed that taurine, which is the major 

end product of cysteine, is decreased in injured patients. This may indicate the 

diversion of cysteine into cysteine rich compounds, such as glutathione and 

metallothionein, rather than being metabolised in the taurine synthetic pathway. 

Askanazi et al. (1980) have shown that glycine, the precursor of serine, and serine, 

the provider of the carbon skeleton of cysteine in the first step of the 

transsulphuration pathway, are decreased in the plasma of injured and septic 

patients. These patients have also experienced a reduction in the plasma taurine. 

These data may indicate an increase flux of substrate through the transulphuration 

pathway, toward cysteine biosynthesis, as indicated by the decrease in plasma 

glycine and serine levels. Furthermore, the cysteine-conserving routes, used to 

synthesis GSH or protein may be favoured over the cysteine-catabolising routes, as 

indicated by the decreased in plasma taurine level. The increased synthesis of GSH 

and protein, which might be expected in such patients, may also account for the 

decrease in plasma glycine. A reduction in the ratio of urinary nitrogen excretion to 

sulphate excretion was found in patients undergoes an abdominal aortic aneurysm 

repair operation, indicating a preferential retention of sulphur amino acids (Grimble, 

1994a). In bum patients, with bums covering more than 30% of the body surface, 

the excretion of urinary nitrogen was enhanced to a greater extent than the excretion 

of total sulphur (Larsson ef aZ. 1982). L-S^^-labelled cysteine incorporated into 
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anionic factions of tissues, containing sulphate, was lower in liver, spleen, kidney, 

and heart of infected rats compared to pair-fed rats (Malmezat et al. 1998). 

As indicated earlier (section 1.7), cysteine is also important to optimise 

immune function. Gmunder et al. (1990) have reported that macrophages utilise 

cystine and generate thiol compounds, mainly as cysteine. The cysteine released was 

used by lymphocytes and T cell clones, which have a strong transport activity for 

cysteine. Consequently, the intracellular glutathione level in the lymphocytes was 

increased. Gmunder et al. (1991) have also reported that T cells required cysteine 

which comes primarily from extracellular cysteine. Furthermore, this study has 

shown that when human T lymphocytes were mitogenically stimulated, the transport 

activity of cysteine was markedly increased, and the rate of DNA synthesis in these 

lymphocytes was found to be influenced by variations in the extracellular 

concentration of cysteine. 
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2. Aim of studies 

i?conmN%Kk#icms fM lunuw adds are dbs^ped to nKx% the 

requirements for growth, pregnancy, and day to day stresses of life in healthy 

populations. However, stimulation of the immune system in infected, traumatised 

patients may increase demands for specific amino acids over and above the amounts 

ui the&s reconime%Kkdi(m& Sulphur awniao ZKxds, trypkgiba^ phcnylakuuiK^ 

tyrosine, and arguiine are among this specific group of amino acids. 

As indicated earlier, many studies suggest the possible role of the sulphur 

amino acids in modulating the metabolic response to an inflammatory stimulus, and 

thware is (rvicieiice iui thus literature iwliicJi siig{fest5 iin iuicanszKMsd lieiiiaruj ftwr sii^pliur 

amino acids during an inflammatory response (Askanazi gf a/. 1980; Grimble 1992; 

Gmunder et al. 1992; Hunter & Grimble 1994; Paaw & Davis, 1990). Furthermore, 

many studies showed the importance of sulphur amino acids in supporting the 

gproTwIii jpiDcess (SoiAnsrs ef 191%); IStcuzidand ef <37. 197:3; (C3h() (2/. 198X1; 

AUiamdan & Grimble, 1997). Reeds et al. (1994) have suggest that the profile of 

amino acids released from skeletal muscle protein during the acute phase response is 

relatively deficient in the aromatic amino acids (phenylalanine, tryptophan, and 

tyrosine) in relation to the amino acid composition of the acute phase proteins. There 

appears, therefore, to be a mismatch between skeletal muscle protein amino acid 

composition and the amino acid requirement for the acute phase protein response. 

The consequence of this situation is that when muscle protein is catabolised in 

amount that is sufficient for the acute phase response, some amino acids will be 

released in quantities that are surplus to these requirements. The surplus amino acids 

are catabolised contributing to the negative nitrogen balance. Thus, there may be 

specific amino acid requirements for the response, which if met, will thereby 

improve nitrogen balance. 

While the true extent of the mismatch between amino acid outflow fi"om 

peripheral tissues and the requirement for an acute phase response is ill defined, if 
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amino acids to the diet could produce major therapeutic benefits. 

Neither Reeds et al. (1994), nor our preliminary conclusions, identify a 

shortfall in amino acids other than sulphur and aromatic amino acids, but there is an 

increasing body of evidence that other amino acids may exert a 'beneficial effect' 

following trauma and infection. Arginine is among these beneficial amino acids. 

Arginine could have a modulatory effect on nitrogen metabolism, as a precursor of 

urea, and on immune functions, as a precursor of (NO"). However, arginine 

supplementation has been shown to have immunoenhancing effects in normal 

subjects, postoperative patients, patients on intensive care and HIV positive patients 

(Kirk & Barbul, 1990). In rats addition of arginine and glycine to a 200 g/kg casein 

diet reduced the extent of the negative N balance following bone fracture (Sitren & 

Fisher, 1977). 

The objective of the research reported in this thesis is to identify the relative 

importance of sulphur amino acids, tryptophan, and arginine, on the response to an 

inflammatoiy agent and during growth, using a rat model. The thesis describes a 

series of inter-related studies. In the first study, differing degrees of sulphur and 

other essential amino acid deficiency were created by feeding animals diets of 

differing degrees of protein deficiency, using casein as a sole protein source. In the 

second, third and fourth studies, diets contain supplements of L-methionine, L-

tryptophan and L-arginine, in various combinations. The additions were in amounts 

which bring the total amount of each supplemental amino acid to the concentration 

found in a diet containing 180 g/kg diet with an additional 3 g L-methionine/kg diet, 

a diet which is considered adequate for young growing rats. In all studies, rats were 

divided into three treatment groups, after feeding the diets ad libitum for seven days. 

One-third of each group was injected with endotoxin (lipopolysaccharide from 

Escherichia coli) and allowed free access to food for a further 24 hours. One-third of 

each group was pair-fed with an amount of diet similar to that consumed by their 

littermates injected with the endotoxin. The final one-third of each group continued 

to be fed ad libitum. To reach the objective, the specific aims of the studies are: 
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Aim of studies 

1) To investigate the influence of dietary sulphur amino acid sufficiency on growth. 

2) To investigate the influence of dietary sulphur amino acid, tryptophan, and 

arginine sufficiency on glutathione concentration in liver, lung, spleen, and thymus 

in rats undergoing an inflammatory response. 

3) To investigate the effect of dietary sulphur amino acid, tryptophan, and arginine 

sufGcwaicy on Hver and huyg conte&t and on awnde ptw&e proknas dkuing 

inflammation. 

4) To investigate the influence of dietary sulphur amino acid, tryptophan, and 

arginine sufficiency on the excretion of end products of amino acid catabolism 

(inorganic sulphate, urea-N and ammonia-N) during growth and in rats undergoing 

an inflammatory response. 

:5) [o icn/estigfLbs liOTv idie liietai]/ T/ariatykss iidliierkce thus ixirthicHiicys cdT stdjibwir 

amino acids into their major end products (hepatic glutathione and protein, inorganic 

sulphate excretion and nitrogenous excretion products) during growth and 

inflammation, aiui llie iirqpacX̂  lArbicti cliaiyres ui jpailiticHiing^ Ihas CHi iieuditypIiUs 

present in the lung. 
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Materiak and Methods 

CHAPTER TWO 

2. Materials and Methods 

2.1 Materials 

All reagents were obtained 6om Sigma Chemical Company, Poole, Dorset, 

England. Exceptions were: 

BDH Limited, Poole, Dorset, England 

Metaphosphoric acid (Glacial) 

di-sodium hydrogen orthophosphate 

Fisons Scienti&c Equipment, Bishop Moadow Road, Loughborough, England 

Sodium sulphate 

Ammonium sulphate 

Cardlotech Services, Louisville, ky, USA 

a-1 acid glycoprotein (standard) 

Agar plates containing the antiserum to rat a -1 acid glycoprotein 

Special Diets Services, Witham, Essex, England 

Casein 

Cellulose (Solkafloc) 

Maize starch 

Mineral Mix (AIN-76 mix) 

Vitamin Mix (AIN-76 mix) 

Mazola 

Maize oil 

The Silver Spoon Company, British Sugar pic, Peterborough, England 

Sucrose 
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Materials and Methods 

2.2 Methods 

2.2.1 Protein concentration 

The chromogenic reagent, Bicmchoninic acid (BCA), was used to determine 

the protein concentration in tissues (Smith er a/. 1985). This method based on the 

principle that protein has the ability to reduce copper (11) to copper (1) in an 

alkaline environment (Biuret reaction), in a concentration dependent manner. The 

BCA is capable of forming an intense purple colour complex with Cu \ the intense 

purple colour produced is increased in a proportional fashion to protein 

concentration. 

-Biuret reaction 

a) Protein +Cu^^ ^Cu ' 

b) Cu"̂  + BCA ^-BCA-Cu^' complex. 

Reagents 

- BCA reagent consists of an aqueous solution of: 

1% BCA-Naz, 2% NazCOs.HzO, 0.16% Naz-tartate, 0.4% NaOH and 0.95% 

NaHCOs 

- 4% (w/v) copper sulphate solution 

Working colour protein determinant reagent 

Protein determinant reagent was prepared fresh by mixing 1 volume of the 

4% copper sulphate solution to 50 volume of bicinchoninic acid solution. 

Standard: standard was prepared from bovine serum albumin over the concentration 

range 0-1.0 mg/ml. 

Procedure 

Approximately 400 mg of liver (200 mg for lung, spleen and thymus) 

weighed accurately was homogenised in 4 ml of distilled water (2 ml for lung, 

spleen and thymus). Then, 20 jil aliquot of the homogenised sample was diluted 1/20 

for liver and 1/10 for lung, spleen, and thymus. A 10 jil aliquot of sample (standard 
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and blank) was added to a microelisa plate in duplicate. A 200 îl of the protein 

determinant reagent was added to each well containing sample (standard and blank), 

and the plate was incubated at 37 °C for 30 minutes. Thereafter, the plate was cooled 

at room temperature, and the absorbance was read in a microelisa plate reader (EL 

340, Bio Tek Instruments) at 562 nm. 

mg/ml X dilution factor 
protein concentration (mg/g tissue) = 

Tissue sample weight (g) 

2.2.2 Glutathione assay 

The principle of this assay is based on the oxidation of the reduced form of 

glutathione by the aromatic disulphide compound, 5,5,- dithiobis-2-nitrobenzoic acid 

(DTNB), to form GSSG and the aromatic thiol, 5,thio-2-nitrobenzoic acid (MNB) 

(Beutlerera/. 1963): 

GSH + DTNB ^GSSG + MNB. 

The yellow colour formed due to the reduction of DTNB was measured at 

412 nm, and it is proportional to the amount of glutathione present in the sample. 

Reagents 

- Precipitation solution 

1.67 g glacial metaphosphoric acid. 

0.2 g disodium ethylenediamine tetraacetic acid (EDTA). 

30 g sodium chloride. 

Made up to 100 ml with distilled water. This solution is stable for approximately 3 

weeks at 4°C. 

- Phosphate solution 

0.3 M Na2HP04. This solution stores indefinitely unless mould is formed. If crystals 

develop during storage at 4°C, it was dissolved by heating at 37°C. 

- DTNB reagent 

40 mg DTNB 
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1 g sodimn citrate 

Made up to 100ml with D. water 

Standard: Glutathione standards were made over the concentration range 0.0-0.1 

mg/ml by diluted with the phosphate solution. 

Procedure 

A weighed portion of a fresh liver (0.08-0.12 g) or fresh lung, spleen and 

thymus (0.12-0.16 g) was homogenised in a tube containing 2.5 ml of ice cold 

precipitation solution. Further 2.5 ml of precipitation solution was added to the 

homogenised tissue, allowed to stand on ice for 5 minutes, then the solution was 

mixed and filtered. One ml of the Altered sample was added to 4.0 ml of phosphate 

solution, followed by 1.0 ml of DTNB reagent. The solution was vortex mixed and 

the absorbance of the (blank, sample, and standard) was immediately measured at 

412 nm using a standard spectrophotometer. 

Tissue glutathione concentration was calculated from: 

tissue GSH (mg/ml) x 5 x 1000 
GSH (umol/g tissue)= 

tissue sample weight (g) x 307 

2.2.3 Sample preparation for glutathione enzyme assays 

Homogenising buffer (pH 7.4) prepared by mixing 30 mM potassium chloride 

with 10 mM dipotassium phosphate was used. 

Procedure for preparing the samples to determine glutathione enzyme activities 

Approximately 400 mg of liver (lung, spleen and thymus) was homogenised 

to disrupt the cell membrane, in the above homogenising buffer using an ultraturax, 

to give a final concentration of exactly 100 mg tissue/ml. The homogenate was 
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sonicated using MSB Soniprep 150 sonicator for 1 min on a cycle of 6 x 10s with 5s 

intervals, amplitude 16, to disrupt the intracellular membranes. Samples were then 

aliquoted into micro-centrifuge tubes and centrifuged for 5 minutes. The supernatant 

was then frozen at -70°C for further analyses of glutathione enzyme activities. 

Notes: 

1) All samples were kept on ice dining homogenisation and sonication. 

2) Protein concentration was also determined in the supernatant of these samples 

using the bicinchoninic solution to express the samples as unit of enzyme activity/ 

iryg or ;?]prcMk:iDL. 

2.2.4 Glutathione Peroxidase 

This assay is based on the ability of glutathione peroxidase to oxidise 

glutathione in the presence of a peroxide (Wendel, 1981). 

Glutathione peroxidase catalysed the oxidation of the reduced form of 

glutathione (GSH) to the oxidised form (GSSG) in the presence of a hydroperoxide. 

GSSG is immediately converted to GSH by the action of glutathione reductase. This 

action of glutathione reductase leads to the oxidation of NADPH to NADP". The 

decrease in the absorbance of NADPH was measured at 340 nm. 

Reagents 

- Tris-HCl/ EDTA (pH 8.0) 

O.lMTris-HClbufTer 

5.0 mM EDTA 

- t-Butyl hydroperoxide diluted 1-10000 with distilled water. 

- Substrate (Glutathione peroxidase reagent) 

20 mg NADPH 

61.4 mg glutathione 

100 unit glutathione reductase 

made up to 100 ml with tris-HCl/EDTA 
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Procedure 

840 îl of glutathione peroxidase reagent was added to 80 |il of sample 

(blank). To this solution, 80 pil of t-butyl hydroperoxide was added and immediately 

the decline in the absorbance of NADPH was measured over 1 min at 340 nm. 

TThu: aclbhfhif o:f g^uladiione jpercyxickise TAras calculate*! eus IJ/ml == (sarrrple-blanlc) >< 

]!.01 

2.2.5 Glutathione reductase 

The principle of this technique, used to determine glutathione reductase in 

tissue, based on the oxidation of NADPH to NAD?" by glutathione reductase in the 

presence of oxidised form of glutathione (GSSO) (Carlberg & Mannervik, 1975). 

GSSG reductase reagent 

To 0.10 M sodium phosphate buffer (pH 7.6), the following reagents were 

added: 

- l.OmM GSSG 

- 0.1 mM NADPH 

- 0.5 mM EDTA 

Procedure 

30 ^1 of sample (blank) was placed in a microelisa plate in triplicate, this was 

followed by the addition of 200 p,l GSSG reductase reagent. The decrease in the 

absorbance of NADPH was followed for 1 minutes at 30°C. The absorbance was 

read in a microelisa plate reader (EL 340, Bio Tek Instruments) at 340 nm. 

GSSG reductase U/ml= (sample-blank) x 1.233 

2.2.6 Method for collecting urine from rats 

Metabolic cages were used to collect urine. Urine was collected using 30 ml 

plastic measuring cylinder attached to a funnel. At the end of each collection period 

(24 hour), from 9-10 a.m. to 9-10 a.m. next day, the inner surface of the cages was 
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washed down carefully with distilled water to ensure a complete collection of urine. 

Access to the food pot in the metabolic cages is by a tunnel, so the rat can not easily 

pass urine into it. A few drops of HCl were added to each plastic measuring cylinder 

to preserve urine. 

2.2.7 Inorganic sulphate excretion in urine 

The method is based on the turbidimetry of sulphate as barium sulphate in the 

presence of a very small amount of preformed barium sulphate, and with 

polyethylene glycol (PEG) as a stabilising agent (Lundquist ef a/. 1980): 

Na2S04 (urine-S04) + BaCl ^ HCl + BaS04 

The presence of preformed barium sulphate in the assay is necessary for the sulphate 

in the sample to be precipitated more reproducibly (Lundquist gf a/. 1980). 

Reagents used in this assay 

- Barium-PEG reagent 

150.0 g PEG 6000 

9.77 g Barium chloride dihydrate 

Made up to 1 L with deionised water. 

A 0.2 ml of 0.05 M Na2S04 was added to 100 ml of the Barium-PEG reagent 

with efficient magnetic stirring. 

Standard: Sodium sulphate was used over the concentration range 0.0-50 ^imol/ml. 

Procedure 

Deionised water (3.0 ml) was added to 0.1 ml aliquot of urine (standard, 

blank). Then, 1.0 ml of 0.5 M HCl was added to the diluted urine (standard, blank). 

This was followed by 1ml of the Barium-PEG reagent, vortex mix, and left to stand 

for 5-10 minutes, before the absorbance of the sample (standard, blank) was 

determined on a standard spectrophotometer at 600 rnn. The inorganic sulphate 

(SO4) concentration as jimol/ml was obtained from the standard curve. 

Excretion of SO4 ({imol/24hours)= [jimol/ml x volume of urine (24 hours)]. 
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Before starting treatments: urine was coDected on day 7 and day 8, which 

represents the excretion of SO4 for the last two days, before starting treatments. The 

result's mean was taken, and expressed as fimol SOVday. 

After starting treatments: for the LPS treated-nimals, urine was collected on day 9, 

which represents the excretion of SO4 on day 8, a period of 24 hours after endotoxin 

treatment. For the animals fed ad libitum and for pair-fed animals, urine was 

collected on day 10, which represents the excretion of SO4 on day 9. The result was 

expressed as (imol SOyday. 

2.2.8 Ammonia-N determination in urine using Berthelot reaction 

Ammonia-N was measured using the phenate-hypochlorite method, Berthelot 

reaction, (Kaplan, 1965). Simply, ammonia-N reacts with phenol and alkaline 

hypochlorite to form a blue chromogen-indophenol, using sodium nitroprusside as a 

catalyst. The intensity of the blue colour formed increases in proportion to the 

amount of ammonia-N present in urine. The absorbance of the blank, standard and 

samples was measured at 560 nm using a standard spectrophotometer. 

Reagents used to measure ammonia-N 

- Alkaline hypochlorite 

Stock: 25 g sodium hydroxide pellets in 800 ml water and 40 ml "Chlorax" bleach 

(5% NaOCl) made up to 1 litre. This reagent was stored in a dark bottle (stable for 

two months). 

Working solution: 100 ml of stock added to 400 ml distilled water. 

-Phenol nitroprusside solution; 

Stock; 50 g phenol (analar) in 500 ml distilled water and 250 mg sodium 

nitroprusside in 100 ml distilled water dissolved separately and made up to 1 litre. 

Working solution; 100 ml stock added to 300 ml distilled water. 
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Ammonia-N Standard 

500 mg NH4/IOO ml. This was prepared by drying ammonium sulphate (NH4)2S04 in 

a glass beaker at 100°C. for 12 hours, then 2.36 g of the dried (NH4)2S04 was made 

up to 100 ml with distilled water. 

-Working standard: 

0 Distilled water (D.water) 0.0 ^g NHg-N/lOpil 

1 1 ml (NH4)2S04 + 49ml D. water 1.0 pg NHg-N/lO^il 

2 2 ml (NH4)2S04 + 48ml D.water 2.0 îg NHs-N/lO^l 

3 3 ml (NH4)2S04+ 47ml D.water 3.0 îg NHs-N/lO^l 

4 4 ml (NH4)2S04+46ml D.water 4.0pgNH3-N/10nl 

5 5 ml (NH4)2S04+ 45ml D.water 5.0 |ig NHg-N/lOiil 

Procedure 

10 [il of blank, standard and urine sample was pipetted at the bottom of a 

test tube. To each tube, 4 ml of working phenol nitroprasside solution was added 

and mix, followed by the addition of 5 ml working alkaline hypochlorite solution 

and mix. The tubes, then, were incubated at 37°C for 20 minutes using a water bath. 

The absorbance of the blank, standard, and sample were read at 560 nm using a 

standard spectrophotometer. 

(^igNHs-Nx 1000) 
mg NH3-N = /1000 X total volume of urine (ml/24 hours). 

10 

Befbre starting treatments: urine was collected on day 7 and day 8, which 

represents the excretion of NH3-N for the last two days, before starting treatments. 

The result's mean was taken, and expressed as pimol NHs-N/day or mg NH3-N when 

correlated with nitrogen intake. 

After starting treatments: for the LPS treated animals, urine was collected on day 

9, which represents the excretion of NH3-N on day 8, a period of 24 hours after 
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endotoxin treatment. For the animals fed ac/ and for pair-fed animals, mine 

was collected on day 10, which represents the excretion of NHg-N on day 9. The 

result was expressed as r̂niol NHg-N/day or mg NH3-N when correlated with 

nitrogen intake. 

2.2.9 Urea-N determination in urine using Berthelot reaction 

Urea-N was measured by converting it to ammonia using the enzyme urease. 

Ammonia-N can be measured using the phenate-hypochlorite method, Berthelot 

reaction, (Kaplan, 1965). Simply, after converting urea to ammonia, ammonia-N 

reacts with phenol and alkaline hypochlorite to form a blue chromogen-indophenol, 

using sodium nitropmsside as a catalyst. The intensity of the blue colour formed 

increases in proportion to the amount of ammonia and indirectly to the amount of 

urea-N present in urine. The absorbance of the blank, standard and samples was 

measured at 560 nm using a standard spectrophotometer. 

Reagents used to hydrolysed Urea 

-EDTA 

27 mM Nas-EDTA ac^ust to pH 6.5 with 30% NaOH 

-Urease solution (30 units/ml) 

50 mg jack bean urease type m (30000 units/g) was dissolved in 25 ml distilled 

water and 25 ml glycerol was added, store at 4°C. 

-Working solution 

1ml of stock urease diluted in 100 ml EDTA buffer. Stored in Plastic bottle at 4°C. 

This solution is stable for one month. 

Reagents used to measure urea-N 

- Alkaline hypochlorite 

Stock: 25 g sodium hydroxide pellets in 800 ml water and 40 ml "Chlorax" bleach 

(5%NaOCl) made up to 1 litre. This reagent was stored in a dark bottle (stable for 

two months). 

Working solution: 100 ml of stock added to 400 ml distilled water. 
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-Phenol nitropmsside solution 

Stock: 50 g phenol (analar) in 500 ml distilled water and 250 mg sodium 

nitroprasside in 100 ml distilled water dissolved separately and made up to 1 litre. 

Working solution; 100 ml stock added to 300 ml distilled water. 

Urea-N standard 

-Siihocdc :5()0 iireau-N/l()0 roJL 1 ()717 iirezi zuici 1()C) iry? sociiuiii zizidk; (las a 

preservative) made up to 100 ml. 

-Working standard: 

D.water (0 ng urea-N/25^1). 

1 ml stock -I- 49 ml D.water (2.5 îg urea-N/25|il). 

2 ml stock + 48 ml D.water (5 p.g urea-N/25^il). 

3 ml stock + 47 ml D.water (7.5 p.g urea-N/25^1). 

4 ml stock -t- 46 ml D.water (1 ^g urea-N/25^1). 

Procedure 

Urine was diluted 1:20 (50 pi of urine in 950 |il D.water), then 25 p.1 of 

blank, diluted sample, and standard was pipetted to the bottom of a test tube. To 

each tube 1ml of working urease was added and incubated for 20 minutes at 37°C. 

To these tubes, 4.0 ml of working phenol nitropmsside solution was added and mix, 

followed by the addition of 5.0 ml working alkaline hypochlorite solution and mix. 

The tubes, then, were incubated at 37°C. for 20 minutes using a water bath. The 

absorbance of the blank, standard, and sample was read at 560 nm using a standard 

spectrophotometer. 

Hg Urea-N+ NH3-N 
1) mg urea-N + NH3-N= x 20 x total volume of urine (ml/ 

/24 hours) 25 

2) mg urea-N/day = (Urea-N + NH3-N) - NH3-N 
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Before starting treatments: urme was collected on day 7 and day 8, which 

ix:pm:seiits thus estcrelicm ()f mnsa-]̂  jx)r tlw: last ttvo ckiyTS, tusfcm: starting trealnients. 

The result's mean was taken, and expressed as pmol urea-N/day or mg urea-N when 

correlated with nitrogen intake. 

After starting treatments: for the LPS-treated animals, urine was collected on day 

9, which represents the excretion of nrea-N on day 8, a period of 24 hours after 

endotoxin treatment. For the animals fed ad libitum and for pair fed animals, urine 

was collected on day 10, which represents the excretion of urea-N on day 9. The 

result was expressed as pmol urea-N /day or mg urea-N when correlated with 

nitrogen intake. 

2.2.10 a-1 acid glycoprotein 

Serum a-1 acid glycoprotein was measured by single radial immunodifAision 

assay (SRID). One of the best reviews of this assay can be found in the paper of 

Fahey & Mckelveiy (1965). The principle of this assay is that serum diffuses 

radially from a small antigen well cut in an agarose plate containing specific 

antiserum to a-1 acid glycoprotein. A specific precipitin reaction occurs between rat 

a -1 acid glycoprotein and the antiserum incorporated in the gel. A visible precipitin 

ring is formed. The area within this ring is directly proportional to the concentration 

of a -1 glycoprotein in the plasma. The measurement of the ring's diameter allows 

calculation of a-1 acid glycoprotein as compared to the standard. 

Procedure 

An Agar plate containing the antiserum to rat a - 1 acid glycoprotein was 

purchase from Cardiotech Services (Louisville, USA). Each well was filled with 5 (xl 

of serum sample using capillary pipette, and the plate cover was securely replaced. 

The plates were then incubated in a humidified-plastic box at room temperature for 

48 hours before reading the test results. The precipitate ring diameters were 

measured using electronic RID plate reader, and the a - 1 acid glycoprotein standard 
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was calculated using linear regression. Figure 2-1 shows a scanned photo of an Agar 

plate, after 48 hours of filling each well with 5 |il of serum sample. 

Figure 2-1 An Agar plate containing the antiserum to rat a-1 acid 
glycoprotein with a precipitate ring formed around each well filled with one of 

our serum samples 

X 4 

2.2.11 Albumin concentration 

The bromocresol green dye method, using glycine-HCl as a buffer, was used 

to determine the concentration of the albumin in the serum (McPherson & Everad, 

1972). Albumin binds with bromocresol green reagent (pH 3.8) forming an intense 

green color. The intensity of the colour is directly proportional to albumin 

concentration. 

Reagents 

- 1 M Glycine 

- I M H C l 

- 0.02 M Bromocresol green (B.C.G.)-alkaline-dissolved in ethanol. 

- 30 % Brij 35 

Working colour reagent (bromocresol green reagent): 

To 500 ml of water, 94.5 ml glycine, 5.5 ml HCl, 4 ml Brij 30% and 3.0 ml of 

0.02 M B.C.G. were added. Make up to 1 L with d. water, and adjusted to pH 3.8. 
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Standard: Bovine serum albumin was used as a standard over the concentration 0-

50 mg/ml. 

Procedure 

To 20 (il of serum (standard, blank) 5.0 ml of bromocresol green reagent was 

aidcieci. TTtu: s()lirb()ri vvaus rruut, auicl reiid innKrwscUiitkf agrairiest ii rexagpsnt Iblawik: iii a 

standard spectrophotometer at 635 nm. 

2.2.12 Neutrophilic cells in lung 

The number of neutrophils was determined using a light microscope. This 

was done by counting the number of neutrophils in the total section. 

Reagents 

Neutral buffered formalin (pH 7.4) was made by mixing the following compounds: 

3.5 g sodium dihydrogen orthophosphate 

6.5 g disodium hydrogen orthophosphate 

100 ml 37% formalin 

Made up to 1000 ml with distilled water. 

Procedure of counting neutrophilic cells in lung 

Small samples of lung tissues were dissected from rats, and then immediately 

preserved in neutral buffered formalin (NBF). Slides of these NBF-preserved 

samples were kindly prepared by MR. R. Lee (Department of Pathology-

Southampton General Hospital). This was done by fixing and embedding the lung 

samples in paraffin wax, before cutting (3 ^m sections), and staining with 

haematoxylin and eosin. Slides were then studied under light microscope. 

At low-power field magnification (10 x). Point counting was used to measure 

the surface area of lung. Lung section occupied by intersection point of the graticule 

was counted as one point surface area (see Figure 2-2 Illustration of counting the 

surface area of lung section). After the total lung area was determined, the total 

number of neutrophils seen in the total lung section was counted, using high-power 

magnification (100xoil-immersion objective). The number of neutrophils was 
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standardised by dividing the total number of neutrophils over the total number of the 

points-surface area occupied by lung section. The result was multiply by 100: 

Percentage of neutrophils in total lung section^ Total number of neutrophils x 100 

Total number of points 

Figure 2-2 Illustration of counting the surface area of lung section 

Figure 2-1 (a) 
Intersection points in graticule 

Figure 2-1 (b) 

Graticule Part of lung section 

Figure 2-1 (c) 

Graticule Part of lung section 

Figure 2-1 (b): lung area occupied by intersection points in the graticule is 6 ( 6 points 
of surface area). 
Figure 2-1 (c): lung area occupied by intersection points in the graticule is 12 ( 12 
points of surface area). 
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CHAPTER THREE 

3. Coefficient of variation and Statistical analysis 

3.1 Coefficient of variation 

In order to assess the variation in results for a given method a series of 

validation experiments were performed where possible. CoefGcient of variation was 

calculated, from the mean (M) and standard deviation (SD), to evaluate the variation 

in result. 

CoefGcient of variation = SDx 100 
M 

Coefficient of variation was determined by measuring one sample 10 times on 

the same day (intra-assay), and by measming one sample 10 times, where possible, 

in separate days (inter-assay). 
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Table 3.1 Coefficient of variation for protein assay 

Protein (mg/g liver) 

Intra-assay 

Protein (mg/g liver) 

Inter-assay 

Analysis 1 172.4 Day 1 144.4 

Analysis 2 165.0 Day 2 164.6 

Analysis 3 159.2 Day 3 155.0 

Analysis 4 156.4 Day 4 141.0 

Analysis 5 159.8 Day 5 159.0 

Analysis 6 154.8 Day 6 151.0 

Analysis 7 162.6 Day 7 139.0 

Analysis 8 156.4 D a y s 135.0 

Analysis 9 158.0 Day 9 136.0 

Analysis 10 150.2 Day 10 142.2 

3.8% 6.9% 
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Table 3.2 Coefficient of variation for glutathione peroxidase 

Glutathione peroxidase (U/g protein) 
Intra-assay 

Glutathione peroxidase (U/g protein) 
Inter-assay 

Analysis 1 33.0 Day 1 28.9 

Analysis 2 34.9 Day 2 32.6 

Analysis 3 30.9 Day3 33.6 

Analysis 4 30.7 Day 4 31.9 

Analysis 5 31.6 Day 5 31.6 

Analysis 6 32.3 Day 6 32.4 

Analysis 7 30.7 Day 7 32.8 

Analysis 8 32.1 Day 8 29.1 

Analysis 9 31.6 Day 9 27.8 

Analysis 10 31.1 Day 10 27.0 

4 .0% 7.6% 
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Table 3.3 Coefficient of variation for inorganic sulphate excretion 

Inorganic sulphate excretion 
(^mol/day) 
intra-assay 

Inorganic sulphate excretion 
(funol/day) 
inter-assay 

Analysis 1 157 Day 1 157 

Analysis 2 153 Day 2 155 

Analysis 3 161 Day 3 166 

Analysis 4 155 Day 4 160 

Analysis 5 159 Day 5 174 

Analysis 6 162 Day 6 160 

Analysis 7 161 Day 7 165 

Analysis 8 155 

Analysis 9 158 

Analysis 10 159 

1.9% 4.0% 
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Table 3.4 CoefGcient of variation for ammonia-N excretion 

Ammonia-N (mg/day) 
intra-assay 

Ammonia-N (mg/day) 
inter-assay 

Analysis 1 12.0 Day 1 12.0 

Analysis 2 11.3 Day 2 12.4 

Analysis 3 12.2 Day3 11.2 

Analysis 4 11.5 Day 4 12.5 

Analysis 5 11.0 Day 5 11.1 

Analysis 6 10.8 Day 6 12.8 

Analysis 7 12.0 Day 7 12.1 

Analysis 8 12.5 Day 8 10.1 

Analysis 9 12.8 Day 9 11.0 

Analysis 10 11.4 Day 10 12.0 

5 .6% 7.1 % 
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Table 3.5 CoefRcient of variation for semm albumin concentration 

Albumin (mg/ml) 
intra-assay 

Albumin (mg/ml) 
inter-assay 

Analysis 1 33.5 Day 1 33.5 

Analysis 2 31.5 Day 2 32.3 

Analysis 3 32.0 Day3 34.0 

Analysis 4 33.7 Day 4 29.5 

Analysis 5 33.0 Day 5 33.0 

Analysis 6 31.5 D a y 6 35.0 

Analysis 7 32.0 Day 7 33.7 

Analysis 8 32.3 D a y s 32.5 

Analysis 9 31.5 Day 9 33.2 

Analysis 10 32.3 D a y 10 31.5 

2.5% 4.6% 
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Table 3.6 Coefficient of variation for serum a-1 acid glycoprotein 
concentration 

a-1 acid glycoprotein (pg/ml) 
intra-assay 

a-1 acid glycoprotein (ug/ml) 
i n t e r - a s s a y 

Analysis 1 750 Day 1 750 

Analysis 2 840 Day 2 820 

Analysis 3 790 Day 3 860 

Analysis 4 810 Day 4 820 

Analysis 5 820 Day 5 730 

Analysis 6 710 Day 6 700 

Analysis 7 780 Day 7 790 

Analysis 8 810 Day 8 840 

Analysis 9 820 Day 9 790 

Analysis 10 790 Day 10 710 

4.8% 7.1 % 
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3.2 Time course stability of glutathione 

Glutathione stability over four hours period was conducted, by repeating the 

assay of one Altered sample (see chapter 2, section 2.2.2 Glutathione assay), three 

times. First measurement was taken 60 minutes after dissecting the liver 6om rat 

(Figure 3-1). 

Figure 3-1 The stability of glutathione measurement over a period of four 
hours. 

240 minutes 

Time 120 minutes 

60 minutes 

6.4 

6.2 

6.5 

0 1 2 3 4 5 6 
Glutathione concentration (pmol/g liver) 
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3.3 Statistical analysis 

Results are expressed as mean values ± standard error of the mean (SE). If the 

diet was the only variable, before dividing the animals into three treatment groups 

(LPS-treated animals, animals fed ad libitum, and pair-fed controls), the results were 

compared using one-way analysis of variance (one-way ANOVA). Differences in 

mean values with p<0.05 were considered significant. Where signiGcant efkcts were 

found, differences between dietary groups were examined using unpaired students t-

test with a significant level of p<0.05. If the diet and treatments were the two 

variables, after dividing the animals into three treatment groups (LPS-treated 

animals, animals fed ad libitum, and pair-fed controls), the results were compared 

using two-way analysis of variance (two-way ANOVA), DiGkrences in mean values 

with p<0.05 were considered significant. Where significant effects were found, 

differences between treatment groups were examined using unpaired students t-test 

with a signiGcant level of p<0.05. 
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CHAPTER FOUR 

4. The effect of graded levels of dietary casein on growth 

and inflammatory responsiveness in rats 

4.1 Introduction 

Thf (Uekuy and zw%ilsd)jlhy of zumino acid% have a sbxHy* 

i&Quence on ĝ u&dhim&e caa%%# of vanous organs such as hve^ lun& splee% 

thymus, muscle, and heart (Cho er a/. 1984; Bauman er a/. 1988a; Hunter & 

Grimble 1997), and on growth (Sowers a/. 1972, Stockland er a/. 1973; Cho er a/. 

1984; Alhamdan & Grimble 1997). 

Hum ef a/. (1992) have shown that in rats fed graded amounts of 

dietary protein, hepatic glutathione concentration was increased as dietary protein 

content was increased from 0 g to 200 g protein/kg diet. Bauman ef o/. (1988a) have 

shown that hepatic glutathione concentration in rats fed low-protein diets (45 g and 

75 g protein/kg diet) was significantly lower than in rats fed a normal-protein diet 

(150 g/kg diet). When the 75 g protein/kg diet was supplemented with cysteine, 

methionine, or DL-methionine hydroxy-analog, to be equivalent to the sulphur 

amino acid content of the 150 g protein/kg diet, hepatic glutathione concentration 

was increased to the level found in animals fed the 150 g protein/kg diet. 

The relationship between dietary sulphur amino acid intake, glutathione, and 

protein metabolism during physiological stress is largely unknown. In the study 

described in this chapter, the effect of sulphur amino acid insufficiency on growth, 

hepatic and lung protein, a -1 acid glycoprotein and albumin in serum, number of 

neutrophils present in lung, and urinary end products of amino acid metabolism was 

examined in animals receiving endotoxin, fed ad libitum, or in pair-fed groups on 

whose diet was restricted to that of animals receiving endotoxin. In the study, 

glutathione concentrations in liver, lung, as well as spleen, and thymus, were 

examined in animals fed ad libitum, endotoxin-treated rats, and pair-fed controls. As 
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far as is known, no study has measured spleen and thymus glutathione concentration 

after endotoxin treatment in vivo. Furthermore, the enzymes involve in glutathione 

metabolism, glutathione peroxidase, and glutathione reductase, were also examined. 

The partitioning of sulphur amino acids into their main end products was measured 

indirectly by examining the ratios of products (urinary inorganic sulphate and 

nitrogenous excretion products, hepatic protein and glutathione). Finally, the number 

of neutrophils present in lung was counted. 

4.2 Protein and sulphur amino acid content of the various diets 

chas w€#i#q%#ed by mixing dryiagnxUenk m dus iwas 

followed by addition of maize oil. To these diets, water was added to make the diets 

into small biscuits that were dried in oven at 80°C for up to 48-72 hours. 

All groups were fed casein as the sole protein source in the diet (Table 4.1). 

Casein was chosen as a the protein source for two reasons; 

a) It contains relatively low amounts of sulphur amino acids, when compared with 

other essential amino acids. Thus, by reducing the amount of dietary casein, sulphur 

amino acids become the most limiting amino acids (Table 4.1). 

b) Using casein would allow us to make comparison with other studies (casein 

studies) conducted either in our laboratory or other laboratories (e.g. Hunter & 

Grimble, 1994; Bauman & Bray, 1988; Taylor et al. 1992; Bella & Stipanuk, 1995; 

Morand et al. 1997; Bagley & Stipanuk, 1995; Stiren & Fisher, 1977). 

The casein powder contained 88% protein, and the amount of sulphur amino 

acids in casein, determined by HPLC, were 2.76 g methionine and 0.43 g 

cystine/100 g casein (Special Diets Services, 1995). 

In order to achieve the aim of this study, four different groups of animals 

were used: 

1) The first group received 180 g protein containing 45 mM sulphur amino acids/kg 

diet. This group is called the normal-protein (NP) group as sulphur amino acid 

content closely matched the requirements for young laboratory rats (Table 4.2). 
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2) The second group received 120 g protein containing 30 mM sulphur amino 

acids/kg diet. This group is called the moderate-protein (MP) group. This diet 

provided 73% of requirements for sulphur amino acids. 

3) The third group received 80 g protein diet containing 20 mM sulphur amino 

acids/kg diet. This group is called the low-protein (LP) group. This diet provided 

48% of requirements for sulphur amino acids. 

4) The fourth group received 60 g protein containing 15 mM sulphur amino acids/kg 

diet. This group is called the very low-protein (VLP) group. This diet provided 36% 

of requirements for sulphur amino acids. 

Table 4.1 Diets composition (g/kg) 

Component 180 g protein/kg 120 g protein/kg 80 g protein/kg 60 g protein/kg 

Casein 204 137 91 68 

Cellulose 100 100 100 100 

Sucrose 320 354 377 388 

Maize starch 321 354 377 389 

Maize oil 30 30 30 30 

Vitamin mix 5 5 5 5 

Mineral mix 20 20 20 20 
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Table 4.2 Amino acid requirements of growing rats, the amino acid composition of 

casein, and the amount of amino acids, expressed as g and as a percentage of the 

amino acid requirement, present in 100 g diet containing 18 g protein (NP), 12 g 

protein (MP), 8 g protein (LP) and 6 g protein (VLP), using casein as the sole source 

of protein. Deficient amino acid contents are shown in bold. ® 

amino acids requirement 

g/lOOg diet* 

amino acids 

composition / 

100 g casein.* 

NP 

g % 

MP 

g % 

LP 

g % 

VLP 

g % 

Aspartic acid 0.40 6 03 1.23 308 0 83 206 0.55 137 0.41 102 

Threonine 0.50 3.71 0.76 151 0.51 102 0.34 68 0.25 50 

Glutamic acid 4.00 20.38 4.16 104 2.79 70 1.85 46 1.38 35 

Proline 0.40 9.59 1.96 489 1.31 328 0.87 218 0.65 163 

Valine 0.60 3.78 0.77 128 0.52 86 0.34 57 0.26 43 

Sulphur amino acids 0.60* 2.76 methionine 

and 0.43 cystine 

0.65 108 0.44 73 0.29 48 0.22 36 

Isoleucine 0.50 4.56 0.93 186 0.62 125 0.41 83 0.31 62 

Leucine 0.75 8 75 1.78 238 i.:20 160 0.80 106 0.59 79 

phenylalanine and 

t\Tosine" 

0.80 4.48 PHN + 

4.78 TYR 

183 228 123 153 0.82 102 0.61 76 

lysine 0.70 7.98 163 232 109 156 0.72 104 0.54 78 

Hislidine 0.30 2.39 0.49 162 0.33 109 0.22 72 0.16 54 

Arginine 0.60 3.48 0 71 118 0.48 79 0.32 53 0.24 39 

tryptophan 0.15 1.07 0.22 146 0.15 98 0.10 65 0.07 48 

non-essential amino 

acids (mixture of 

Glycine (G), Alanine 

(A) and Serine (S) 

0.59 G=1.72 

A=2.88 

S=5.19 

1.99 338 1.34 227 0.89 151 0.66 113 

* National research council. National Academy of Sciences, nutrition requirement of 
laboratory rats. Third edition 1978. 
* Special diets services (1995). 
* One-third to one-half can be supplied by L-cystine. 
* One-third to one-half of phenylalanine requirement can be supplied by L-tyrosine. The 
percentage of phenylalanine requirement for growth present in the ISO g, 120 g, 80 g, and 
60 g/kg diet using casein as a source of protein based on the assumption that half of this 
requirement supply by tyrosine. 
E; No significant difference in the energy content (18 ± 0.34 kJ/g dried food) was 
found between all the diets used in the thesis. The energy content of diet was 
measured using ballistic bomb calorimetry (Miller & Payne, 1959). 
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4.3 Experimental protocol 

Male weanling wistar rats from Southampton University Medical School 

Colony weighing 50-70 g were housed individually in plastic metabolic cages and 

were maintained at 22 ± 1°C with a 12-12 hour light-dark cycle (Lights on at 7:30 

AM). 

IladsTAnere (iivichsdiiito fbwr cLbEGerent diel2u-y gproupis; 113 rats/gpnoup arid 

libitum the semi-synthetic diets for 7 days. On day 8, animals from each group were 

subdivided into three treatment groups. One third of each group was injected with 

100 fig/kg body weight lipopolysaccharide (LPS) from Escherichia coli (Sigma 

E.coli, trichloroacetic acid extraction, strain 0127;B8) in sterile non-pyrogenic 

saline, intraperitoneally (i.p ). These animals were allowed free access to food for a 

frirther 24 hours. On day 9, one-third of each group received an i.p. iiyection of a 

sterile non-pyrogenic saline (Iml saline/kg body weight), and was pair-fed with an 

amount of diet similar to that consumed by LPS-treated animals for the 24 hours 

after injection. The final one-third of each group continued to feed ad libitum. LPS-

treated animals were killed on day 9, and the rest of the animals were killed on day 

10. See Figure 4-1 for the schematic representation of the experimental protocol. 

Previous studies carried out in our laboratory have shown that feeding low-protein 

diet for eight days was enough to change the amino acid pool, and reduced the 

weight gain of the rats, but it will not lead to the animals suffering from serious 

protein malnutrition or other illness (Hunter & Grimble, 1994; Hunter & Grimble, 

1997). Das & Waterlow (1974) have shown that the adaptation of urea-nitrogen 

excretion, urea-cycle enzymes, and the enzymes necessary to make the amino group 

available for entry into the urea cycle (e.g. glutamate dehydrogenase, aspartate 

aminotransferase and alanine aminotransferase) to different levels of protein intake 

occurred in 30 hours after the diet has been changed from low-protein diet to high 

protein diet, or vice versa. Furthermore, Hum et al. (1992) have shown that feeding 

low casein diets for seven days was enough to cause changes in body and liver 

weights, in hepatic glutathione concentration, and in plasma urea, methionine, 

cysteine and glutathione concentrations. 

79 



The effect of graded levels of dietary casein 

/lllinats wane killeci stiiniiuigriiiui clecapitaticxcL TTtw: Irvex; sgpleai, zuid 

thymus from each rat were rapidly dissected out, cleaned, and weighed. Prior to snap 

freezing in liquid nitrogen, small samples were taken from liver, lung, spleen and 

thymus for immediate analyses of glutathione content. Small samples of lung tissues 

were also dissected from rats, and then immediately preserved in neutral buffered 

formalin for histology, to count neutrophilic cells in lung. All the above organs were 

then stored at -80°C for further analysis. Blood was collected in clean centrifuge 

tube, allowed to clot, then centrifuged at 2000 rpm/min for 15 minutes at 4°C. The 

serum was collected, and stored at -20°C. 
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Figure 4-1 Schematic representation of the experimental protocol 

(Various dietary groups) 
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On day 10 
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4.4 Results 

4.4.1 Growth, food intake, sulphur amino acid intake, and organ weights 

Average daily weight gain, food and sulphur amino acid intake, and food, 

protein and energy efGciency before starting treatments 

Tjable jl-S sJiowTsliiat thane \vaus ii pHnogpnsssive :recbjclicHi in tlu: aAneragp: cUiibf 

weight gain as dietary protein was decreased. Although the average daily food intake 

was similar between the groups, there was a progressive reduction in the food 

efGciency (g weight gain/g food intake) and the energy efGciency (mg weight 

gain/kJ eaten) as dietary protein content was decreased. The result of the average 

daily sulphur amino acid intake shows that the NP group consumed the highest 

amount of sulphur amino acids, followed by the MP, LP and VLP groups, 

respectively (Table 4.3). The amount of sulphur amino acid intake recommended to 

support growth in growing rats is between 5-6 g/kg of diet (National Research 

Council, 1978). The results indicate that sulphur amino acids may be important in 

supporting growth process, as they were present in adequate amount in the NP group 

{6.5 g (45 mmol)/kg diet}, in a moderate amount in the MP group {4.3 g (30 

mmol)/kg diet}, in a low amount in the LP group {2.9 g (20 mmol)/kg diet}, and in a 

very low amount in the VLP group {2.1 g (15 mmol)/kg diet}. When the protein 

concentration in the diet was decreased from 180 g to 80 g/kg diet, protein 

efficiency, the efficiency with which dietary protein was used for growth (g weight 

gain/g protein eaten), was increased. This was statistically significant when 

comparing animals fed the MP and the LP diets with animals fed the NP diet. 

Contrarily, further reduction in protein concentration (60 g/kg diet) did not increase 

the protein efficiency and the protein efficiency was significantly lower than in the 

LP group. 
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Table 4.3 Average daily weight gain, food and sulphur amino acid intake, and food, 

protein and energy efficiency of rats fed diets of graded casein content, before starting 

treatments 

Dietary groups 

g protein/kg diet 

weight gain (g) 

Food intake (g) 

NP 

180 

12.3 ±0.28' 

MP 

120 

5.1 ±(137'' 

12.2^0.43' 

LP 

80 

3.6±6l2F 

11.9 ±0.37' 

VLP 

60 

11.1 ±0.43' 

one-way ANOVA 

p-value F ratio 

p==o bm p Q i i 

p=0.117 F=2.03 

Sulphur amino acid 554 ± 12' 

intake (^mol) 

368 ±13" 238 ± 7' 167 ± 6 ' pMl.OOO F=279.4 

Weight gain/food 0.49 ±0.02" 0.42 ±0.03" 0.31 ±0 .01 ' 0.19 ±0.01"' p=0.000 F=46.5 

intake (g/g) 

Weight gain/energy 27.3 ±0.98' 24.4 ±1.60'" 17.0 ±0.83' 10.5 ±0.71"" p=0.000 P=46.5 

intake (mg/kJ) 

weight gain/protein 2.7 ±0.10" 3.5 ±0.24"'' 3.8 ±0.19' 3.1 ±0.21"'" p=0.000 P ^ . l 

intake (g/g) 

* Results are presented as mean ± standard error of the mean, n=18 per group. 
Means within each row having different letter superscripts following the number 
differ significantly. 

The Effect of LPS on (bod and sulphur amino acid intake 

The effect of LPS on food and sulphur amino acid intake can be found in Table 

4.4. In animals fed ad libitum, the food intake was similar between the groups. In the 

LPS-treated, and pair-fed controls, a reduction in food intake occurred in all animals 

in the various groups, and this reduction was statistically significant when compared 

to values firom animals fed ad libitum. 

In animals fed W there was a progressive reduction in sulphur amino 

acid intake as dietary protein content was decreased. The diets caused a three-fold 

variation in intake of these amino acids. In the LPS-treated, and pair-fed controls, 
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sulphur amino acid intake feU further, due to the reduction in food intake, and there 

was a trend for a reduction in sulphur amino acid intake as dietary protein content 

decreased behveen the ffP group and 1ĥ  T/IJ? group. The diGkrence \vas 

stadshcaUy signbicant\vhen companng the jgnaip vnlh IJP and die VTUP 

groups. 

Table 4.4 Effect of LPS on food intake and sulphur amino acid intake of rats fed diets 

of graded casein content 

Dietary groups 

g protein/kg diet 

Food intake 

(g/day) 

ad libitum 

pair-fed 

LPS 

Sulphur amino 

acid intake 

(fimol/day) 

ad libitum 

pair-fed 

LPS 

NP 

180 

13.0 ±0.78' 

7.9 ± 0.86 "* 

&2±1J8^^ 

MP 

120 

12.010.60" 

&6±lj2^ 

7.3 ± 1.81 

LP 

80 

1L9±&69" 

7.6 ±0.68'* 

7.7 ±1.37"* 

VLP 

60 

12.3 ±0.42' 

8.310.82"* 

8.9 ±1.24'* 

two-way ANOVA 

p-value F ratio 

D=0.493 F=0.81 

T=0.000 P=23.04 

1=0.990 fM).14 

5&5±35' 

3S5±39'* 

368 ±62'* 

3&0±18* 

198 ± 36 ""* 

218±54'^ 

238 ±14' 

152 ±14''* 

154 ±27'"* 

18416" 

124 ± 12 ""* 

134±19''* 

D=0.000 F=46.69 

T=&000 F^2&.76 

1=0.119 F=1.78 

-Results are presented as mean ± standard error of the mean, n=6 per treatment 
group. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means within each row having 
different letter superscripts following the number differ significantly. * indicates a 
significant difference between ad libitum group and pair-fed or LPS-treated groups. 
4 indicates a significant difference between pair-fed and LPS-treated groups. 
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Final body weight 

The result for Gnal body weight can be seen in Table 4.5. In animals fed aaf 

thf; lEuiai txacly wneigjit ]bi ttus g2X)iq) lAMis SKygiLbGwcaiithf Icrwfer thwin iai tlie 

guicl Idle ISd]) gproiip. Iii iWie jpair-dBed cordbnols, the final IbcwiTf w/eiĝ bt lAras 

significantly lower in animals fed the LP and the VLP diets than in animals fed the 

ISnP (die*. Ill animals feci the T/I.P dii;^ lOie jEuiad l3()d)f Taneiĝ it Tvas alsc) Icrwrer tiuaii iri 

animals feii tiie ivfl) (iiet. In die IJPIS-treatecl awiioiaLls, tiie ILJP aund thw: T/3LP cLietaury 

groups had lower final body weight compared with other dietary groups. The 

difference was statistically significant when comparing the LP group with the NP 

and the MP groups. 

Comparing the LPS-treated rats, animals fed W and pair-fed controls, it 

can be seen that in the NP group, the mean value was lower in the LPS-treated 

animals than in the pair-fed and ad libitum fed animals, but this difference was not 

statistically significant. In the MP and the LP groups, the final body weights were 

significantly lower in the LPS-treated animals compared with the animals fed ad 

libitum. In the VLP group, body weights were significantly lower in the pair-fed 

animals compared w i ± the animals fed ac/ 

Table 4.5 Final body weight of rats fed diets of graded casein content 

Dietary groups NP MP LP VLP two-way ANOVA 

g protein/kg diet 180 120 80 60 p-value F ratio 

Final body 

weight (g) 

mfgAAHm 94.9*2.7" 97.9*4.4' 87.2*3.0=" 79.8*24'" D=0.000 P=15.66 

pair-fed 98.3*5.4" 86.2*5.3"'' 79.6*3.3"' 69.4*3.5'* T=0.000 F=10.65 

LPS 83.8*4.1" 83.1*2.8'* 72.7*2.0"* 71.5*4.2'" 1=0.300 F=1.24 

-Results are presented as mean ± standard error of the mean, n=6 per treatment 
group. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means within each row having 
different letter superscripts following the number differ significantly. * indicates a 
significant difference between ad libitum group and pair-fed or LPS-treated groups. 
* indicates a significant difference between pair-fed and LPS-treated groups. 
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Organ weights 

a) Total liver weight 

Table 4.(5 sdicrvys lOiat ui laiuiiuils jGed zaaf thue 1k)tal iwHis 

sigpoificzuitby Icmrer in ttu: \fIJP gproiip ccHirpaunedTwitli die ISTP zuidliie A/CP gpnoiyps. Iii 

the pair-fed controls, the total liver weight in the VLP group was significantly lower 

than in the; (Dtbuer cUifytaryr :gf()ui)s. In tlie l_J)S-4bn2ateii auniirials, tbu: ihotal livarTAreiĝ bt iri 

animals fed the LP and the VLP diets was signiScantly lower than in animals fed the 

NP and the MP protein diets, and it was lower in the VLP group compared with the 

LP group. 

Due to treatments, the total liver weight in the pair-fed controls given the MP, 

]LJP, (uicl the T/ILP cLiists lanas snyrnijBcxiiithf Icrv/er Ijian iii tile zzcf fed animals. 

LPS-treated animals fed the MP and the VLP diets had higher total liver weight 

compared with the corresponding pair-fed controls. 

b) Relative liver weight 

In animals fed ad libitum, no difference in the relative liver weight (g/kg body 

weight) was found between the groups. In the pair-fed animals, it was significantly 

lower in the VLP group compared with the LP group. In the LPS-treated animals, the 

relative liver weight was significantly lower in the VLP group compared with other 

dietary groups. 

Due to treatments, in all dietary groups, the relative liver weight in the LPS-

treated animals was significantly higher than in the pair-fed controls. The relative 

liver weight in LPS-treated animals fed the MP and the LP diets was also higher than 

in animals fed ad libitum. In the NP, and the VLP group, the relative liver weight in 

the pair-fed animals was significantly lower than in the animals fed ad libitum 

(Table 4.6). 

c) Total lung weight 

In animals fed ad libitum, total lung weight was significantly lower in the VLP 

group compared with the NP and the MP groups. In the pair-fed animals, it was 
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higher in the NP group compared with other dietary groups. This difference was not 

statistically significant due to large inter-group variability. In the LPS-treated 

animals, it was lower in the LP and the VLP groups compared with the NP and the 

MP groups. This was statistically signiBcant when comparing the LP group with the 

NP and the MP groups. 

No significant difierence in total lung weight was found between the 

groups due to treatments (Table 4.6). 

d) Relative lung weight 

Due to diet, no significant difference in the relative lung weight (g/kg body 

weight) was found between the groups. Due to treatments, in the MP and the LP 

groups, relative lung weight was significantly higher in the LPS-treated animals 

compared with the corresponding pair-fed and acf fed AnimAls (Table 4.6). In 

the NP group, there was a tendency for an increase in the relative lung weight after 

LPS treatment compared with the pair-fed controls, but the increase was not 

statistically significant. 

e) Total spleen weight 

In animals fed ad libitum, there was a significant reduction in the total spleen 

weight as dietary protein content was decreased between the NP and the LP groups. 

The extent of the reduction in the total spleen weight was greater between the MP 

and the LP groups. Further reduction in the total spleen weight occurred in the VLP 

group. This reduction was not statistically significant, when compared with the LP 

group. In the pair-fed animals, the total spleen weight in the LP and the VLP groups 

was significantly lower than in the NP group. In the LPS-treated animals, total 

spleen weight in the LP and VLP groups was significantly lower than in the NP and 

MP groups. 

No difference in the total spleen weight was found between the groups due to 

treatments (Table 4.6). 
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f) Relative spleen weight 

In the animals fed ad libitum, the relative spleen weight (g/kg body weight) was 

significantly lower in the LP and VLP groups compared with other dietary groups. In 

lAie irieam Analuuss iatlie luwi A/rP" jgfoiqp Tvaisjbig îeirtliaiijji tlie 

LP and VLP groups, but this difference was not statistically significant. In the LPS-

treated animals, the relative spleen weight was signiGcantly lower in the VLP group 

compared with the NP and the MP groups. 

IZhietC) Ibnsatrcuaats, tbie reladiT/e sixLseii v/eiĝ ht in tiu: /̂TLJP gpnoiq) wauslbigjier in idhe 

LPS treated animals compared with the corresponding animals fed (Table 

4.6). 

g) Total thymus weight 

In contrast to spleen, no significant difference in the total thymus weight was 

found between the groups in the animals fed ad libitum and in LPS-treated animals. 

In the pair-fed animals, total thymus weight was lower in the VLP group compared 

with the NP group. 

Due to treatments, the pair-fed and LPS-treated animals fed the MP diet had lower 

total thymus weight compared with fed animals (Table 4.6). 

h) Relative thymus weight 

Neither diet nor treatments caused a significant difference in the relative thymus 

weight (g/kg body weight) between the groups (Table 4.6). 
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Table 4.6 Organ weights of rats fed diets of graded casein content, after starting 

treatments 

Dietary groups MP LP VLP two-way ANOVA 

g protein/kg diet 180 120 80 60 p-value F ratio 

Liver weight (g) 
ad libitum 4.54 ± 0.21" 4 ^ 0 6 0 ^ 7 ' 3.98 6 0.17''' 3.6 6 0.13" D=0.000 F=20.71 
pair-fed 4.016 0.28" 3.55 6 0.32'* 3.35 6 0.17'* 2.69 6 0.15"* T=0.000 F=17.1(l 

LPS 4 ^ 4 6 0 ^ 1 ' 4.60 6 0.12'* 3.8 6 0.14" 3.30 6 0.13'* 1=0.614 F=0.75 
Relative liver 

weight (g/kg body 
weight) 

ad libitum 4 ^ 9 ± 2 j r 4 & 0 6 2 j ' 45.7 61.6" 45.4 61 .0 ' D=0.019 P=3.5S 
pair-fed 40.7 6 1.7"''* 4 & 9 6 2 1 ^ 42.1 6 1.2 ' 38.7 6 0.8"* T=0.000 P=43.0 

LPS 52.6 6 1.5'* 55.5 6 2.3'** 5 Z 0 6 L 0 " * * 4&261J"* 1=0.215 P^l.44 
Lung weight (mg) 

753 6 34"^ ad libitum 753 6 34"^ 774 ± 25 " 670 6 27"" 629± 32' D=0.000 F=8.2] 
pair-fed 804 6 68' 664 6 68' 638 6 16" 620 6 55" T=0.637 F=0.4! 

LPS 746 6 35' 7316 13" 634 6 18' 636 6 40" 1=0.574 P=0.8C 
Relative lung 

weight (g/kg body 
weight) 

ad libitum 7.92 6 0.19' 7.95 6 0.30' 7.69 6 0.18" 7.90 6 0.36" D=0.494 F=0.8] 
pair-fed 8.20 6 0.53' 7.66 6 0.25' 8.04 6 0.16" 8.916 0.61" T=0.001 F=8.54 

LPS 8 j # 6 0 J ^ ' 8.82 6 0.19'** 8.94 6 0.29' ** 8.93 6 0.43" 1=0.676 P=0.61 
Spleen weight 

(mg) 
ad libitum 528 6 44' 4546 19' 290 6 19'' 261 ± 19" D=0.000 F=30J; 
pair-fed 488651 ' 371 6 58"'' 307 6 29'' 2616 21" T=0.352 F=1.06 

LPS 468620 ' 459 6 26' 331 6 34" 294 6 16" 1=0.467 1^0.95 
Relative spleen 

weight (g/kg body 
weight) 

ad libitum 5 ^ 5 6 0 ^ ^ ' 4.64 6 0.10' 3J160JU" 3.28 6 0.23" D=0.000 F=13.5f 
pair-fed 4.98 6 0.51' 4.25 6 0.53' 3 a 4 6 0 J # " 3 J 7 6 0 j l " T=0.003 F=6.61 

LPS S,62 6 0J5 ' 5.55 6 0.37' 4j060^W"" 4.17 6 0.29"* 1=0.437 F=1.00 
Thymus weight 

(mg) 
ad libitum 546 6 40' 626 6 40" 526 6 28" 500 6 40" D-0.014 F=3.& 
pair-fed 582 6 39' 471 6 41 ""* 504 ± 37 392 ±39" T=0.004 P=6.1! 

LPS 477 6 56' 472 6 33'* 461629" 421632" 1=0.225 F=L4: 
Relative thymus 

weight (g/kg body 
weight) 

ad libitum 5.76 6 0.40' 6.64 6 0.47' 6.03 6 0.24" 6.26 6 0.45" D=0.467 F=0.8i 
pair-fed 5.96 6 0 3 4 ' 5.05 6 0.36' 6 3 6 6 0 4 9 " 5.62 6 0.38" T=0.305 F=1.2: 

-Results are presented as mean ± standard error of the mean, n=6 per treatment 
group. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means within each row having 
different letter superscripts following the number differ significantly. * indicates a 
significant difference between ad libitum group and pair-fed or LPS-treated groups. 
4 indicates a significant difference between pair-fed and LPS-treated groups. 
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4.4.2 Glutathione concentration, and glutathione peroxidase and reductase 

activities 

Glutathione concentration 

a) Hepatic glutathione concentration 

Dietary protein intake, food intake and LPS treatment influenced hepatic 

glutathione (GSH) concentration (Table 4.7). 

In animals fed ad libitum, GSH concentration in liver was significantly higher in 

rats fed the NP diet compared with other groups fed the MP, LP and VLP diets, and 

it was higher in the MP group compared with the LP and the VLP groups. No further 

reduction in GSH concentration was found when the protein concentration in the 

diet was decreased from 80 g to 60 g/kg diet. Although the average daily weight gain 

of rats fed the LP diet was significantly higher than in rats fed the VLP diet, no 

difference in GSH concentration was found between the LP and VLP groups. In the 

LPS-treated animals, GSH concentration of the NP group was significantly higher 

and to a greater extent than in the rest of the groups. LPS-treated animals fed the LP 

diet were able to increase GSH concentration in liver to be significantly higher than 

in the VLP group. GSH concentration of LPS-treated animals fed the MP diet was 

significantly higher than in LPS-treated animals fed the LP and the VLP diets. 

Restricting food intake by pair feeding resulted in a decrease in GSH concentration 

in the NP and MP groups, the LP and VLP group were unaffected, in the pair-fed 

animals, GSH concentration was higher in the NP group compared with other dietary 

groups fed the MP, LP, and the VLP diets. No significant difference was found in 

hepatic GSH concentration between the MP, LP and the VLP groups. 

Comparing the LPS-treated animals with pair-fed controls, it can see that the NP, 

MP and LP animals were able to increase hepatic GSH concentration after LPS 

treatment compared with the pair-fed controls, while LPS-treated animals fed the 

VLP diet were unable to increase GSH concentration. 
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b) Lung glutathione concentration 

Lung GSH concentration was influenced by dietary protein content, food intake 

and LPS treatment, but to a less extent than in liver (Table 4.7). 

In arumals fe<i c K f ( } S > H cxDriceiitraticwi in lOhe §px)U]p sig?iifii:auitl)r 

higher than in the MP, LP and the VLP groups. No difference was found in lung 

GSH concentration between the groups fed the MP, LP and VLP diets. Restricting 

food intake by pair feeding resulted in a fall in GSH only in the NP group. In the 

pair-fed animals, no difference was found in GSH concentration between animals 

fed the low-protein diets (the LP and VLP diets) and animals fed the NP and the MP 

diets. Animals fed the MP diet had lower GSH concentration than animals fed the 

NP diet. After LPS treatment, lung GSH concentration in the NP, MP and LP groups 

was signiGcantly higher than in the VLP group, and it was higher in the NP and the 

MP groups compared with the LP group. GSH concentration in lung was similar 

between the NP and the MP groups. 

Comparing the LPS-treated animals with pair-fed controls, it can be seen that 

animals fed the NP and the MP diets were able to increase lung GSH concentration 

after LPS treatment compared with the corresponding pair-fed controls. However, in 

the LP group, GSH concentration did not increase after LPS treatment, and in the 

VLP group, GSH concentration of the LPS-treated animals was lower than in the 

pair-fed controls. Thus the nature of the response of lung GSH to inflammation is 

greatly affected by diet protein content. 

c) Spleen glutathione concentration 

Spleen GSH concentration was influenced by dietary protein content, and LPS 

treatment, but to a lesser extent than in liver (Table 4.7). 

In animals fed ad libitum, GSH concentration in spleen was similar between the 

groups fed the NP, MP and the LP diets, and it was significantly lower in the VLP 

group compared with the NP and MP groups. Unlike in liver and lung, restricting 

food intake by pair feeding had no effect on GSH concentration. In the LPS-treated 

animals, GSH concentration in spleen was significantly higher in the NP group 
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significantly lower than in the NP, MP, and the LP groups. 

Comparing the LPS-treated animals with pair-fsd controls, it can be seen that in 

the VLP group, spleen GSH concentration was lower in the LPS-treated animals 

than in the pair-fed controls. This reduction was due to the combined interaction 

IbeimAeeai the (iiet, vvhicih is serveansly cleficiKant ia i)rcyteii^ auid treatmeaits. }J() 

statistically significant difference was found between the LPS-treated animals and 

pair-fed controls in the NP, MP and the LP groups. 

d) Thymus glutathione concentration 

j^jiicngils fed thus ISOP, IvtE* auicl the IvP diets \vT5re iitilie t() rojiintzun tlryimis (CrSiH 

concentration under abnormal conditions, such as after receiving LPS or under food 

restriction (Table 4.7). 

In animals fed GSH concentration in thymus was significantly lower 

in the LP and the VLP groups compared with the NP and the MP groups. In the pair-

fed controls, no difference in thymus GSH concentration was found between the 

groups. After LPS treatment, thymus GSH concentration was signiScantly lower in 

the VLP group compared with other groups. 

As in lung and spleen, animals fed the VLP diet failed to enhance GSH 

concentration in thymus after LPS treatment, and it was significantly lower than the 

corresponding pair-fed controls. 
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Table 4.7 Glutathione concentration in liver, lung, spleen and thymus of rats fed diets 

of graded casein content, after starting treatments (funol/g tissue) 

Dietary groups 

g protein/kg diet 

Liver 

ad libitum 

pair-fed 

LPS 

Lung 

ad libitum 

pair-fed 

LPS 

Spleen 

ad libitum 

pair-fed 

LPS 

Thymus 

ad libitum 

pair-fed 

LPS 

NP 

180 

5.50 ± 0.36' 

2.99 ±0.37'* 

6.33 ±0.41'* 

1.79 ± 0.07' 

1.50 ± 0.06'* 

1.80 ± 0.06'* 

2.91 ±0.12' 

2.99 ±0.15' 

3.05 ±0.11' 

1.93 ± 0.06' 

2.04 ±0.13" 

2.00 ± 0.10' 

MP 

120 

2.28 ± 0.12"" 

1.42 ±0.18'"* 

2.92 ± 0.07''* * 

1.48 ±0.11'' 

1.24 ± 0.07'' 

1.73 ±0.04'* 

2.59 ±0.13" 

2.28 ± 0.08"" 

2.80 ±0.16'"' 

1.92 ± 0.05' 

1.79 ±0.05' 

1.93 ± 0.06' 

LP 

80 

1.58 ±0.11"= 

1.79 ± 0.10'' 

2.42 ±0.16 ' * ' 

1.24 ±0.04"" 

1.50 ± 0.11 

1.40 ±0.09'' 

VLP 

60 

2.44 ± 0.25 

2.70 ± 0.15' 

2.45 ±0.11'' 

1.62 ±0.06" 

1.90 ± 0.18' 

1.77 ±0.06" 

ab 

1.53 ±0.16' 

LTSiO.OS" 

1.86 ± 0.12 

1.27 ±0.08" 

1.47 ±0.13"' 

1.08 ± 0.02"* 

2.11 ±0.16'' 

2.42 ± 0.09''' 

2.03 ± 0.06'* 

1.68 ± 0.09'' 

1.91 ± 0.04' 

1.37 ±0.06''** 

two-way ANOVA 

p-value F ratio 

D= 0.000 F=141 

T= 0.000 F=40.4 

1=0.000 F=12.9 

D= 0.000 P=14.7 

T= 0.392 P=0.95 

1=0.000 P=6.97 

D=0.000 F=17 

T=0.643 fM).44 

1=0.048 F=2.28 

D=0.001 P=8.54 

T=0.047 F=3.20 

1=0.003 F=3.58 

-Results are presented as mean ± standard error of the mean, n=6 per treatment 
group. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means within each row having 
different letter superscripts following the number differ significantly. * indicates a 
significant difference between ad libitum group and pair-fed or LPS-treated groups. 
$ indicates a significant difference between pair-fed and LPS-treated groups. 

Glutathione peroxidase activity in liver, lung, spleen, and thymus 

a) Glutathione peroxidase activity in liver 

The results for the liver glutathione perxidase (GPx) can be seen in (Table 4.8). 

Feeding a diet severely deficient in protein caused a significant increase in GPx 

activity in liver. The activity of GPx was altered by LPS treatment and restriction in 

food intake, if the animals fed a diet containing 120 g protein or less/kg of diet. The 

fall in food intake, which occurred by pair feeding, led to a fall in GPx activity. 
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However, at the same level of intake, the introduction of the inflammatory challenge 

of LPS restored GPx values to those seen in the groups fed 

In the Z/6/rwm fed and in LPS-treated animals, GPx activity in animals fed 

the VLP diet was significantly higher than in other dietary groups. In the pair-fed 

animals, GPx activity was similar between the groups. Comparing the pair-fed 

controls, LPS-treated rats and acf /z /̂fMrn-fed animals, it can be seen that GPx 

activity of the pair-fed animals in the MP, LP, and VLP groups was lower than the 

corresponding ad libitum fed controls. GPx activity in the LPS-treated animals fed 

the MP, LP and VLP diets was significantly higher than in the pair-fed animals. In 

the NP group, no difference in GPx activity was found due to treatments. 

b) Glutathione peroxidase activity in Inng 

The results for lung GPx activity can be found in (Table 4.8). There was no 

difference in GPx activity between the ad libitum fed groups. In the pair-fed 

animals, GPx activity was higher in the VLP group compared with other groups. In 

the LPS- treated animals, GPx activity in the VLP group was higher than in the NP 

and MP groups. 

No difference in GPx activity between the groups was found due to treatments. 

c) Glutathione peroxidase activity in spleen and thymus 

Neither diet nor treatments caused a significant alteration in the activity of GPx 

in spleen and thymus (Table 4.8). 
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Table 4.8 Glutathione peroxidase activity in liver, lung, spleen and thymus of rats fed 

diets of graded casein content, after starting treatments (units/gram protein) 

Dietary groups NP MP LP VLP two-way ANOVA 

g protein/kg diet 180 120 80 60 p-value F ratio 

Liver 

38.5 ±262" 40.1^2.82' 42.0 ±2.97= 48.1 ±1.64'' D= 0.046 P=2.9 

pair-fed 35.0 ±Z95" 30.0 ±2.19"* 27.0^1.90'* 30.5^1.54"* T=0.000 P=28 

LPS 38.6^2.31" 39.8 ±3.03'* 40.6 ± 2.17"A 45.9 ± 1.63''* 1=0.100 P=1.9 

Lung 

57.4^2.11' 55.5^1.90' 60.9 ±0.93" 60.9 ±1.23" D=0.000 P=l3 

pair-fed 53.6 ±2.54' 54.1 ±3.8" 57.7 ±2.20" 66.7 ±1.10"" T=0.28 P=1.32 

LPS 55.2 ±2.8" 56.8 ±2.65" 62.0 ±1.34"'" 67.7 ±2.3'' 1=0.31 P=1.23 

Spleen 

w/mawrn 57.5 ±2.35" 57.6 ±2.01" 59.7 ±1.27" 60.5 ±3.76" D=0.545F=o.7 

pair-fed 55.0 ±0.62" 56.8 ±2.12" 57.4 ±1.75" 61.9 ±1.04" T=0.673 P=0.4 

LPS 58.2 ±2.24" 58.9 ±1.48" 58.8 ±1.73" 54.9 ±1.67" 1=0.214 F^l.5 

Thymus 

OifgAaMm 52.7 ±3.51" 53.06 ±1.81" 58.8 ±4.25" 59.6 ±2.68" D=0.088 P=2.3 

pair-fed 52.9 ±5.25" 54.11 ±4.15" 55.5 ±4.14" 59.7 ±2.65" T=0.382 F=1.0 

LPS 58.9 ±1.68" 55.20 ±0.92" 58.3 ±1.85" 61.3 ±1.73" 1=0.940 P=0.28 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means within each row having 
different letter superscripts following the number differ significantly. * indicates a 
significant difference between ad libitum group and pair-fed or LPS-treated groups. 
4 indicates a significant difference between pair-fed and LPS-treated groups. 

GIntathione reductase activity in liver, lung, spleen, and thymus 

a) Glutathione reductase activity in liver 

Glutathione reductase (GR) activity in liver was influenced by dietary protein 

intake in animals fed ad libitium and in LPS-treated animals (Table 4.9). 

In animals fed ad libitum and in LPS-treated animals, GR activity in liver was 

significantly higher in animals fed the VLP diet compared with animals fed the NP, 

MP, and LP diets. Restricting food intake by pair feeding prevented this effect so 

that no significant difference in GR activity was found between any of the groups. 
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Unlike food restriction, LPS treatment retained the activity of GR in animals 

fed the VLP diet to values seen in the ad libitum animals. 

b) Glutathione reductase activity in lung, spleen, and thymus 

111 all erf idle zibovT; orgraiis, n() sigpiificiuit cUjBRareiice iii CrR aKytrvity was fcywod 

between die groups due to the diet or treatments (Table 4.9). 

Table 4.9 Glutathione reductase activity in liver, lung, spleen and thymus of rats fed 

diets of graded casein content, after starting treatments (units/mg protein) 

Dietary groups NP 

g protein/kg diet 180 

IMP 

120 

LP 

80 

VLP two-way ANOVA 

60 p-value F ratio 

Liver 

ad libitum 

pair-fed 

LPS 

Lung 

ad libitum 

pair-fed 

LPS 

Spleen 

ad libitum 

pair-fed 

LPS 

Thymus 

ad libitum 

pair-fed 

LPS 

17.1 ±3.24' 

14.5^=3.02' 

15.2 ± 1.90= 

18.7^1.36" 

16.8*1.54' 

17.4 ±1.94' 

17.1 ±2.71' 

17.3*0.62" 

14.9± 2.39' 

14.9 ±1.44' 

14.1 ±0.85' 

14.5 ±1.67' 

17.0 ± 3.41' 

16.6 ±2.42' 

17.7 ±1.67' 

18.5 ±3.02' 

16.8 ±1.96' 

16.3 ±0.95' 

16.5 ±0.64' 

21.7 ±0.33' 

15.5 ±2.28' 

15.7 ±2.08' 

15.5 ±1.19' 

14.5 ±2.00' 

16.8 ±2.62' 

17.1 ±1.27' 

19.0 ± 1.60' 

20.2 ±2.71' 

17.4 ±2.19 

16.3 ±2.32' 

18.7 ±1.71' 

16.7 ±0.40' 

17.4 ±0.92' 

15.7 ±1.08' 

16.5 ±1.33' 

14.1 ±0.77' 

30.2 ± 2.53 " 

19.0 ±3.70' 

29.6 ± 3.43'' 

18.8 ±0.46' 

20.8 ±2.66' 

19.2 ±0.46' 

18.8 ±0.90' 

16.9 ±0.85' 

17.6 ±0.68' 

19.5 ±0.98' 

13.9 ±2.29' 

18.3 ±1.86' 

D=0.000 F=10.12 

T=0.105 F=2.40 

1=0.283 P=1.30 

D=0.497 P=0.81 

T=0.444 fM).83 

1=0.899 F=0.36 

D=0.58 F=0.66 

T=0.180 P=1.79 

1=0.126 F=1.80 

D=0.180 P=1.73 

1M).411 IM).91 

1=0.311 F=1.24 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means within each row having 
different letter superscripts following the number differ significantly (P< 0.05%). * 
indicates a significant difference between ad libitum group and pair-fed or LPS-
treated groups. * indicates a significant difference between pair - fed and LPS -
treated groups. 
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4.4.3 Protein in liver and lung after starting treatments 

TTissuwe ixrotejii is regporked iji thuree lAfajfs, as ccwicieirbnitw)!̂  las tcxkil airwuuit jper 

organ and as total amount related to body weight. 

Liver protein concentration 

Hepatic protein concentration was severely affected when the protein 

concentration in the diet was as low as 60 g/kg (the VLP group) (Table 4.10). 

In animals fed ad libitum, hepatic protein concentration in the VLP group was 

significantly lower than in other groups. In the pair-fed animals, no significant 

difference in the protein concentration was found between the groups. After LPS 

treatment, animals fed the LP and the VLP diets had a lower protein concentration 

than the NP and the MP groups. This reduction become larger as the protein 

concentration in the diet was decreased. 

Comparing the LPS-treated rats, animals fed ad libitum and pair-fed controls, it 

can be seen that in the VLP group, hepatic protein concentration was higher in the 

pair-fed controls, when compared with the ad libitum and LPS-treated animals. In 

the LP group, it was higher in the pair-fed controls compared with the LPS-treated 

animals. The increase in protein concentration occurred in the pair-fed animals may 

be due to a reduction in other chemical constituents of the liver and may be caused 

by the breakdown of glycogen, loss of water, and/or increase lipolysis. 

Total liver protein 

The total liver protein content was mainly influenced by dietary protein intake. In 

general, the total liver protein among animals of various dietary and treatment 

groups varied due to the difference in the size of livers (see Table 4.6 & Table 4.10). 

In animals fed ad libitum, total liver protein was significantly lower in the VLP 

group compared with other groups, and it was significantly lower in the LP group 

compared with the NP group. In the pair-fed animals, the total liver protein was 

significantly lower in the VLP group compared with the NP and the MP groups. In 
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significantly lower than in the NP and MP animals. 

Companng the LPS treated animals, pair-fed and <36̂  fed animals, it can 

be seen that in the MP group, the pair-fed animals had a lower total liver protein 

compared with the ad libitum and LPS-treated animals. 

Total liver protein/kg body weight 

When the total liver protein was expressed relative to body weight, the major 

finding was that animals fed the NP and the MP diets, but not animals fed the LP 

and the VLP diets, were able to increase the relative total protein after LPS treatment 

(TaLble/l.l()). 

In animals fed ad libitum, the total protein in liver/kg body weight was 

significantly higher in the NP group compared with the LP and the VLP groups, and 

it was significantly higher in the MP and the LP groups compared with the VLP 

group. After food restriction, no statistically significant difference was found in the 

relative hepatic protein between the groups. After LPS treatment, animals fed the NP 

and the MP groups had more protein in liver/kg body weight compared with the LP 

and the VLP groups, and it was higher in the LP group compared with the VLP 

group. 

Comparing the LPS-treated rats, animals fed ad libitum and pair-fed controls, it 

can be seen that for each kg of body weight, LPS-treated animals fed the NP and the 

MP diet had a relatively more protein in liver compared with the corresponding ad 

libitum and pair-fed animals. In the LP and the VLP dietary groups, no significant 

differences were found due to treatments. 
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Table 4.10 Protein in liver and lung of rats fed diets of graded casein content, after 

starting treatments 

Dietary groups 
g protein/kg diet 

Liver protein 
(mg/g liver) 
ad libitum 
pair-fed 

LPS 

Total liver protein 
(mg/total liver) 

ad libitum 
pair-fed 

LPS 

Relative liver 
protein 

(g/kg body weight) 
ad libitum 
pair-fed 

LPS 

Lung protein 
(mg/g lung) 

ad libitum 
pair-fed 

LPS 

Total lung protein 
(mg/total lung) 

ad libitum 
pair-fed 

LPS 

Relative lung 
protein 

(g/kg body weight) 
ad libitum 
pair-fed 

LPS 

NP 
180 

158.9 ±5 .2 ' 
162.8 4=3.4' 
161.8 6 3.8' 

7M±15' 
650 ± 4 1 ' 
710 629 = 

7.56 6 0.15' 
6.62 6 0.23 '* 
8.50 6 Oj5 '* ' 

7&262j^ 
7Z062^^ 
7&8±1J^ 

54.2 ±1.2" 
5%2±3jr 
57.5 6 3.5''" 

MP 
120 

154.7 ±4 .4 ' 
158.4 ±6 .1 ' 
149.1 ±5.3" 

694 ±46'"' 
554 636'* 
684 6 28'* 

%160J2^ 
6.43 6 0.15'* 
8.25 6 0.32'** 

77.5 6 2.3" 
79.6 61 .7 ' 
78.3 6 1.3' 

6&2±24' 
5L66&2^ 
5%3±1^' 

0.578 ± 0.001 = 
0.588 6 0.022' 
0.690 6 0.036' 

0.617 6 0.025' 
0.597 6 0.019' 
0.6916 0.020' 

LP 
80 

146.3 6 3.7" 
160.0 6 7.6" 
136.4 6 6.2''4 

582 6 26" 
5 # 6 
514 ± 

46 
2 2 ' 

ab 

6.7 6 0.13'' 
6.76 6 0.49' 
7.16 0.24'' 

72.4 6 3.5' 
74.6 6 3.1' 
75.4 6 2.6' 

48J 61.9" 
47.5 6 2.0" 
5L76t6 ab 

0.556 6 0.028' 
0.600 6 0.030' 
0.666 6 0.025'* 

VLP 
60 

129.0 6 4.8" 
160.5 6 4.2 '* 
132.4 6 6.2''* 

467 ± 24' 
429 6 19" 
437 6 35" 

5.84 6 0.17" 
6.20 6 0.14' 
6.16 0.20"= 

73.4 6 3.1' 
77.6 6 3.6' 
74.2 6 1.6' 

45.1 61.7" 
46.3 6 4.4" 
47.2 ± 3.2'' 

0.568 6 0.026' 
0.665 6 0.050" 
0.661 6 0.030" * 

two-way ANOVA 
p-value F ratio 

D=0.000 F^3 
T=0.000 F=io.O 
1=0.052 F=2.2 

D=0.000 F=35.1 
T=0.009 P=5.l 
1=0.299 F=1.2 

D=0.000 F=21.5 
T=0.000 P=16.9 
1=0.001 F=4.5 

D=0.112 f^2.08 
T=0.457 F=0.79 
1=0.795 fM).51 

D=0.000 P=8.21 
T=0.457 F=0.75 
1=0.699 F=0.64 

D=0.657 P-0.54 
T=0.000 F=11.7 
1=0.416 P=1.03 

-Results are presented as mean ± standard error of the mean, n=6 per treatment 
group. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means within each row having 
different letter superscripts following the number differ significantly. * indicates a 
significant difference between ad libitum group and pair-fed or LPS-treated groups. 
* indicates a significant difference between pair-fed and LPS-treated groups. 
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Lung protein concentration 

Animals were able to maintain lung protein concentration even under conditions 

of a pro%:in (ieSciaicy diet }Jo syg&bicant diGkrence in lung pfcdein 

concentration was found due to diet or treatments between the groups (Table 4.10). 

Total lung protein 

The total lung protein, as in liver, was mainly influenced by dietary protein 

intake. In general, the total lung protein between animals of various dietary and 

treatment groups varied due to the difference in the size of lung (see Table 4.6 & 

Table 4.10). 

A trend for a reduction in the total lung protein occurred when the protein 

content in the diet was decreased to 80 g or 60 g/kg diet. On the other hand. No 

significant difference was found due to treatments. 

Total Inng protein/kg body weight 

No difference in the total protein in lung/kg body weight was found between the 

groups due to diet. Due to treatments, as in liver, the LPS-treated animals fed the NP 

and the MP diets were able to increase the amount of protein in lung/kg body weight 

compared with the corresponding pair-fed controls. The amount of protein in lung/kg 

body weight in LPS-treated animals fed the NP and MP diets were also significantly 

higher than the corresponding animals fed ad libitum (Table 4.10). Total lung 

protein/kg body weight in the LPS-treated animals fed the LP and the VLP diets was 

signiGcantly higher than in the ac/ //6/fwm-fed animals. 

4.4.4 Serum concentrations of a-1 acid glycoprotein and albumin 

a-1 acid glycoprotein 

A greater than six fold increase in serum concentration of a-1 acid 

glycoprotein was observed in animals exposed to the inflammatory stimulus of LPS 

(Table 4.11). 
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In all dietary groups, a-1 acid glycoprotein increased dramatically in the LPS-

treated animals compared with the corresponding ad libitum and pair-fed groups. 

However, the magnitude of the increase was lower in animals fed the very-low 

protein diet when compared to values from other dietary groups. The difference was 

not statistically significant. No significant difference was found in all dietary groups 

between the aaf and pair-fed controls. 

Albumin 

Albumin concentration was affected by feeding a diet low in protein, and by 

exposure to the inflammatory influence of LPS (Table 4.11). 

Serum albumin concentration in the ad libitum and LPS-treated animals fed 

the low-protein diets (the LP and VLP diets) was lower than in animals fed the 

normal and moderate-protein diets (the NP and MP diets). 

In all dietary groups, animals received LPS had a lower albumin 

concentration when compared with the corresponding pair-fed animals. Albumin 

concentration was also found to be lower in LPS-treated animals fed the NP, MP, 

and the VLP diets compared with the corresponding animals fed ad libitum. 

Table 4.11 Serum a-1 acid glycoprotein and albumin of rats fed diets of graded casein 

content, after starting treatments 

Dietary groups 
g protein/kg diet 

a-1 acid 
g lycoprotein 

(fig/ml) 
ad libitum 
pair-fed 

LPS 

NP 
180 

86 ±5' 
92 ± 6 ' 

930 ^96"** 

MP 
120 

100 ± 7 ' 
1 0 7 ± 6 ' 

959 ±65'** 

LP 
80 

96^=5' 
95 ± 7 ' 

765 ± 9 9 ' * * 

VLP 
60 

two-way AXOVA 
p-value F ratio 

98^10° 
104±5 ' 

643 ±132'** 

D=0.092 P=2.2S 
T=0.000 P=220.7 
1=0.051 P=2.25 

Albumin 
(mg/ml) 
ad libitum 
pair-fed 

LPS 

35.2 ± 0.51' 
36.5 ± 0.91" 
33.2 ±0.55'A* 

34.8 ±0.72' 
36.0 ± 0.91 
32.3 ±0.34'4 

32.2 ±0.69" 
35.0 ±0.37''* 

32.1 ± 0.41" 
32.7 ± 0.58' 

30.5 ±0.53 "6 29.7 ±0.66"** 

D=0.000 P=23.07 
TM).000 F=39.51 
1=0.663 P=0.68 

-Results are presented as mean ± standard error of the mean, n=6 per treatment 
group. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means within each row having 
different letter superscripts following the number differ significantly. * indicates a 
significant difference between ad libitum group and pair-fed or LPS-treated groups. 
* indicates a significant difference between pair-fed and LPS-treated groups. 
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4.4.5 Inorganic sulphate excretion, and urinary nitrogenous end products 

of amino acid metabolism: Urea-N and ammonia-N excretion 

Inorganic sulphate excretion, and inorganic sulphate excretion as a percentage 

of sulphur amino acid intake-average of two days before starting treatments 

There was a progressive reduction in inorganic sulphate excretion (SO4) as 

dietary protein concentration was decreased between the NP and the VLP groups. 

SO4 excretion was slightly reduced in animals fed the VLP diet compared to values 

from animals fed the LP diet, however, the difference was not statistically significant 

(Table 4.12). When SO4 excretion was expressed as a percentage of sulphur amino 

acid intake, no difference was found between the NP group and the MP group, and 

their excretion, as a percentage of sulphur amino acid intake, were signifrcantly 

lower than the LP and the VLP groups. In the VLP group, the percentage of sulphur 

amino acid intake, which was excreted as SO4, was significantly higher than the rest 

of the groups (Table 4.12). This may indicate that the efficiency of using sulphur 

amino acid, for anabolic purposes, in the MP group was similar to the NP group, and 

that this efSciency falls in the LP and the VLP groups. 

Table 4.12 Inorganic sulphate excretion, and inorganic sulphate excretion as a 

percentage of sulphur amino acid intake ( S.A.A.I.) of rats fed diets of graded casein 

content-average of two days, before starting treatments (pmol/day) 

Dietary groups NP MP LP VLP one-way ANOVA 

g protein/kg diet 180 120 80 60 p-value F ratio 

S04eicredon 185 ±4.6' 127±6.5'' 110 ±3.6' 92^8.4"^ p=0.000 P=44.3 

(S04eicredon/ 31.0 ±0.74' 33.2 ±1.7" 42.9 ±1.2'' 51.0 ±3.3' p=0.000 F=21.6 

S. A.A.L) ilOO 

* Results are presented as mean ± standard error of the mean, n=12 per group. 
Means within each row having different letter superscripts following the number 
differ significantly. 

102 



The effect of graded levels of dietary casein 

Inorganic sulphate excretion after starting treatments 

The results of SO4 excretion can be found in Table 4.13. In animals fed ad 

there was a signiGcant reduction in SO4 excretion as dietary protein content 

was decreased between the NP group and the LP group. Further reduction occurred 

in the VLP group, but this was not statistically signiGcant when compared to values 

from the LP group. The reduction in food intake, bought about by pair feeding, 

caused a significant reduction in SO4 excretion in all dietary groups compared with 

the animals fed acf In the pair-fed controls and in LPS-treated animals, SO4 

excretion of the NP group was significantly higher than other dietary groups, and 

there was a trend for a reduction in SO4 excretion between the MP group and the 

VLP group, but this trend was not statistically significant. Although the amount of 

sulphur amino acids eaten by the LPS-treated animals and pair-fed animals within 

the same dietary group was similar, the mean values was higher in the LPS-treated 

animals compared with the pair-fed animals. This difference was statistically 

significant in the NP and VLP groups. In the NP group the excretion of SO4 in the 

LPS-treated animals was elevated to the same value of the animals fed ad libitum. In 

all other dietary groups (the MP, LP and VLP groups), the mean values of LPS-

treated animals were lower than the observed in the corresponding animals fed ad 

libitum, the difference being statistically significant in the MP and VLP groups. 

Table 4.13 Inorganic sulphate excretion of rats fed diets of graded casein content, after 

starting treatments (^unol/day) 

Dietary groups NP MP LP VLP two-way ANOVA 

g protein/kg diet 180 120 80 60 p-value F ratio 

157^4.7" 120 ±3.8'" 101 ±5.8' 84 ±4.1' D=0.000 F=S6.1 

pair-fed 106^10.6"* 62^=6.2'"* 50 ±6.0''* 44 ±2.2''* T=0.000 P=34.4 

LPS 176 ±9.9"* 89 ±8.8''* 75 ±12'' 64 ±5.0"** 1=0.045 F=2.4 

-Results are presented as mean ± standard error of the mean, n - 4 per treatment 
group. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means within each row having 
different letter superscripts following the number differ significantly. * indicates a 
significant difference between ad libitum group and pair-fed or LPS-treated groups. 
* indicates a significant difference between pair-fed and LPS-treated groups. 
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Ammonia-N and urea-N excretion-average of two days before starting 

treatments 

Ammonia-N aiui lurearJSI o&creticHi wiis irdliieiicecl lb]/ dietaury pwioteiii ccwitait. 

Table 4.14 shows that when protein content in the diet was decreased from 180 g to 

60 g/kg diet, ammonia-N and urea-N excretion were reduced signiScantly. However, 

urea-N excretion was afkcted to a greater extent than that of ammonia-N excretion. 

Table 4.14 Ammonia-N and urea-N excretion of rats fed diets of graded casein content 

-average of two days, before starting treatments (fimol/day) 

Dietary groups NP MP LP VLP one-way ANOVA 

g protein/kg diet 180 120 80 60 p-vaiue F ratio 

Ammonia-N 457 ± 1 9 ' 243 ±20'" 115^14"= 79 i S ' p=0.000 F=115 

Urea-N 7S84±306' 3936^=224" 1256 ±74' 850^71" p=€.000 P=257 

* Results are presented as mean ± standard error of the mean, n-12 per group. 
Means within each row having different letter superscripts following the number 
differ significantly. 

Ammonia-N and nrea-N excretion after starting treatments 

a) Ammonia-N excretion after starting treatments 

Dietary protein content and food restriction influenced ammonia-N excretion. 

When the LPS-treated animals are compared with the pair-fed animals, LPS 

treatment caused an increase in ammonia-N excretion only in the NP group (Table 

4.15). 

In the animals fed ad libitum, ammonia-N excretion was reduced significantly as 

the protein content in the diet was decreased. In the pair-fed and in LPS-treated 

animals, ammonia-N excretion of the NP group was significantly higher than the rest 

of the groups, it was significantly higher in the MP group compared with the LP and 

the VLP groups, and it was similar between the LP and the VLP groups. Comparing 

the LPS-treated animals with the pair-fed animals, it can be seen that ammonia-N 

excretion in the LPS-treated animals of the NP group was increased significantly 

compared with the corresponding pair-fed controls. In other groups, no difference in 
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tbf esLcreficHi ()f ammonia-N TATis ftyuwid ip/bai tlie ]LJP5)-treate(l awiinials coirqpauned 

with the pair-fed controls. 

b) Urea-N excretion after starting treatments 

Urea-N excretion was influenced by dietaiy protein content, food restriction, and 

LPS treatment (Table 4.15). 

In the animals fed aaf urea-N excretion was reduced significantly as the 

protein concentration in the diet was decreased from 180 g to 60 g/kg diet. In the 

pair-fed animals, urea-N excretion decreased as the protein concentration in the diet 

was decreased from 180 g/kg diet to 60 g/kg diet. Furthermore, urea-N excretion in 

the pair-fed animals was significantly lower than in each corresponding ad libitum 

and LPS groups. In the LPS-treated animals, although the food intake was reduced 

compared with the acf //6zfM/M-fed animals, urea-N excretion was not decreased. 

Values followed the same trend as in the groups in response to dietary 

protein concentration. 

Table 4.15 Ammonia-N and urea-N excretion of rats fed diets of graded casein 

content, after starting treatments (fimol/day) 

Dietary groups NP MP LP VLP two-way ANOVA 

g protein/kg diet 180 120 80 60 p-value F ratio 

NHs-N 

311 ±16' 150^=10'" 95 ±7' 62 ±5"" D=0.000 P=277 

pair-fed 250^16=* 134 iP'" 63 ±6'* 44 ±1'* T=0.001 P=8.2 

LPS 342 ±28" * 128 ±6"" 62 ±6'* 57^=4' 1=0.003 F=4.1 

Urea-N 

ad libitum 7356 ±431" 3942 ± 149"" 1561 ± 141*̂  958 ±76"̂  D=0.000 F=427 

pair-fed 4873 ±251'* 2870 ^74''* 974^90'* 453 ±39"'* T=0.000 F=34 

LPS 7471^482'* 3898 ^ 2 0 / * 1340 ±117'* 827 ±59"'* 1=0.000 F=6.6 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means within each row having 
different letter superscripts following the number differ significantly. * indicates a 
significant difference between ad libitum group and pair-fed or LPS-treated groups. 
* indicates a significant difference between pair-fed and LPS-treated groups. 
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4.4.6 Relationship between parameters measured in the study 

The objective of processing data in this way is to develop a qualitative 

understanding of how sulphur amino acids, and other amino acids, are partitioned 

between various metabolic processes during growth, food restriction and 

inflammation. The parameters chosen for display in this way are major products of 

rcustaholisin. In sctnie cases tliegf aune leiui ]piT)cbicts (iirinary iunea-f4, airuiioiiiarJSI, 

inorganic sulphate), in other cases the item is subject to dynamic change in which 

the concentration is the result of the balance between the rates of synthesis and 

breakdown (liver protein) and inter organ flux (hver glutathione). 

The ratio of glutathione to protein in liver 

The ratio of glutathione to protein in liver, representing two m^or products of 

hepatic amino acid metabolism during growth and inflammation, can be seen in 

Table 4.16. 

Dietary protein content, food intake and exposure to LPS exerted influences on 

the ratio. In the animals fed ad libitum, LPS-treated rats and pair-fed controls, the 

NP group had the highest ratio of GSH to protein in liver. 

In the animals fed ad libitum, there was a significant reduction in the ratio of 

hepatic GSH to protein in rats fed the MP, LP and VLP diets compared with rats fed 

the NP diet. No significant difference in the ratio was found between the LP and the 

VLP groups. A similar phenomenon occurred during restricted feeding. In the pair-

fed controls, the ratio was higher in animals fed the NP diet compared with animals 

fed the MP, LP, and the VLP diets. In the LPS-treated animals, the ratio was higher 

in animals fed the NP diet compared with other dietary groups, and it was higher in 

the MP group compared with the VLP group. 

After food restriction, animals fed the NP and the MP diets, failed to maintain 

the ratio to the same level as in the ad libitum fed animals. There was 47% and 39% 

fall in the ratio of the pair-fed controls compared with the animals fed ad libitum in 

the NP and the MP groups, respectively. However, in the LP and VLP groups the 

ratios were reduced no further by food restriction. In animals exposed to the 
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inflainmatory effects of LPS, the ratio of GSH to protein in liver was signLGcantly 

higher than in the corresponding pair-fed controls in the NP, MP, and the LP groups, 

but not in animals fed the VLP diet. 

Table 4.16 The ratio of hepatic glutathione to hepatic protein, and to inorganic 

sulphate excretion in urine of rats fed diets of graded casein content, after starting 

treatments 

Dietary groups NP MP LP VLP tow-way ANOVA 

g protein/kg diet 180 120 80 60 p-value F ratio 

GSH/protein 

(nmol/mg) 

ad libitum 14.8^=1.0" 10.8 ±0.8^ 12.1 ± 1.5"* D=0.000 F ^ . 4 

pair-fed 18.4^2.2"* 9.0 ±1.0'"* 11.3 ±0.6'' 1L1±0^4» T=0.000 F=43.3 

LPS 39.1 ± 2.3'* 19.8 ±1.0 18.2 ±2.0'''A* 14 J ± 1.4' 1=0.000 F=7.79 

GSH/SO4 

(nmol per liver 

/fimol per day) 

ad libitum 167^:16 = 82 ±11"" 68 ±10'' 78±1* D=0.001 F=7.43 

pair-fed 121 ±15" 78±6° 130 ±20" 106 ±9" T=0.004 F=6.40 

LPS 146 i 12' 153 ±13 "4* 143 ± 22^ 92±8b 1=0.001 F=4.64 

-Results are presented as mean ± standard error of the mean. For the ratio of hepatic 
glutathione to hepatic protein, n=6 per treatment group. For the ratio of hepatic 
glutathione to inorganic sulphate excretion, n=4 per treatment group. D< refer to p-
value for diet, T< refer to p-value for treatment, I< refer to p-value due to 
interaction between diet and treatment. Means within each row having different 
letter superscripts following the number differ significantly. * indicates a significant 
difference between group and pair-fed or LPS-treated groups. * indicates 
a significant difference between pair-fed and LPS-treated groups. 
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The ratio of total glutathione in liver to inorganic sulphate excreted in urine 

The ratio of total glutathione in liver to inorganic sulphate excreted in urine is a 

qualitative index of processing of sulphur amino acids into the antioxidant defences 

of the animal and into major excretion products. The ratio can be seen in Table 4.16. 

Dietary protein intake only exerted a strong influence on the ratio in the absence of a 

restricted food intake and an inflammatory response. 

In the animals fed acf the ratio of total hepatic GSH to SO4 excretion was 

reduced significaiitly in the MP, LP and VLP groups compared with the NP group. 

In the pair-fed animals, no significant difference in the ratio was found between the 

groups. After LPS treatment, animals fed the MP and the LP diets, were able to 

increase the ratio compared with the fed animals, to make values similar 

to LPS treated animals fed the NP diet. No significant increase in the ratio occurred 

after LPS treatment in rats fed the VLP diet. 

Comparing the LPS-treated animals with the pair-fed controls, it can be seen that 

there was a trend for an increase in the ratio of total hepatic GSH to SO4 excretion 

occurred in LPS-treated animals fed the NP, MP, and LP diets compared with the 

corresponding pair-fed controls, but this difference was statistically significant only 

in rats fed the MP diet. 

The ratio of ammonia-N and urea-N excretion to N intake before starting 

treatments 

Table 4.17 shows that the ratio of ammonia-N and urea-N excretion to N 

intake was reduced significantly as dietary protein content was decreased from 180 g 

to 80 g/kg diet. The ratio between urea-N and N intake was influenced to a much 

greater extent than that of ammonia-N by dietary N intake. No further reduction was 

observed when the protein concentration in the diet was decreased from 80 g to 60 

g/kg diet. 
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Table 4.17 The ratio of ammonia-N and urea-N excretion to N intake of rats fed diets 

of graded casein content -average of two days, before starting treatments (mg/mg) 

Dietary groups NP MP LP VLP one-way ANOVA 

g protein/kg diet 180 120 80 60 p-valac F ratio 

NHa-N/N 0.017^0.001" 0.014 ±0.001'' 0.010 ±0.001' 0.0104^0.001' p=0.000 F=7.83 
intake 

Urea-N/N 0.278 ±0.009" 0.225 ±0.012'" 0.107 ± 0.006' 0.105 ±0.007' p=0.000 P=90.50 
intake 

* Results are presented as mean ± standard error of the mean, n=12 per group. 
Means within each row having different letter superscripts following the number 
differ significantly. 

The ratio of ammonia-N and urea-N excretion to N intake after starting 

treatments 

a) The ratio of ammonia-N to N intake after starting treatments 

The ratio of ammonia-N to N intake, while influenced by dietary protein 

concentration, was mostly unaffected by restricted feeding and exposure to the 

inflammatory influence of LPS (Table 4.18). 

In the animals fed ad libitum, the ratio of ammonia-N excretion to N intake was 

reduced significantly as dietary protein content was decreased from 180 g to 80 g/kg 

diet. No further reduction occurred in the VLP group. In the pair-fed animals, the 

ratio was similar between the NP and the MP groups, and they were significantly 

higher than the LP and the VLP groups. No significant difference was found 

between the LP and the VLP groups. In the LPS-treated animals, there was a trend 

for a reduction in the ratio as dietary protein content was decreased from 180 g to 80 

g/kg diet. This reduction was statistically significant when comparing the NP group 

with the LP group. No further reduction in the ratio occurred when the protein 

concentration in the diet was decreased from 80 g/kg diet to 60 g/kg diet. Comparing 

the LPS-treated animals with the animals fed ad libitum, it can be seen that LPS-

treated animals fed the NP diet had a significantly higher ratio than in the ad libitum 

animals. Otherwise, no significant differences were found due to treatments. 
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b) The ratio of urea-N excretion to N intake after starting treatments 

The ratio of urea-N excretion to N intake was affected by dietary protein content 

in the diet and by the inflammatory influence of exposure to LPS. Restriction in food 

intake had no effect upon the ratio (Table 4.18). 

In the animals fed ad libitum, the ratio of urea-N excretion to N intake was 

signiGcantly reduced as dietary protein content was decreased 6-om 180 g to 80 g/kg 

diet. No further reduction in the ratio occurred when the dietary protein content fell 

to 60 g/kg diet. In the pair-fed animals, the ratio was similar between the NP and 

MP, and their excretion was higher than the LP and VLP groups. In the pair-fed 

animals, the ratio was lower in the VLP group than in other dietary groups. In the 

LPS-treated animals, the ratio was similar between the NP and MP groups, and their 

esccreticm swyrnificzuith/ Ibigjier lAian ttw: ILP aiid T/TLI* gpnoiqps. ISLo isygnificEint 

difference was found between the LP and VLP groups. 

Comparing the LPS-treated animals, ad libitum and pair-fed animals, it can be 

seen that in the NP, MP, and LP groups, the ratio was increased in the LPS-treated 

animals compared with the corresponding animals fed ad libitum. When comparing 

the LPS-treated animals with the pair-fed controls, it can be seen that in the NP and 

VLP groups, the values were higher in the LPS-treated animals compared with the 

corresponding parr-fed controls. The significant increase in the ratio which was 

found in the NP and the VLP group after LPS treatment compared with the pair-fed 

animals, was numerically larger in the NP group. 0,185 mg of extra urea-N/mg of N 

eaten, was excreted in urine of animals fed the NP diet, compared with only 0.06 mg 

of extra urea-N/ mg of N eaten, was excreted in urine of animals fed the VLP diet. 
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Table 4.18 The ratio of ammonia-N and urea-N excretion to N intake of rats fed diets 

of graded casein content, after starting treatments (mg/mg) 

Dietary groups NP 

g protein/kg diet 180 

MP 

120 

LP 

80 

NH3-N/N 
intake 

ad libitum 

pair-fed 

LPS 

0.013 ± 0.001' 

0.014^=0.001" 

0.018 ±0.002" 

0.010 ± 0.0001" 

0.016 ± 0.003" 

0.015 ±0.003" 

0.010^0.001" 

0.008 ± 0.001"" 

VLP 

60 

0.008 ± 0.0004' 0.007 ± 0.001' 

0.008 ±0.0004' 

0.009 ± 0.001" 

tow-way WOS A 

p-value F ratio 

D=0.000 F=16.1 

T=0.015 P=4.7 

1=0.123 P=1.8 

Urea-N/N 

intake 

ad libitum 

pair-fed 

LPS 

0.280 ± 0.006" 

0.270 ± 0.019" 

0.455 ±0.045"** 

0.252 ± 0.009" 

0.350 ± 0.056 " 

0.503 ±0.037"* 

0.138 ±0.005' 

0.161 ± 0.015" 

0.110 ± 0.012' 

0.080 ±0.006' 

0.181 ±0.010"* 0.140 ±0.015"* 

D=0.000 F=75.8 

T= 0.000 F^28.0 

1=0.001 F=5.3 

-Results are presented as mean ± standard error of the mean, n-4 per treatment 
group. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means within each row having 
different letter superscripts following the number differ significantly. * indicates a 
significant difference between ad libitum group and pair-fed or LPS-treated groups. 
* indicates a signiGcant difference between pair-fed and LPS-treated groups. 

The ratio of inorganic sulphate excretion to ammonia-N and nrea-N excretion-

average of two days before starting treatments 

Since all amino acids donate N to ammonia and urea formation but only sulphur 

amino acids contribute to sulphate excretion, the ratios indicate whether sulphur 

amino acid metabolism is distinctive in it response, compared to all other amino 

acids, to changes in dietary protein intake, food restriction and inflammation. 
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a) The rado of inorganic sulphate excretion to ammonia-N before starting 

treatments 

TObe rado lof SC^ (%Kcn#ion to excretiCHi in iniae \vas sygnUicant^f 

increased as the protein concentration in the diet was decreased between the NP and 

the LP group. In the VLP group, the magnitude of the ratio was higher than the LP 

group, but this difference was not statistically signiGcant (Table 4.19). The ratio was 

increased by 34%, 174% and 233% respectively in the MP, LP, VLP groups 

compared with the NP group. 

b) The ratio of inorganic sulphate excretion to nrea-N excretion before starting 

treatments 

There was a significant increase in the ratio of SO4 excretion to urea-N excretion 

as the protein content in the diet was decreased (Table 4.19). The ratio was 

increased by 32%, 248% and 360% respectively in the MP, LP, VLP compared with 

the NP group. These results clearly indicate the relatively greater inability of animals 

fed the LP and the VLP diets to utilise sulphur amino acids than to use other amino 

acids efficiently for biosynthetic processes. 

Table 4.19 The ratio of inorganic sulphate excretion to ammonia-N and urea-N 

excretion of rats fed diets of graded casein content-average of two days before starting 

treatments (p^mol/̂ unol) 

Dietary groups NP MP LP VLP one-way AN OVA 

g protein/kg diet 180 120 80 60 p-value F ratio 

S04/Nn3-N 0.41^0.01= 0.55 ± 0 . 0 4 1 . 1 2 ±0.12"^ 1.36 ±0.22' p=0.000 F=13 

SO4/urea-N 0.025 ± 0.001" 0.033 ± O.OIS*" 0.087 ±0.003' 0.115 ±0.012'' P=0.000 F=45 

* Results are presented as mean ± standard error of the mean, n=12 per group. 
Means within each row having different letter superscripts following the number 
differ significantly. 
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The ratio of SO4 excretion to ammonia-N and urea-N excretion of rats fed diets 

of graded casein content after starting treatments 

a) The ratio of inorganic sulphate excretion to ammonia-N after starting 

treatments 

The results of this ratio can be seen in (Table 4.20). In the animals fed 

there was a trend for an increase in the ratio of SO4 to NH3-N excretion as 

the protein concentration in the diet was decreased between the NP and the VLP 

groups. This trend was statistically signrGcant when comparing animals fed the NP 

diet with animals fed the LP and VLP diets, and when comparing animals fed the 

MP diet with animals fed the VLP diet. Neither a reduction in food intake nor the 

inflammatory response of LPS influenced the pattern of response to dietary protein 

content. In the pair fed animals, it was significantly lower in the NP and MP groups 

compared with the VLP group. In the LPS-treated animals, the ratio was 

significantly lower in the NP group compared with other groups, and it was 

significantly lower in the MP group compared with the VLP group. Due to 

treatments, in all the groups, the mean values was higher in the LPS-treated animals 

compared with the corresponding pair-fed controls. The difference was statistically 

significant in the MP group. 

b) The ratio of inorganic sulphate excretion to urea-N excretion after starting 

treatments 

The ratio of SO4 to urea-N excretion was only affected by dietary protein 

content. Neither LPS treatment, nor food restriction caused alteration in this ratio 

(Table 4.20). 

In the animals fed ad libitum, the ratio of inorganic sulphate excretion to urea-N 

excretion increased significantly as the protein content of diet was decreased. In the 

pair-fed animals, the ratio was similar between the NP group and the MP group, and 

their ratios were significantly lower than in the LP and VLP groups. The ratio was 

significantly higher in the VLP group compared with the LP group. In the LPS-
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treated animals, the ratio was similar between the NP group and the MP group, and 

thwsir ratios v/en; sigpiiGicaiitby Icrwrer tlwin bi tlie ajicl A/Î P gfoufis. TThane TvTis zi 

trend for an increase in the ratio found in the VLP group compared with the LP 

aproiip, tmt this iruzreause in tlie ratio TAfas riot statisticziUhf sajgnificzuit. IFrcxni this (lata, 

the conclusion that can be made is that animals fed the low-protein diets (the LP and 

"VTLJP (iiets) Twlietlier feil cfof An&zfM/M, tuicLer f()0(l resdbnwjtioii cwr duruig iunflairmiaticHi, 

are unable to reduce the amount of sulphur amino acids excreted as SO4. 

Table 4.20 The ratio of inorganic sulphate excretion to ammonia-N and urea-N 

excretion of rats fed diets of graded casein content, after starting treatments 

(^mol/p^mol) 

Dietary groups 

g protein/kg diet 

§64^% N 

ad libitum 

pair-fed 

LPS 

NP 

180 

0.51 ±0.02 = 

0.43 ±0.04' 

0.52 ± 0.02' 

MP 

120 

0.75^0.10" 

0.46 ±0.05" 

LP 

80 

1.07 ± 0.08' 

0.84 ±0.15" 

VLP 

60 

0.69 ±0.04''* 1.27 ±0.27' 

1.39 ±0.16' 

1.00 ± 0.062'" 

1.14 ±0.11"= 

tow-way ANOVA 

p-value F ratio 

D=0.000 F=19.4 

T=0.021 F-4.31 

1=0.615 P-0.75 

S04/urea-N 

ad libitum 

pair-fed 

LPS 

0.022 ±0.001' 0.031 ±0.002'' 0.066 ±0.004' 0.089 ±0.006" 

0.022 ± 0.002" 0.021 ±0.002' 0.054 ± 0.009'' 0.099 ± 0.009"̂  

D= 0.000 F=128 

T - 0.140 P=2.07 

0.024 ±0.001' 0.023 ± 0.002' 0.056 ±0.008'' 0.078 ± 0.004'' 1=0.150 F=1.70 

-Results are presented as mean ± standard error of the mean, n - 4 per treatment 
group. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means within each row having 
different letter superscripts following the number differ significantly. * indicates a 
significant difference between ad libitum group and pair-fed or LPS-treated groups. 
* indicates a significant difference between pair-fed and LPS-treated groups. 
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4.4.7 Number of neutrophils in lung 

Feeding a diet deficient in protein reduced the number of neutrophils in lung of 

the and pair-fed animals (Table 4.21). When an inflammatory stress was 

applied a different response occurred. Diets with the low-protein content 

significantly increased the number of neutrophils in the LPS-treated animals 

compared with the corresponding animals fed W and pair-fed controls. In the 

LPS-treated animals, no significant difference was found in the number of 

neutrophils. However, a trend for an increase in neutrophilic cells found in animals 

fed the low-protein diets (the LP and VLP diets) compared with animals fed the 

normal protein and moderate protein diets (the NP and MP diets). 

Table 4.21 Number of neutrophils in lung of animals fed graded levels of casein 

(number of neutrophils in lung section/number of intersection points occupied by lung 

section) x 100 

Dietary groups NP MP LP VLP tow-way ANOVA 

g protein/kg diet 180 120 80 60 p-value F ratio 

Wm&Mrn 15.0^0.6" 14.6^0.7"'' 12.3 ±0.6'" 11.4 ±0.7' D=0.038 F^3.11 

pair-fed 14.5^0.5' 14.4 ±0 .8 ' 11.3 ±0.4*' 10.6 ±0.4" T=0.000 D=31.5 

LPS 16.1 ± 1.2" 15.8 ±0.73' 17.2 ± 1 . 1 ' * * 18.9 ±1 .4 '** 1=0.001 P=5.15 

-Results are presented as mean ± standard error of the mean, n -4 per treatment 
group. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means within each row having 
different letter superscripts following the number differ significantly. * indicates a 
significant difference between ad libitum group and pair-fed or LPS-treated groups. 
4 indicates a significant difference between pair-fed and LPS-treated groups. 
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4.5 Discussion 

Most of the metabolic activities measured in this study are actually centred in 

the hver, for example: 

1) GSH in lung, spleen, and thymus depends mostly in GSH synthesised in 

the liver. 

2) The number of neutrophils in lung may be indirectly aSected by GSH in 

liver; e.g. liver GSH ^lung GSH ». number of neutrophils in lung. 

3) The serum concentrations of the positive acute phase protein, a-1 acid 

glycoprotein, and the negative acute phase protein, albumin, depend on the capacity 

of the liver to synthesise these compounds. 

4) The liver is the only organ in rats which has a full capacity to recycle 

methionine, and has aU the enzymes required to synthesised cysteine from 

methionine via the transmethylation-transsulphuration padiway (Finkelstein, 1990). 

Furthermore, nitrogenous end products of amino acids metabohsm (SO4, urea, and 

ammonia) are mostly produced in liver. 

Clearly the diets employed in the study had major effects on growth and 

organ weights in the various groups. Reducing the protein content in the diet 

significantly reduced the averaged daily weight gain of animals (Table 4.3). To 

minimise differences due to body weight in interpreting the data, the weights of 

organs are expressed as a proportion of body weight (Table 4.6). In the animals fed 

ad libitum, the relative weights of liver, lung, and thymus were similar between the 

groups. These results indicate that the reduction in the total weights of these organs, 

found after feeding the low-protein diets, was in proportion to the reduction in body 

weight. However, this was not the case in spleen. In the ad libitum-iQA animals, the 

relative spleen weight was significantly decreased in the low-protein groups (the LP 

and VLP groups) compared with the normal and moderate-protein groups (the NP 

and MP groups). As in the ad libitum-itdL animals, the relative spleen weight, after 

pair feeding and after giving LPS, decreased in animals fed the LP and VLP diets 

compared with animals fed the NP and MP diets. However, this reduction reached 

statistical significance ui the LPS-treated animals, when comparing the VLP group 
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vvidi tlie T\nP aund A4]P {groiqps. jAJAer LJPS) treaLlinerd, ziU aiLuiials tiad iniisecl irelaliTns 

liver weight compared with the corresponding pair-fed controls. Certain aspects of 

acute phase response (e.g. gluconeogenesis & acute phase protein synthesis) may 

account for the increase in the relative liver weight in animals exposed to the 

inilawimiadxyry inespioiise ()f IJPIS. TTtwe inorease in Idie iisladiT/e livar wfeiĝ it, after ILJPS, 

treadiruerU: in animals jPecl thx: Icyvy-pixykein cLkMbs, (k)es iicxt iiecessaiily reflect tlie 

changes in protein content after exposure to the inflammatory response of LPS. After 

administering turpentine, as a model of injury, Jennings & Elia (1996) demonstrated 

that the changes in organ weights do not reflect the changes in tissue composition. 

For example, turpentine injection caused a significant change in the protein content 

()f rmiscde awicl Iweait Ibirt not in th&br rnaiss. TTc) sxime: erxtent the pwneseiice o:f zui 

inflammatory response partly reversed the fall in the relative spleen weight caused 

by reducing the protein content in the diet. This may be due to the amino acid 

released from endogenous sources under the action of LPS. 

The data suggests that SO4 excretion relates closely to sulphur amino acid 

intake, as sulphur amino acid intake increased, SO4 excretion also increased (Table 

4.3 & Table 4.12). However, sulphur amino acid intake is not the only factor which 

can influenced the excretion of SO4. The other factor, which should be involved in 

this relationship, is the efficiency of using sulphur amino acid for anabolic purposes. 

When SO4 excretion, was expressed as a percentage of sulphur amino acid intake 

(Table 4.12), animals fed the low-protein diets show a significantly increased ratio, 

particularly in animals fed the VLP diet, indicating the poor efficiency of using 

sulphur amino acid for anabolic purposes. This poor efficiency of using sulphur 

amino acid may be because the amount of sulphur amino acids consumed by the LP 

and the VLP animals, and present at the site of protein and glutathione synthesis, 

was inadequate to be used efficiently for synthesising these compounds, or that due 

to other amino acids being present in limiting amounts in the LP and the VLP 

groups, synthesis of these compounds is impaired and unutilised sulphur amino acids 

are catabolised to SO4. The data in the present study disagrees with the in vitro study 

conducted by Stipanuk a/. (1992). They found that the percentage of cysteine 
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c(Hn/erte(i t() siilpliate tvaus iinadBBected c^ystejne a\railad)ili&/\ TThue jpercentzygf; ()f 

cysteine converted to sulphate was similar between rat hepatocyes incubated with 

0.05 mmol/1 or with 1.0 mmol/1 [^^S] cysteine. The in vitro study, of course, did not 

ibakf; iiito accouiit tlie uu%ig;e ()f (zyisbeirw: jRor vvtuole 1]c)d)f ]pro1k;in syTathwesis (e ;?. 

growth). 

Taurine production, which is not measured in the present study, is one of the 

major end product of sulphur amino acid catabolism (Finkelstein, 1990). Bella & 

Stipanuk (1995) have shown that urinary taurine excretion, as a percentage of total 

urinary taurine and sulphate excretion, was significantly greater for rats fed a high-

protein diet (6.4%) than in rats fed a low-protein diet (1.7%). 

The ratio of SO4 to urea-N excretion, before stardng treatments (Table 4.19), 

was significantly increased as dietary protein content in the diet was decreased, 

supporting the latter possibility. The ratio was increased by 32%, 248% and 360% 

respectively in the MP, LP and VLP groups compared with the NP group. The 

situation when an inflammatory stress was applied was somewhat similar (Table 

4.20). Neither LPS treatment nor restriction in food intake caused a significant 

alteration on the ratio. 

In the present study, the mean values of SO4 excretion in the LPS-treated 

animals was higher than in the pair-fed animals, despite the similarity in the amount 

of food eaten (Table 4.13). This could be explained by the action of cytokines 

produced during the inflammatory response to LPS. 

Exposure to lipopolysaccharides from the cell wall of bacteria can activate 

macrophages leading to the production of cytokines (Dinarello, 1984; Dinarello, 

1986; Miossec et al. 1986; Grimble, 1990). Cytokines, such as TNF-a and IL-1, 

cause loss of muscle protein, which could be due to both increased proteolysis and 

decreased synthesis (Barcos et al. 1983; Charter & Grimble, 1989). When 

endogenous production of IL-1 is stimulated by LPS, less sulphur amino acids are 

used for hair synthesis, keratin synthesis, and protein loss from muscle and bone 

may occur (Wan et al. 1985). This could explain the increase in SO4 excretion of the 
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LPS-treated animals compared with the pair-fed controls, despite a similarity in food 

intake (see Figure 4-2). 

It was interesting to note that the ratio of SO4 to urea-N in all dietary groups, 

and the ratio of SO4 to NH3-N in the NP, LP, and VLP groups were not changed 

during inflammation, despite the additional amino acid supply which came mainly 

from muscle protein breakdown. Thus, paradoxically, endogenous sources appear to 

be unable to supply the amino acids to the liver, and other tissues for synthesis of the 

molecules associated with inflammation, and do not appear to improve the 

underlying inefficiency for utilising sulphur amino acids which has been caused by a 

reduced casein intake. This phenomenon is evidence of the mismatch between amino 

acid supply and demands during inflammation, which was hypothesised by Reeds 

a/. (1994), and is made worse by a low-protein intake. 
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Figure 4-2 The effect of cytokines on sulphur amino acid metabolism 
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Biochemical information from the present project and the results of previous 

studies suggest that the low dietary protein intake in the present study provides 

insufGcient sulphur amino acids to support the synthesis of glutathione and protein. 

(jSvH is snfotliesised frcHai tbi{;e amino iicicls ruircwiby ĝ f̂cirû  {glutaKcuite ztnd 

crysteirie, ojTTRdhicii cifsteirw: is the Luiiidng amino aciui jRor snfntliesis (IVleister orA 

1986). It can be seen 6om Table 4.7 & Figure 4-3 that in the animals fed 

hepatic GSH concentration was severely affected when the protein concentration in 

the diet was decreased from 180 g to 80 g protein/kg diet. No further reduction in 

hepatic GSH concentration was found when the protein content in the diet was 

decreased from 80 g to 60 g/kg diet. The m^or source of cysteine in the present 

experiment is L-methionine (see Table 4.2). Methionine can be converted to cysteine 

via the transmethylation-transsulphuration pathway. Since cysteine, and methionine 

which can be converted to cysteine, are the most limiting for GSH synthesis, the 

reduction in GSH concentration was mainly due to the decrease concentration of 

sulphur amino acids in the diet, as dietary protein content was decreased. 
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Figure 4-3 Glutathione concentration in liver, lung, spleen, and thynius 
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\Vhen nds fed a low^pn#eui die* supplaneided vmtb adphur anuiw 

acids, to be isosulphurous to the amount present in a normal-protein diet, hepatic 

GSH concentration was increased to the level found in animals fed the normal-

pox)teiri chert (ISawmzui fzA l()8!Sa), iuicLkxitinj) tliat SMjjphHir amino iicidk, biit iiot 

protein concentration are limiting for GSH synthesis. In the present study, in the 

LPS-treated animals, hepatic GSH concentration was severely affected as dietary 

protein content in the diet was decreased. Thus the endogenous supply of amino 

acids, as a result of muscle protein breakdown under the action of cytokines, plus the 

low amount of amino acids, consumed by animals in the MP, LP, and VLP groups, 

were unable to enhance GSH concentration to the same level as in the NP group. In 

the pair-fed controls, given the NP and MP diets, hepatic GSH was severely affected 

both in concentration and in proportion to protein by further restriction of sulphur 

amino acid intake by an imposed reduction in food intake. Amino acids, which are 

released 6om increased muscle protein breakdown under these circumstances, are 

unable to compensate for the dietary lack in the NP and MP groups. Bauman et al. 

(1988b) and Morand et al. (1997) have shown that under food-restricted conditions, 

hepatic GSH concentrations in animals fed a normal-protein diet were affected to a 

greater extent by restriction in food intake than in animals fed a low-protein diet. 

When, however, muscle protein breakdown was accelerated during inflammation, 

the response was somewhat different. Comparing the LPS-treated animals with the 

pair-fed controls, it can be seen that hepatic GSH concentration was significantly 

increased after LPS treatment in the NP, MP, and LP groups, but not in the VLP 

group. Yet interestingly, despite the increased utilisation of sulphur amino acids for 

GSH synthesis in most groups, which this observation suggests, the SO4 to urea-N or 

S04to NH3-N ratios were not different between the LPS-treated rats and the pair-fed 

animals. 

Figure 4-3 shows that GSH concentration, in all four tissues in which it was 

measured (liver, lung, spleen and thymus), responds to a similar way to a reduction 

in protein intake. In lung, spleen, and thymus, GSH concentration of animals fed the 

VLP diet and exposed to LPS was significantly lower than in the corresponding pair-
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fed controls. This may indicate the higher utilisation of GSH after LPS treatment, 

due to increased oxidant stress, accompanied by a low capacity for synthesising 

GSH in animals fed this severely protein-restricted diet. Lung and spleen are 

incapable of synthesising cysteine from methionine because these organs lacked 

cystathionine synthase and depend mostly on plasma cysteine and GSH for the 

cysteine supply (Finkelstein, 1990). Thus changes in lung and spleen GSH wUl 

depend upon uptake of GSH synthesised elsewhere, mostly by the liver. 

The increase in hepatic GSH concentration in the LPS-treated animals fed the 

NP, MP and LP diets and the increase in lung GSH concentration in animals given 

LPS and fed the NP and MP diets, compared with the corresponding pair-fed 

controls, may be explained by both the effect of cytokines on the metabolism of 

anmio acids (see Figure 4-2), and by the dietary intake of sulphur amino acids. 

A previous study showed that the activity of y-glutamyl cysteine synthetase 

was not affected by restriction in food intake (Tateishi et al. 1974). Furthermore, 

previous studies carried out in our laboratory by Langley et al. (1994) and Alhamdan 

& Grimble (1997) have shown that y-glutamyl cysteine synthetase was not affected 

by restriction in food intake, or endotoxin treatment. From these studies, it can be 

concluded that the flow of substrate through the biosynthetic pathway of GSH, but 

not y-glutamyl cysteine synthetase activity is rate limiting for glutathione synthesis 

in the present study. 

Plasma GSH cannot be transported into the lung, spleen, and thymus as such. 

However, first GSH is broken down by an extracellular membrane enzyme, y-

glutamyl transferase, to y-glutamyl amino acid and cysteinyl glycine (Allison & 

Meister, 1981), and then re-synthesised back to GSH intracellularly (Meister, 1989) 

(see Figure 1-11, chapter 1). 

The magnitude of the reduction in GSH concentration between the NP and 

the VLP diet was much greater in liver than in other organs. The liver is the major 

site for the synthesis of plasma GSH (Lauterburg et al. 1984), and this may suggest 

that transport to lung, spleen and thymus is continued despite the low hepatic GSH 
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fbuiwi ill the Icrwr-pHnoteiii (lietai]f gprcnipis. Î UKllieimore, tlie <isubi iruiicarbss tliat (jrSJH 

synthesis in liver is more sensitive to diet and inflammation than in other organs. 

Tjhe li\Msr ibotal ponotejii/kj? lb()d)f lAreiĝ ht (TTaJble l̂.K)) Taras iuncaieaiseci 

significantly in the LPS-treated animals compared with the pair-fed animals in the 

NP and MP groups. The significant increase in the relative liver protein content in 

die ]LJPS>-trezMk;d i%its fe(i thus zuicl (liets \%Tis riot iot)sen/e(i in ZLnirruils feci tlie 

low and very low-protein diets . In the LPS-treated animals, the result of relative 

liver protein was consistent with the result of serum a-1 acid glycoprotein (Table 

4.11). In the LPS-treated animals, the serum concentration of this major acute phase 

protein increased to a lesser extent in animals fed the low and very low-protein diets 

compared with animals fed the normal-protein diet. The relative increase of a-1 acid 

glycoprotein after endotoxin treatment was 911%, 796%, 705%, and 518% 

compared with the corresponding pair-fed controls in rats fed the NP, MP, LP and 

VLP diets, respectively. This may suggest that animals fed diet severely deficient in 

protein were incapable of responding efficiently to the cytokines produced during 

the acute phase response. While in ad libitum and in pair-fed animals, a-1 acid 

glycoprotein was not affected by dietary protein intake, serum albumin concentration 

was aSected by reducing the protein content in aH treatment groups (Table 4.11). 

Furthermore, after exposure to LPS, albumin concentration was reduced in all 

dietary groups compared with the corresponding pair-fed controls. 

Now, if we look at the results in a different way, and see the pattern of 

response of main products of sulphur amino acid metabohsm (GSH and protein in 

liver, and SO4 excretion) in animals receiving amino acid supplies from diet and 

normal protein turnover (animals fed ad libitum), or from both low-dietary intake, 

and from enhanced endogenous sources during inflammation (LPS-treated animals), 

and correlate these parameters with dietary protein intake, differing patterns of 

response emerge (Figure 4-4). E^gressing data in this way gives a qualitative rather 

than a quantitative view of the relative responses of GSH, SO4, and protein to amino 

acid supply, since protein turnover was not assessed in the present study. In the 
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figure, the data lines for the LPS-treated animals would shift to the right if total 

amino acid availability could be plotted on the X-axis. 

Figure 4-4 Pattern of response of main products of sulphur amino acids in animals 

receiving amino acids supply from diet and normal protein catabolism and in animals 

receiving amino acids supply from diet and from endogenous sources (e.g. muscle 

protein catabolism) 
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n=16 for ad libitum animals. 
n=16 for LPS-treated animals. 

— - Inorganic sulphate excretion (Ad l i b ) ' 

r 0.939; R squared 0.882; p<0.0001 

Inorganic sulphate excretion (LPS) 

r 0.860; R squared 0.750; p<0.0001 

Total hepatic glutathione (Ad lib)" 

r 0.963; R squared 0.927; p<0.0001 

- - Total hepatic glutathione (LPS) ' 

r 0.825; R squared 0.681; p<0.0001 

-Total liver protein (Ad lib) ° 

r 0.816; R squared 0.666; p<0.0001 

Total liver protein (LPS) 

r 0.783; R squared 0.628; p<0.0002 

The results showed that the total hepatic GSH and protein, and urinary SO4 

excretion were positively correlated with dietary protein intake, regardless of 

whether animals were fed ad libitum or given endotoxin. However the magnitude of 

the correlation was stronger in the animals fed ad libitum than in the LPS-treated 
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animals. It ciin alsc) tii: coruclude jBnorn fijgure 4-"4, tliat :it eacli ainuDimt ()f cLustai]/ 

protein intake, hepatic GSH in the LPS-treated animals was relatively higher than in 

the //6/^w7»-fed animals, indicating the importance of both, dietary protein intake, 

and endogenous protein catabolism, in supporting GSH synthesis in liver. However, 

for SO4 excretion and total protein in liver, the sources of amino acid supply 

iirfhiaicie tbue slcqpe of llie line. \\ni€;n iirnirw) aicids p/exx: (leiiAned jGnorn ii rnijctuit; o:P 

diet and enhanced endogenous sources during inflammation, the slope of the line is 

steeper than when in the absence of inflammation. Furthermore, the lines of best fit 

for the SO4 excretion and total liver protein of the ad libitum and LPS-treated 

animals are widely divergent at high protein intakes and intersect at low-protein 

intakes. This phenomenon did not occur for hepatic GSH. In Figure 4-5, the 

relationship between dietary sulphur amino acid intake and urinary SO4 excretion, 

and total hepatic protein and glutathione is shown for the pair-fed and LPS-treated 

animals. This comparison permits an examination of whether amino acids derived 

from the diet are treated in a similar or different manner to those arising from 

endogenous sources, as dietary intake is altered. In both cases dietary intake was 

almost identical in each LPS injected rat and its pair-fed control. The flow of 

substrate from endogenous sources will be enhanced in the LPS animals. If this 

additional amino acid supply, released during inflammation, is processed in a similar 

way to that in the non-inflamed animal then the lines of best fit will be parallel. This 

is clearly not the case. Figure 4-5 shows that total GSH and protein in liver, and SO4 

excretion were positively correlated with dietary protein intake. However, hepatic 

GSH in the LPS-treated animals became relatively higher than in the pair-fed 

controls as the lines become more divergent at high protein intakes. The lines of best 

fit for hepatic protein and SO4 data for the pair-fed and LPS-treated animals are also 

widely divergent at high protein intakes, but only that for SO4 does not intersect at 

low-protein intakes. 

127 



The effect of graded levels of dietary casein 

Figure 4-5 Comparison of the pattern of response of main products of sulphur 

amino acids between pair-fed and LPS-treated animals 
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Inorganic sulphate excretion (pair-fed) 

r 0.941; R squared 0.886; P<0.0001 

— Inorganic sulphate excretion (LPS) ' 
r 0.860; R squared 0.750; P<0.0001 

Total hepatic glutathione (Pair-fed) " 

r 0.776;R squared 0.602; p<0.0004 

Total hepatic glutathione (LPS) « 

r 0.825; R squared 0.681; P< 0.0001 

Total liver protein (Pair-fed) ° 

r 0.676; R squared 0.458; p<0.0040 

Total liver protein (LPS) " 

r 0.783; R squared 0.628; p<0.0002 

In general, it could be concluded that when amino acids come from 

endogenous sources duiing inflammation, and dietary protein intake was not 

severely restricted, relatively more sulphur amino acids metabolised to SO4 and to 

liver protein than when amino acids come more predominantly from dietary intake. 

However, when dietary protein intake was severely restricted and amino acids come 

to a greater extent from endogenous sources during inflammation, relatively less 

sulphur amino acids metabolised to SO4 and to liver protein than when amino acids 

come to a gieater extent from dietary intake. 

While examination of GSH content of organs gives an index of the synthesis 

and catabolism of this compound, observation of the changes in GSH peroxidase and 

GSSG reductase, give an indication of the rate of recycling of glutathione between 

its reduced (GSH) and oxidised (GSSG) forms. Hepatic GSH peroxidase activity 
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(see Table 4.8 & Figure 4-6) increased significantly in the LPS-treated animals fed 

the MP, LP and VLP diets when compared with the pair-fed animals, indicating the 

]KK%ease utUisadon cf the reduced form iif ighdadikme ckniag die kdlannna&ory 

response. 

In general, when dietary protein intake fell to 60 g/kg diet, activities of both 

hepatic GSH peroxidase (Table 4.8 & Figure 4-6) and GSSG reductase (Table 4.9) 

increased both in ad libitum and in LPS-treated animals, and fell when food intake 

was restricted. The former effect might increase the capacity of the organ for 

recycling the molecule between oxidised and reduced forms, and the latter effect 

might decrease the capacity. However, the much greater activity of GSSG reductase 

than GSH peroxidase (>1000 x) would ensure a high relative GSH:GSSG ratio in 

tissue, provided that the necessary substrate was available. 

figure 4-6 Glutathione peroxidase activity in liver 
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Results are mean ± SE, n=4 per treatment gronp. Means within each treatment 
group having different letter superscripts differ signiCcantly. ^ indicates a 
signiScant difference between /fAAwm group and pair-fed or LPS-treated 
groups. ^ indicates a signi&cant difference between pair-fed and LPS-treated 
groups. 

Glutathione is not only important in conditions where oxidant molecules are 

increased, but also under normal conditions. For example, glutathione deficiency 

leads to damage of various tissues in mice and rats in the absence of oxidant agents 

(Meister, 1991). Mitochondria produce hydrogen peroxide 6om oxygen under 

normal physiological conditions (Boveris & Chance, 1973). Mitochondria depend 
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loosdy (m g^ikdhione to preveDt the accumukdion of Irydnagen peroxide since 

mitochondria do not contain catalase (Meister, 1991). Looking to the results of the 

energy efGciency of the various diets in Table 4.3, it can be concluded that the 

€%K%gy idihsatKH^ rnosdy 1%% tnuldbys hssues ui ia%e case of grovmng rat^ iwas 

severely aSected as dietary protein content was decreased. Kleiber pointed out that 

ingestion an imbalance diet, in which a single nutrient was limited, resulted in a 

decreased eGiciency of energy utilisation, and that the metabolisable energy would 

be lost as heat (Klieber, 1945 & 1961). Forbes er a/. (1935 & 1944) have shown that 

as dietary protein content in the diet decreased, the energy efficiency of the diet 

decreased and heat production increased. For greater heat production more oxygen is 

utilised. Consequently, H2O2 may be produced in greater quantity. This could partly 

explain the reduction in GSH concentration and the increase in GSH peroxidase 

activity found in unstressed animals fed the very low-protein diet ad libitum. In the 

pair-fed animals, as the consumption of food is reduced, less oxygen would be 

consumed by mitochondria, therefore less hydrogen peroxide produced. This may 

explain the reduction in the activity of hepatic GSH peroxidase in animals with 

restricted food intakes. 

Urea-N excretion was greatly affected by LPS treatment (Table 4.15). 

Animals exposed to LPS significantly increased the amount of urea-N excretion 

when compared to values from pair-fed controls. The data indicates that the amino 

acids released from protein breakdown in peripheral tissue (e.g. muscle), after LPS 

treatment, was not completely reutilised by the body (e.g. for glutathione and acute 

phase protein synthesis). The ratio of urea-N excretion to N intake was more 

severely affected by the reduction in dietary protein concentration than the ratio of 

ammonia-N to N intake (Table 4.17 & Table 4.18). This is because ammonia 

excretion was affected primarily by the state of acid base balance (Schepartz, 1973). 

The results of the ratio of hepatic GSH to hepatic protein showed that major 

changes in the proportion of these two important end products of amino acid 

metabolism were bought about by alterations in protein intake and an inflammatory 

response. In all treatment groups, animals fed the NP diet had a higher ratio than 
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animals fed the MP, LP, and VLP diets (Table 4.16 & Figure 4-7). The ratios in the 

2ui(i IvIP gfoujps iRAere laicxre siSTMsrelyf afliscteci adEber jGocxi insstricticui tluin in iOie 

gpnoiqps feci tbue Icyvy-pHnoteiii auncl \ner}r loTaf̂ piotein diets. TTie; cliaiiges iii the initio 

iruiiczLbe tbiit iCrSlHL is ]aiare swaisitiine to (iietaun/ zuiiuic) aucid smiypl)/ tbaun Irvor ]pr()teiri. 

When an inflammatory stress was applied, the ratio of GSH to protein in liver 

irwcrezised sigpiificzmtly (zcmipiireci witli lObe jpaiî dSed (zcxotiols grrven thke IsHP, fvCP, ;aiul 

LP diets. The ratio increased to a value that is 113%, 120%, 62%, and 28% higher 

than the corresponding pair-fed controls in the NP, MP, LP, and VLP groups, 

respectively. The data indicates that after LPS treatment, hepatic GSH responds to a 

greater extent to amino acid released &om peripheral tissues than does protein, 

however, the magnitude of the increase in the ratio (compared with pair-fed 

controls) was compromised when dietary protein content was decreased. 

Figure 4-7 The ratio of glutathione to protein in liver 
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Results are mean * SE, n=6 per treatment group. Means within each treatment 
group having different letter superscripts difkr signiScantly. ^ indicates a 
signiGcant difference between group and pair-fed or LPS-treated 
groups. ^ indicates a signiGcant difference between pair-fed and LPS-treated 
groups. 

The changes in hepatic GSH content bought about by dietary protein intake 

and inflammation might have impacted upon the immune system of the animals. In 

unstressed animals (the <2(3̂  and pair-fed groups) the percentage of lung-

neutrophilic cells was affected by dietary protein content. Many studies show that 

malnutrition compromises several aspects of immunity, such as macrophage 

function, cell-mediated immune responses, secretory immunoglobulin A antibody 
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pHnocbicdicK̂  aiid iwmqpair (zytcdcine prodiiction (CZhauidbni <&: ICimiaii, 19Skl; I)cJieal3f, 

1994). Furthennore, Gmimder gf a/. (1990), Wilmore a/. (1993) and Robinson ef 

<?/. (1!993) ]haiT/e shov/n thaA ĝ biUitbicwie arui i:yt;te%bne aon: iirqpoitant coirypounds 

needed for optimising T-cell function, and enhance lymphocyte proliferation. Thus, 

feeding a diet restricted in protein and sulphur amino acid content could explain the 

reduction in the number of neutrophils in limg in animmlK fed and in pair-

fed controls fed the low-protein dietary groups. 

IHov^^e^ vWbm l&e pro^nQannm^orf i#e acdv^cd by IJPS 

treatment, neutrophils in lung increased (not statistically significant) in the low-

protein groups compared with the NP and MP groups. The percentage of neutrophils 

in lung in the LPS-treated animals given the low-protein dietary groups was 

significantly higher than the corresponding and pair-fed controls. At the 

same time the ability of lung to increase GSH concentration in LPS-treated animals 

was impaired by the low-protein diets, and in the VLP group failed to rise in liver. In 

the VLP group, GSH concentration in lung, spleen, and thymus of LPS-treated 

animals was lower than the corresponding pair-fed controls. GSH is a key 

component of antioxidant defence and an important suppresser of NF-xB activation 

during inflammation, thereby restraining the production of cytokines, including IL-8 

(the neutrophil chemoattractent agent). A failure to increase GSH during 

inflammation could thus explain the increase in the percentage of neutrophils in lung 

of LPS-treated animals in the low-protein groups. Pena et al (1999), in an in vivo 

study, have shown inverse relationship between GSH concentration and monocyte 

production of IL-8, IL-1, and TNF in whole blood of cirrhotic patients. 

The products of the inflammatory response (GSH, albumin, a-1 acid 

glycoprotein, and liver protein) measured in the present study were not affected to a 

same degree, when the inflammatory stress of LPS was applied, by dietary protein 

deficiency. While feeding a protein deficient diet affected hepatic glutathione to a 

greater extent than other products of inflammation, albumin was affected to a much 

less extent (Table 4.22). 
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Table 4.22 A league table of the effects of a protein deficient diet on the products of 

the inflammatory response 

1 Hepatic glutathione 

2 Liver protein 

3 oc-l acid glycoprotein 

4 Albumin 

The results of the partitioning of sulphur amino acids between their major 

products (the ratios of GSH to protein in liver, hepatic GSH to SO4, SO4 to urea-N, 

aiid :S()4 to stwow that dietaunf pKnotein iiitaka: escertexi a sdixmi? infliwsn&e cm 

thus fdbcrve ratios:, iii tbw: aJbsenice o;f aii inflammatory resqpcHise aiid inestricteci ix)0(i 

iuitaios. IJPfS lieiitment aiid ]restrictinjg ixDocl intaJce lb): i)air fxzecUiig (did n()t turvi: zi 

pronounced efkct on the ratios, except on the ratio of GSH to protein in liver. 

To conclude, the reduction in dietary protein content, using casein as a source 

of protein, resulted in increasing degree of deficiency of various amino acids, in 

which sulphur amino acids were the most limiting for growth in three of the diets of 

low-protein content. The inability of the low protein intakes to support growth and 

glutathione synthesis may have an adversely synergistic effect. This effect is 

illustrated by the changes that occurred in growth efficiency, tissue GSH and hepatic 

GSH peroxidase in the presence and absence of an inflammatory response. In the 

absence of inflammatory agent the need of the animal to oxidise unwanted nutrients 

(due to the unbalanced nature of the very low-protein diet) may have imposed an 

inflammatory stress. In the presence of inflammatory stress, lack of substrate for 

glutathione synthesis impaired the ability of the animals to maintain antioxidant 

defences and control the inflammatory process as adequately as in animals fed the 

diet of highest protein content. 
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CHAPTER FIVE 

5. The effect of graded levels of dietary casein 

supplemented with methionine to equalise dietary sulphur 

amino acid content on growth and inflammatory 

responsiveness in rats 

5.1 Introduction 

Although graded casein intakes in the previous study resulted in increasing 

degrees of deficiencies in a number of amino acids (sulphur amino acids, 

tryptophan...etc.), sulphur amino acids were the most limiting for growth in diets of 

low protein content (see Table 4.2, chapter 4). Associated with the inadequate 

sulphur amino acid intake, hepatic glutathione concentration in unstressed animals 

fed ad libitum and in animals given an inflammatory challenge was decreased. The 

synthesis of glutathione in liver appeared to have been affected to a greater degree 

than that of protein. 

As the precise amino acid requirements for the acute inflammatory response 

are unknown, the design of the present study was to correct the deficiency of sulphur 

amino acids for growth and re-examines the effect of deficiencies in the remaining 

essential amino acids on the acute inflammatory response. The results from the 

present study would therefore indicate the relative importance of sulphur amino 

acids and other deficient amino acids in growth and inflammatory responsiveness. 

For this purpose, the effect of sulphur amino acid sufficiency, in the presence 

of deficiency in other essential amino acids, on growth, organ weights, hepatic and 

lung protein, urinary end products of amino acid metabolism, and glutathione 

concentrations in liver, lung, spleen and thymus in endotoxin-treated 

animals, and in animals pair-fed the amount of food eaten by the animals receiving 

the endotoxin were examined. The partitioning of sulphur amino acids into their 

main end products was also examined indirectly (e.g. as in the previous study) by 
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eauainiiiinyg thus radi()s ()f th(;se ]pr()cbic1%; (minajif iiwoiTgsunic suifihiibe auicl iidbnogrenoiis 

excretion products, and protein and hepatic glutathione). Finally, the number of 

neutrophils present in lung was counted. 

I^rei/ious i:x:]pexTmeirks ciirrieci (Did; in our liibwaiatoiTf, sliownecl tbie zibility ctf 

animals fed low-protein diets supplemented with either methionine or cysteine to 

enhzmcie jglirbitbicyne; ciDiiceiitraticHi ici livtar guici iMig; iii Tfcwiiyg jgrcmfiag; radh; {rrvtsn 

(%iclot(xxiii (̂ Hunter 6k (jiircJble, Tlie (inicniiit odF irHstbicwoiiie arid c)fsteruie 

supplemented in Hunter's study was more than three time the amount recommended 

to support growth in growing rats recommended by the National Research Council 

(1()7I8) zuoui try IStCHzklzuid ef fzA (1<)7:3) to isufxport gpnoTRlii f()r yoimg; rats, zuici rruiy 

have been marginally toxic (Harper ef a/. 1970). 

In the present experiment, a physiological amount of the sulphur amino acid, 

L-methionine, was added to all low-protein diets to be equivalent to the amount of 

sulphur amino acids present in a usually customary diet (180 g protein + 3 g L-

methionine/kg diet). L-methionine but not L-cysteine was chosen for two reasons: 

1) Methionine is considered to be essential for growth while cysteine is semi-

essential in nature. 

2) To minimise the auto-oxidation of cysteine to cystine in the plasma (Estrela er aZ. 

1983). 

5.2 Sulphur amino acid content of the various diets 

All diets were prepared by mixing dry ingredients in a mixer, this was 

followed by addition of maize oil. To these diets, water was added to make the diets 

into small biscuits that were dried in oven at 80°C for up to 48-72 hours. 

In order to achieve the aim of this study and highlight the importance of 

sulphur amino acid sufficiency, rats were divided into three different groups all of 

which received diet containing 65 mmol sulphur amino acids/kg diet as follows: 

1) The first group received 180 g protein supplemented with 3 g L-methionine/kg 

diet. This diet was used as it is a customary diet for young growing rats. This diet 
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contains 65 mmol sulphur amino acids/kg diet, and this group is called the normal 

protein + L-methionine (NP+M) group. 

2) Tlw; axxHwi group recerw:d 80 g prnkin suppleawaded Avkh 6.70 g L-

methionine/kg diet. This diet contains 65 mmol sulphur amino acids/kg diet, and this 

group is called the low-protein diet + L-methionine (LP+M) group. 

3) The third group received 60 g protein supplemented with 7.45 g L-methionine/kg 

diet. This diet contains 65 mmol sulphur amino acids/kg diet, and this group is called 

the very low-protein diet + L-methionine (VLP+M) group. 

- The amount of sulphur amino acids present in the low-protein diets supplemented 

with methionine (the LP+M and VLP+M diets) used in this study was equivalent to 

the amount of sulphur amino acids present in the NP+M group. Thus, any influence 

of sulphur amino acid adequacy in the presence of varying quantities of other amino 

acids would be apparent by comparison with results from the previous study (see 

Table 5.1 for diets composition). 

Table 5.1 Diets composition (g/kg) 

Component 180 g protein/kg 80 g protein /kg 60 g protein/kg 

Casein 204 91 68 

L-methionine 3 6.70 7.45 

Cellulose 100 100 100 

Sucrose 319 374 385 

Maize starch 319 374 385 

Maize oil 30 30 30 

Vitamins mix 5 5 5 

Minerals mix 20 20 20 

53 Experimental protocol 

Male weanling wistar rats from Southampton University Medical School 

Colony weighing 50-70 g were housed individually in plastic metabolic cages and 
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were maintamed at 22 ± r C with a 12-12 hour light-dark cycle ( Lights on at 7:30 

AM). 

Rats were divided into three different dietary groups (n=12 for the NP+M 

group, and n=18 for the LP+M and the VLP+M groups) and fed the semi-

synthetic diets for 7 days. On day 8, animals from each group were subdivided into 

three treatment groups, and fed, iiyected and biopsied as described in chapter 4, 

section 4.3 (see Figure 5-1). 

Figure 5-1 Schematic representation of the experimental protocol 

(Various dietary groups) 

Fed W for 7 days 

On day 8 
lOO^g LPS/kg body weight (i.p.) 
{Ad libitum further 24 hours) 

On day 9 SacriSced 

On day 10 Sacrificed 
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Pair-fed 

SacriGced 
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5.4 Results 

5.4.1 Growth, food intake, sulphur amino acid intake, and organ weights 

Average daily weight gaui, food intake, sulphur amino acid intake, and food, 

energy and protein efGciency before starting treatments 

TTieitfTRWis a pMrogpnessi\%::rediictio]i ui the irvtanagre vveiĝ bt gadiiiis dierbary 

protein content was decreased (Table 5.2). The average daily weight gain of rats fed 

the LP+M and the VLP+M diets was higher than animals fed the LP and the VLP 

diets, but without methionine supplementation in the previous study (Table 4.3, 

Chapter 4). This effect indicates the beneficial effect of introducing methionine in 

adequate amount on the growth process even though the diet is deGcient in protein. 

However, methionine alone was not enough, even if supplemented in adequate 

amount to the low-protein diets, to allow rats to reach the average daily weight gain 

of animals fed the 180 g protein/kg diet supplemented with methionine (as in the 

present study) or without methionine (as in the previous study). This clearly 

indicates that there are other limiting amino acids present in the LP+M and VLP+M 

groups. There was no significant difference in the average daily weight gain between 

the NP+M group in the present study and the NP group without methionine 

supplementation in the previous study. It could therefore be concluded that the NP 

diet was not limiting for growth, even though it is customary to supplement such a 

diet with sulphur amino acids. 

The average daily food intake and (sulphur amino acid intake) was similar 

between the groups before starting treatments. However, the food efficiency was 

decreased as protein content in the diet was decreased (Table 5.2). The food 

efficiency (g weight gain/g of food eaten) of rats fed the LP+M and the VLP+M 

diets was 0.37 and 0.27 respectively, while in the LP and the VLP groups, without 

methionine supplementation in the previous study, it was 0.31 and 0.19 respectively. 

This increase in food efficiency was statistically significant. In the NP+M group, the 
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food efBciency was 0.44, while in the NP group, in the previous experiment, the 

food eiKciency was 0.49. This decrease in food efBciency was statistically 

significant. 

The values for energy efBciency of various groups showed that this efSciency 

reduced significantly as dietary protein content in the diet was decreased (Table 5.2). 

The average daily weight gain for each kJ energy supplied by the diet in the LP+M 

and VLP+M groups was 20.6 mg and 15 mg of weight gain/kJ eaten respectively, 

while in the LP and VLP groups, without methionine supplementation in previous 

study, it was 17 mg and 10.5 mg of weight gain/kJ eaten respectively. This indicates 

that the addition of methionine to the low-protein diets enhances the energy 

efSciency. However, in the NP+M group, the energy efGciency was 24.5 mg of 

weight gain/kJ eaten, while it was 27.3 mg of weight gain/kJ eaten in the NP group 

without methionine supplementation in the previous study. This decrease in energy 

efGciency was statistically significant. 

The efficiency with which dietary protein was used for growth was higher in 

animals fed the LP+M and the VLP+M diets than in animals fed the NP+M group 

(Table 5.2). The protein efficiency (g weight gain/g protein eaten) of rats fed the 

LP+M and the VLP+M diets was 4.6 and 4.5 respectively, while in the LP and the 

VLP groups, without methionine supplementation in previous study, it was 3.8 and 

3.1 respectively. This increase in protein efficiency was statistically significant. This 

indicates that addition of methionine to the low-protein diets enhances the utilisation 

of protein for building tissues, particularly when the diet was severely deficient in 

protein. However, in the NP+M group, the protein efficiency was 2.5, while in the 

NP group without methionine supplementation in the previous experiment, the 

protein efficiency was 2.7. This decreased in the protein efficiency was statistically 

significant. The slight decrease in the food, energy and protein efficiencies which 

occurred in the NP+M group in the present study compared with the NP group 

without methionine in the previous study, was due to the increase in food (protein) 

intake, the average daily weight gain was similar between the two groups. 
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Table 5.2 Average daily weight gain, food intake, and food, protein and energy 

efRciency of rats fed diets of graded casein content supplemented with methionine to 

equalise dietary sulphur amino icid content, before starting treatments 

Dietary groups 
g protein/kg diet 180+M 

LPfM 
8(>fM 

VLP+M 
60+M 

one-way ANOVA 
p-value F ratio 

weight gain (g) 6.2 ± 0.29' 4.9 ± 0.14*' 3.6 ± 0.15̂  p=0.000 P=45.9 

Food intake (g) 14.0 ±0 .36 ' 13.4 ±0 .32 ' 13.4 ± 0 . 2 8 ' p=0.382 F=0.98 

Sulphur amino acids 
intake (^mol) 

910 ± 23 = 871 ± 2 1 ' 872 ± 1 8 ' p=0.382 P=0.98 

Weight gain/ Food 
intake (g/g) 

0.44 i 0.01' 0.37 ± 0.01'' 0.27 ± 0 .01' p=0.000 F=66.7 

weight gain/energy 
intake (mg/kJ) 

24.5^0.75' 20.6 ± 0.49"" 15.0 ± 0.50' p=0.000 P=66.7 

Weight gain/ 
protein intake (2/2) 

2.5 ± O.Of 4.6 ± 0.11'' 4.5 ± 0.16'' p =0.000 f W 8 

* Results are presented as mean ± standard error of the mean, n=12 for the NP+M 
group, and n=18 for the LP+M and the VLP+M groups. Means within each row 
having diGerent letter superscripts following the number differ significantly. 

The efkct of LPS on food intake and sulphur amino acid intake 

The food intake of animals fed was similar between the groups. 

After LPS treatment, a reduction in food (and sulphur amino acid intake) occurred in 

all the groups compared with animals fed ad libitum. This reduction achieved 

statistical significant in rats fed the LP+M and the VLP+M diets (Table 5.3). 
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Table 5.3 The effect of LPS on food intake and sulpfiur amino acid intake 

(S.A.A.I.) of rats fed diets of graded casein content supplemented with methionine to 

equalise dietary sulphur amino acid content 

Dietary groups NP+M LP+M VLP+M two-way ANOVA 
g protein/kg diet 180+M 80+M 60+M p-value F ratjo 

Food intake 
15.7 ±1.48' 13.9^1.44" 15.9 ± 1 . 0 6 ' D=0.021 P=4.27 

pair-fed 12.0^1.05= 7.7^1.29"* 7.9 ±1.29''* T=0.000 F=16.37 
LPS 12.4^1.40' 8.1 ±1.75'* 8.4 ± 1 . 3 5 ' * 1=0.585 F=0.72 

S.A.A.I. 
<«/&&&«« 1020 ± 9 6 ' 908 ± 9 4 ' 1035 ± 6 9 ' D=0.021 F=4.27 
pair-fed 784 ±68 .3 ' 504±84''* 514±84''* T=0.000 P=16.37 

LfS^ 807 ± 9 1 ' 528 ±114^* 545 ± % ' * 1=0:585 F=0^2 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group for animals fed the NP+M diet, and n=6 per treatment group for animals fed 
the LP+M and the VLP+M diets. D< refer to p-value for diet, T< refer to p-value for 
treatment, I< refer to p-value due to interaction between diet and treatment. Means 
within each row having different letter superscripts following the number differ 
significantly. * indicates a significant difference between group and pair-
fed or LPS-treated groups. 4 indicates a significant difference between pair-fed and 
LPS-treated groups. 

Final body weight 

The results of the final body weight of animals showed that in all dietary 

groups there was a reduction in the final body weight as dietary protein content was 

decreased (Table 5.4). This reduction in body weight was statistically significant 

when comparing the LP+M and the VLP+M groups with the NP+M groups in the 

animals fed ad libitum and in pair-fed controls. 

In the LP+M and the VLP+M groups, the final body weight of the LPS-

treated animals was significantly lower than the corresponding animals fed ad 
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Table 5.4 Final body weight of rats fed diets of graded casein content supplemented 

with methionine to equalise dietary sulphur amino acid content 

Dietary groups NP+M LP+M VLP+M two-way ANOVA 
g protein/kg diet 180+M 80+M 60+M p-value F ratio 

Final body weight (g) 
wfKAaMm 115.0^4.7" 100.0^=3.6'' 91.8 ±3.1'' D=0.0001^29.32 
pair-fed 104.4^3.6' 90.1 ±3.0'' 83.3 ±2.2'' T=0.000P=12.29 

102.6^8.0" 84.2^ 2.7'* 76.4 ± 2 . 1 ' * 1=0.970 PM).13 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group for animals fed the NP+M diet, and n=6 per treatment group for animals fed 
the LP+M and the VLP+M diets. D< refer to p-value for diet, T< refer to p-value for 
treatment, I< refer to p-value due to interaction between diet and treatment. Means 
within each row having different letter superscripts following the number differ 
significantly. * indicates a significant difference between ad libitum group and pair-
fed or LPS-treated groups. 4 indicates a significant difference between pair-fed and 
LPS-treated groups. 

Organ weights 

a) Total liver weight 

The results for the total liver weight can be seen in Table 5.5. Due to diet, no 

significant differences in the total liver weights were found between the groups. 

Due to treatments, in all the groups, the total liver weight of the pair-fed 

controls was significantly lower than in the ad libitum-fed animals. The total liver 

weight of animals fed the VLP+M diet and given LPS was significantly higher than 

the corresponding pair-fed controls, and lower than the corresponding animals fed 

b) Relative liver weight 

Table 5.5 shows that in animals fed ad libitum, there was an increase in the 

relative liver weight (g/kg body weight) when dietary protein content was decreased 

to 60 g/kg diet. The increase was statistically significant when comparing the 

VLP+M group with the NP+M group. The mean values for the relative liver weight 

in the animals fed ad libitum was higher than in the pair-fed controls in all dietary 

groups, but the difference was statistically significant in the NP+M and VLP+M 
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groups only. In the pair-fed animals, the mean values was higher in the LP+M and 

VLP+M groups compared with the NP+M group, but this diSerence was not 

statistically signiGcant. In the LPS-treated animals, the relative liver weight was 

signiGcantly higher in the VLP+M groups compared v/ith the NP+M group. 

Due to treatments, in all dietary groups, the LPS-treated animals had a higher 

relative liver weight compared with the corresponding pair-fed controls. 

c) Total lung weight 

In animals fed ad libitum, pair-fed controls and LPS-treated animals, the total 

lung weight was significantly lower in the VLP+M group compared to the NP+M 

group. 

No significant diSerence in the total lung weight was found between the 

groups due to treatments (Table 5.5). 

d) Relative lung weight 

Neither diet nor treatments caused a significant alteration in the relative lung 

weight (g/kg body weight) (Table 5.5). 
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Table 5.5 Organ weights of rats fed diets of graded casein content supplemented with 

methionine to equalise dietary sulphur amino acid content, after starting treatments 

Dietary groups NP+-M LPfM VLRfM two-way ANOVA 
g protein/kg diet 180+M 80+M 60+M p-value F ratio 
Liver weight (g) 

ad libitum 6.12 ±0 .56 ' 5.72 ±0 .40 ' 5.94 ± 0 . 4 4 ' D=0.383 F=0.98 
pair-fed 4.25^=0.16= * 4.13 ±0 .33 ' * 3.93 ± 0.23' * T=0.000 f^20.06 

LPS 5.33^=0.40" 4.87 ±0 .31 ' 4.62 ± 0 . 1 4 ' ** 1=0.914 P=0.24 
Relative liver 
weight (g/kg 
body weight) 

ad libitum 53 .0^2 .8 ' 55.0 ±4.1''" 64.3 ±2.8'' D=0.003 P=6.97 
pair-fed 40.9 ±2 .4 '* 45.6 ± 2 . 7 ' 47.1 ±2.5"* T=0.000 P=20.24 

LPS 52.0 =1= 0.6 57.7 ±2.6 ""A 60.5 ± 1.4 1=0.608 fMI.68 
Lung weight 

(mg) 
857±85' ' ' ad libitum 867 ± 1 8 = 857±85' ' ' 742 ± 32'' D=0.003 P=6.96 

pair-fed 830 ± 2 9 ' 787 ±43' ' ' 733 ± 20"' T=0.126 P=2.18 
LPS 828 ± 2 1 ' 753 ± 2 6 ' 669 ± 13 1=0.889 P=0.28 

Relative lung 
weight (g/kg 
body weight) 

ad libitum 7.56 ±0 .21 ' 8.57 ±0 .85' 8.09 ± 0 . 2 4 ' D=0.061 F=3.00 
pair-fed 7.97 ± 0 . 3 5 ' 8.71 ±0 .24 ' 8.83 ± 0 . 2 8 ' T=0.237 P=l.49 

LPS 8.18 ± 0 . 4 6 ' 8.95 ±0 .20 ' 8.78 ± 0 . 2 2 ' 1=0.960 IN).15 
Spleen weight 

(mg) 
ad libitum 565± 21' 413 ±23'' 308 ±16^ D=0.000 P=63.06 
pair-fed 563 ± 5 4 ' 368±29'' 269 ± 1 5 ' T=0.347 F=1.09 

LPS 497 ± 3 9 ' 393 ± 1 6 ' 322±16 ' ' 1=0.254 P=1.39 
Relative spleen 

weight (g/kg 
body weight) 

ad libitum 4.95 ±0 .30 ' 4.12 ±0 .16 ' 3.35 ±0 .10" D=0.000 F=40.36 
pair-fed 5.36 ±0 .34 ' 4.06 ±0.23'' 3.23 ± 0 . 1 3 ' 1=0.053 P=3.16 

LPS 4.85 ± 0 . 1 4 ' 4.68 ±0 .19 ' 4.05 ±0 .17"** 1=0.038 F=2.83 
Thymus weight 

(mg) 
ad libitum 749 ± 65 ' 578 ±38' ' ' 533 ± 13 D=0.000 F=14.89 
pair-fed 645 ± 7 7 ' 512 ± 3 9 ' 456 ± 5 3 " T=0.009 P=5.26 

LPS 615 ± 5 9 ' 478 ± 2 0 ' 439 ± 20 '* 1=0.989 F=0.08 
Relative thymus 

weight (g/kg 
body weight) 

ad libitum 6.49 ± 0.38' 5.76 ±0 .24 ' 5.84 ±0.24" D=0.259 F=1.40 
pair-fed 6.14 ± 0 . 5 9 ' 6.65 ± 0.30" 5.46 ±0.64" T=0.681 P=0.39 

LPS 5.98 ± 0 . 1 6 ' 5.70 ±0.27" 5.80 ± 0 .41' 1=0.959 F=0.16 

-Results are presented as mean ± standard error of the mean, n=4 per treatment group for 
animals fed the NP+M diet, and n=6 per treatment group for animals fed the LP+M and the 
VLP+M diets. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means within each row having different 
letter superscripts following the number differ significantly. * indicates a significant 
difference between ad libitum group and pair-fed or LPS-treated groups. * indicates a 
significant difference between pair-fed and LPS-treated groups. 
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e) Total spleen weight 

In animals fed and in pair-fed controls, the total spleen weight 

signiScantly reduced as dietary protein content was decreased. In the LPS-treated 

animals, there was a reduction in the total spleen weight as dietary protein content 

was decreased. This was statistically significant diBerence between the NP+M group 

and the VLP+M group. 

No signiScant difkrence in the total spleen weight was found between the 

groups due to treatments (Table 5.5). 

f) Relative spleen weight 

From Table 5.5 it can be seen that in the fed and in LPS-treated 

animals, the VLP+M group had significantly lower relative spleen weight (g/kg body 

weight) compared with the NP+M group. In the pair-fed animals, the relative spleen 

weight decreased significantly as dietary content was decreased. 

Due to the interaction between diet and treatments, the LPS-treated animals 

fed the VLP+M diet had a higher relative spleen weight compared with the 

corresponding and pair-fed controls. 

Addition of methionine to the 80 g protein and 60 g protein/kg diet had no 

effect upon relative spleen weight, unlike its influence on the relative liver weight. 

g) Total thymus weight 

In animals fed LPS-treated rats and pair-fed controls, there was a 

trend for a reduction in the total thymus weight as dietary protein content was 

decreased. This was statistically significant in the ad libitum-f&d animals when 

comparing the NP+M group with the VLP+M group (Table 5.5). 

h) Relative thymus weight 

Neither diet nor treatments caused an alteration in the relative thymus weight 

(g/kg body weight) between the groups (Table 5.5). 
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Addition of methionine to the diets had no eGect on the relative thymus 

weight compared with animals fed the same diets but without methionine 

supplementation in the previous chapter. 

5.4.2 Glutathione concentration, and glutathione peroxidase and reductase 
activities 

Glutathione concentration 

a) Liver glutathione concentration 

Hepatic glutathione (GSH) concentration was influenced by dietary protein 

content supplemented with methionine, LPS treatment and food intake (Table 5.6). 

In animals fed ad libitum, hepatic GSH concentration of the VLP+M group 

was significantly higher than the NP+M and LP+M groups despite a similar sulphur 

amino acid intake. Pair feeding reduced hepatic GSH content but, as in the ad 

libitum-ftd animals, hepatic GSH concentration of the VLP+M group was 

significantly higher than in the NP+M and LP+M groups. After LPS treatment, no 

difference in GSH concentration was found between the groups. 

Comparing the LPS-treated animals with the pair-fed controls, Table 5.6 

shows that in all dietary groups, hepatic GSH concentration was increased 

dramatically in the LPS-treated animals compared with the corresponding pair-fed 

controls. 

Addition of methionine to the NP diet slightly increased GSH concentrations 

in the ad libitum and LPS-treated animals, but this increase was not statistically 

significant. Addition of methionine to the low-protein diets increased GSH 

concentrations in all treatment groups compared with animals fed the same diets but 

without methionine supplementation in the previous chapter (Table 4.7, chapter 4). 

However, this increase in hepatic GSH concentration, after addition of methionine to 

the low-protein diets, was greater in the ad libitum and in LPS-treated animals than 

in the pair-fed controls. 
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b) Lung glutathione concentration 

No difference in lung GSH concentration was found due to the effect of diet. 

However, LPS treatment and food restriction influenced lung GSH concentration 

(Table 5.6). 

Restriction in food intake caused a signiScant reduction in lung GSH 

concentration only in the NP+M group. Table 5.6 shows that in all dietary groups, a 

significant increase in lung GSH concentration was found in the LPS-treated animals 

compared with the pair-fed controls. This contrasted with the effect of LPS on lung 

GSH in animals receiving the LP and VLP diets where no increase and a fall in GSH 

concentration occurred respectively (Table 4.7, chapter 4). In the NP+M and the 

VLP+M groups, lung GSH concentration in the LPS-treated animals was also 

significantly higher than in the /z /̂̂ wm-fed animals. 

c) Spleen glutathione concentration 

Although animals fed the VLP+M diet were able to maintain hepatic and lung 

GSH concentration to the same levels of other dietary groups, they were unable to 

maintain spleen GSH concentration (Table 5.6). 

In the and LPS-treated animals, spleen GSH concentration was 

significantly lower in the VLP+M group compared to the NP+M group. 

Neither LPS treatment, nor restriction in food intake caused a significant 

alteration in spleen GSH concentration, this contrasted to the effect of LPS on 

animals consuming the VLP diet, without methionine supplementation. In these 

animals, GSH fell after LPS treatment (Table 4.7, chapter 4). 

d) Thymus glutathione concentration 

Table 5.6 shows that in animals fed ad libitum, and in LPS-treated animals, 

GSH concentration in thymus was lower in the VLP+M group compared with the 

NP+M group. After pair feeding, no difference in thymus GSH concentration was 

found between the groups. 
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Neither LPS treatment nor restriction in food intake caused a significant 

alteration in thymus GSH concentration. 

Again supplementing the VLP diet with methionine prevented the fall in GSH 

when the LPS stimulus was applied to the rats. 

Table 5.6 Glutathione concentration in liver, lung, spleen and thymus of rats fed diets 

of graded casein content supplemented with methionine to equalise dietary sulphur 

amino acid content, after starting treatments (fimol/g tissue) 

Dietam groups NPfM LPfM VLP+M two-way ANOVA 
g protem/kg diet 180+M 80+M 60+M j)-value F ratio 

Liver 
ad libitum 6.18 d: 0.19" 5.66 ±0.39" 7.86 ± 0.31'' D=0.000 P=15.07 
pair-fed 2.63^0.39'* 3.06 ±0.38"* 4.65 ± O-SS""* T=0.000 F=92.25 

LPS 6.84 ± 0 . 1 5 ' * * 7.45 ± 0.22"** 7.52 ±0.26" * 1=0.034 P=2.89 
Lung 

ad libitum 1.90^0.07' 1.81 ±0.04" 1.78 ±0.10" D=0.506 F=0.69 
pair-fed L57 ± 0.02 ' * 1.70 ±0.06" 1.71 ±0.06" T=0.000 F=23.66 

LPS 2.20 ±0.11" & 2.05 ±0.09" A 1.96 ±0.05" * 1= 0.181 F=1.65 
Spleen 

2.87 ±0.25"'' ad libitum^ 3.26^:0.02' 2.87 ±0.25"'' 2.64 ± 0.15'' D=0.004 F=6.S5 
pair-fed 3.00 ±0.09" 2.99 ±0.11" 2.68 ±0.10" T= 0.190 F=1.73 

LPS 3.31 ± 0.1 r 3.13 ±0.16""" 2.88 ±0.06*" 1=0.795 F=0.42 
Thymus 

1.90 ± 0.13 ad libitum 2.12 ± 0.03 1.90 ± 0.13 1.89 ± 0.08'' D=0.019 P=4.42 
pair-fed 2.03 ±0.05" 2.02 ±0.09" 1.92 ±0.11" T=0.140 E^2.07 

LPS 2.35 ± 0.07" 2.04 ±0.13"'' 1.97 ± 0.03'' 1=0.616 F=0.67 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group for animals fed the NP+M diet, and n=6 per treatment group for animals fed 
the LP+M and the VLP+M diets. D< refer to p-value for diet, T< refer to p-value for 
treatment, I< refer to p-value due to interaction between diet and treatment. Means 
within each row having different letter superscripts following the number differ 
significantly. * indicates a significant difference between ad libitum group and pair-
fed or LPS-treated groups. A indicates a significant difference between pair-fed and 
LPS-treated groups. 

Glutathione peroxidase activity 

a) Glutathione peroxidase activity in liver 

The results of the liver glutathione peroxidase (GPx) activity can be seen in 

Table 5.7. Due to diet, hepatic GPx activity in the VLP+M group was significantly 

higher than in the NP+M group, in both animals fed ad libitum and after LPS 
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treatment, as in the previous study. However, addition of methionine to the NP, LP 

and VLP diets in the and in LPS-treated animals, resulted in a fall in liver 

GPx activity compared with the previous experiment (Table 4.8, chapter 4). In the 

pair-fed animals, no difference in GPx activity was found between the groups. 

Due to treatments, in the VLP+M group, GPx activity of the LPS treated and 

ac/ /z6zfM/M-fed animals was signi6cantly higher than the corresponding pair-fed 

controls, as in the previous study. 

b) Glutathione peroxidase activity in lung, spleen, and thymus 

No difference in GPx activity was found in the above organs due to the effect 

of diet, LPS treatment, or restriction in food intake (Table 5.7). The lack of eSect 

also occurred in the previous study (Table 4.8, chapter 4). 

Table 5.7 Glutathione peroxidase activity in liver, lung, spleen, and thymus of rats fed 

diets of graded casein content supplemented with methionine to equalise dietary 

sulphur amino acid content, after starting treatments (units/g protein) 

Dietary groups NPfM LP+M VLPfM two-way ANOVA 
g protein/kg diet 180+M 80+M 60+M p-value F ratio 

liver 
ad libitum 28.8 ± 1 . 5 ' 33.4 ± 2.2 ='" 39.7 ±2.5"" D=€.0O9 P=5.61 
pair-fed 28.7^:1.8 = 29.7 ±2.2 = 27.0 ±2.8=* T=0.006 P=6.27 

LPS 30.5^1.0' 32.1 ±2.0=^ 38.9 ±2.5"A 1=0.050 P=2.74 
Lung 

ad libitum 60.1 ±1.8" 60.7 ±1.7 = 64.1 ±2.2 = D=0.160 P=1.96 
pair-fed 61.4 ±2.3 = 58.7 ±1.7 = 60.2 ±1.1 = T=0.460 P=0.80 

LPS 58.2 ±1.6 = 59.7 ±0.4 = 62.3 ±1.7 = 1=0.511 P=0.84 
Spleen 

ad libitum 63.9 ±1.5 = 65.8 ±1.1 = 66.9 ±0.8 = D=0.089 P=2.65 
pair-fed 67.3 ±2.0" 60.6 ±1.4 = 62.1 ±1.3 = T=0.201 P=1.70 

LPS 64.8 ± 2 2 " 61.4 ±0.7 = 65.2 ±1.5 = 1=0.052 1^=2.70 
Thymus 

ad libitum 60.1 ±1.2 = 61.4 ±3 .3 = 64.4 ±2.0 = D=0.375 F=1.02 
pair-fed 62.3 ±2.2" 63.5 ±4.3" 63.2 ±2.2 = T=0.847 P=0.17 

LPS 61.3 ±1.4 = 61 1 ±0 .9 = 64.0 ±1.5 = 1=0.934 FM).20 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group. D< re&r to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means within each row having 
different letter superscripts following the number differ significantly. * indicates a 
significant difference between ad libitum group and pair-fed or LPS-treated groups. 
* indicates a significant difference between pair-fed and LPS-treated groups. 
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Glutathione reductase activity 

a) Glutathione reductase activity in liver 

Glutathione reductase (GR) activity in liver was influenced by dietary protein 

intake supplemented with methionine in animals fed ad libitum and in LPS-treated 

animals, but not in pair-fed controls (Table 5.8). 

In the acf fed and in LPS-treated animals, GR. activity in liver was 

signiScantly higher in the VLP+M group compared with the NP+M and LP+M 

groups. In the pair-fed controls, no significant difference in GR activity was found 

between the groups. 

In the VLP+M group, there was a trend for an increase in GR activity in the 

LPS-treated rats and in the //6/mfM-fed animals compared to the corresponding 

pair-fed controls, but this difference was not statistically signiGcant. 

Addition of methionine to the diets had no effect on the activity of GR 

compared with the previous experiment (Table 4.9, chapter 4). 

Glutathione reductase activity in lung, spleen, and thymus 

As in the previous experiment. Neither the reduction in protein content in the 

diet nor treatments caused an alteration in the GR activity (Table 5.8). 
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Table 5.8 Glutathione reductase activity in liver, lung, spleen and thymus of rats fed 

diets of graded casein content supplemented with methionine to equalise dietary 

sulphur amino acid content, after starting treatments (units/mg protein) 

Dietary groups NP4-M LfH^M VLRfM two-way ANOVA 
g protein/kg diet 180+M 80+M 60+M p-value F ratio 

Liver 
ad libitum 20.2 ± 1 . 4 ' 19.6 ±2.4 ' 29.1 ±1.6*' D=0.000 F=12.06 
pair-fed 17.4 ± 3 . 4 ' 18.7 ±2.1" 18.2 ± 3 . 3 ' T=0.331 F=1.15 

LPS 16.5 ± O.S' 18.1 4:1.0" 28.8 ±1.4'' 1=0.330 P^1.21 
Lung 

ad libitum 22.6 ± 0.9" 18.6 ±1.1" 22.1 ± 1.3" D=0.569 F=0.58 
pair-fed 21.4 ± 0.9 = 21.6 ±1.3" 19.3 ± 1.0" T=0.511 fM).69 

LPS 19.2 ± 1 . 5 ' 20.1 ±1.0" 20.9 ±0 .8" 1=0.053 F=2.67 
Spleen 

ad libitum 17.0 ± 2 . 2 ' 17.5 ±0.9" 17.0 ±1 .2" D=0.069 P=2.97 
pair-fed 16.9 ±0.9" 16.7 ± 0 . 4 ' 17.2 ±1 .0" T=0.875 FN). 13 

LPS 13.5 ±0.9" 19.7 ±1.2" 19.2 ± 1 . 5 ' 1=0.065 F=2.52 
Thymus 

ad libitum 17.1 ± 1 . 1 ' 18.7 ± 2 . 1 ' 23.4 ±1 .3" D=0.058 F=3.16 
pair-fed 19.2 ±0.8" 18.3 ±1.7" 19.9 ±1 .7" T=0.461 F=0.80 

LPS 20.9 ± 2 . 0 ' 19.5 ±1.2" 21.6 ±1 .0" 1=0.352 F=1.15 

suns pHneseiited as iiieaii JL staiidsuni exnnor cxf thus inusar^ :n=4 jper ibnsatmait 
group. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-

vaiiie (bietc) ]uitei%ictioiilbei1h%Aseii diet zuicllkx^atmait. ]\/k:aiis within eswchixyw turvibig 
different letter superscripts following the number d i f fer significantly. * indicates a 

significant difference between ad libitum group and pair - fed or LPS-treated groups. 

4 indicates a significant difference between pair-fed and LPS-treated groups. 

5.4 .3 P r o t e i n in l iver and lung 

a) Liver protein concentration 

Hepatic protein concentration was reduced when the protein concentration in 

the diet was decreased to 80 and 60 g/kg diet in animals fed (Table 5.9). 

In the pair-fed animals, no difference was found be tween the groups. In the LPS-

treated animals, the concentration was significantly higher in the N P + M group 

compared with animals fed the low-protein diets. 

Due to treatments, in the N P + M group, protein concentration was 

significantly higher in the LPS treated and pair-fed animals compared with the 

corresponding animals fed In the VLP+M group, protein concentration 

was higher in the pair-fed animals compared with the corresponding LPS-treated rats 

and /z^/fwrn-fed animals. 
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b) Total liver protein 

The total liver protein content was influenced b y dietary protein intake, food 

intake and LPS treatment (Table 5.9). In general, the total liver protein, among 

animals of various dietary and treatment groups, varied due to the difference in the 

size of livers (Table 5.5). 

The result of the total liver protein content showed that in animals fed 

there was a trend for a reduction in the total liver protein as dietary protein 

content was decreased, but this reduction was not statistically significant. In the pair-

fed animals, the total liver protein was lower in the V L P + M group compared to the 

NP+M group. In the LPS-treated animals, as in the animals fed there was 

a trend for a reduction in the total liver protein as dietary protein content was 

decreased. This was statistically significant when comparing the NP+M group with 

the VLP+M group. 

Due to treatments, both in the NP+M and in the LP+M groups, there was a 

trend for an increase in the total liver protein after LPS treatment compared with the 

pair-fed controls. This increase was statistically significant in the N P + M group. In 

all dietary groups, the total liver protein in pair-fed animals was lower than in the ad 

fed animals. 

c) Total liver protein/kg body weight 

The results of the liver protein, as a proportion of body weight, showed that 

all dietary groups were able to increase the relative liver protein after LPS treatment 

(Table 5.9). 

N o significant difference between the groups w a s found due to differences in 

diet. In all the groups, the liver protein, as a proportion of body weight, w a s lower in 

the pair-fed animals compared with the animals fed ad libitum. The relative liver 

protein increased significantly in the N P + M group after LPS treatment when 

compared with the corresponding ad libitum and pair-fed animals, and it was 

increased significantly in the LP+M and the V L P + M groups after LPS treatment 

compared with the corresponding pair-fed animals. 
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relative liver protein to be increased in response to LPS, while in the previous study 

(Table 4.10, chapter 4), animals fed the same diets, but without added methionine, 

the relative liver protein did not increase in response to LPS. 

Table 5.9 Protein in liver and lung of rats fed diets of graded casein content 

supplemented with methionine to equalise dietary sulphur amino acid content, after 

starting treatments 

Dietary groups NP+M LP+M VLP+M two-way ANOVA 
g protein/kg diet 80+M 60+M p-value F ratio 

Liver protein (mg/g liver) 
ad libitum 153.5 ±1.2° 140.6 ±2.3'' 126.5 ±5.7" D=0.000 1^11.56 
pair-fed 162.2^2.6"* 149.8 ± 5 . 1 ' 156.8 ± 6.1 '* T=0.000 F=9.76 

LPS 161.8 ±2.5"* 149.3 ±3.7^" 139.9 ±3.8''* 1=0.081 ^=2.25 
Total liver protein 

(mg/total liver) 
ad libitum 897 ± 4 8 ' 802 ± 5 0 ' 744 ± 4 2 ' D=0.000 F^9.90 
pair-fed 696^23"* 611 ±34""* 609 ± 20 T=0.000 F=14.20 

LPS 859 ±54 "A 727±49'' ' 645 ± 20'' 1=0.639 F=0.64 
Relative liver protein (g/kg 

body weight) 
ad libitum 7.79 ±0.12 7.99 ± 0.30 8.09 ± 0.26 D-0.370 P=1.02 
pair-fed 6.69 ± 0.33* 6.77 ± 0.25* 7.31 ± 0.11* TMl.OOO f^26.29 

LPS 8.41 ±0.184* 8.59 ±0 .37* 8.46 ±0 .22* 1=0.715 F=0.53 
Lung protein (mg/g lung) 

ad libitum 73.1 ± 2.8 = 69.3 ± 2 . 5 ' 75.9 ± 2 . 9 ' D=0.060 F=3.03 
pair-fed 73.5 ± 1 . 7 ' 70.0 ± 1 . 6 ' 70.7 ± 2 . 0 ' T=0.185 F=1.76 

LPS 75.1 ± 2 . 4 ' 72.4 ± 1 . 6 4 ' 77.2 ± 2 . 1 ' 1=0.640 PM).64 
Total lung protein 

(mg/total lung) 
ad libitum 63.5 ± 3 . 3 ' 62.9 ± 3 . 4 ' 56.1 ± 2 . 4 ' D=0.002 F=7.45 
pair-fed 61.1 ± 3 . 0 ' 55.0 ±3.1'"' 51.8 ± 1.8'" T=0.069 P=2.86 

LPS 62.2 ± 3.0 ^ 54.7 ± 3.0 51.6 ± 1.3'' 1=0.788 P=0.43 
Relative lung protein (g/kg 

body weight) 
ad libitum 0.55 ±0 .01 ' 0.64 ± 0 . 0 5 ' 0.61 ± 0 . 0 2 ' D=0.089 P=2.58 
pair-fed 0.59 ± 0.03 ' 0.61 ± 0 . 2 0 ' 0.62 ± 0 . 0 3 ' T=0.146 F=2.02 

LPS 0.61 ±0 .02 ' 0.65 ±0 .02 ' 0.68 ± 0 . 0 2 ' 1-0.811 r=0.39 

-Results are presented as mean ± standard error of the mean, n - 4 per treatment 

group for animals fed the N P + M diet, and n=6 per t reatment group for animals fed 

the LP+M and the VLP+M diets. D< refer to p-value fo r diet, T< refer to p-value for 

treatment, I< refer to p-value due to interaction between diet and treatment. Means 

within each row having different letter superscripts fol lowing the number differ 

significantly. * indicates a significant difference between ad libitum group and pair-

fed or LPS-treated groups. * indicates a significant difference between pair-fed and 
LPS-treated groups. 
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d) Lung protein concentration 

Animals were able to maintain lung protein concentration even under severely 

protein deficient conditions. N o significant difference in lung protein concentration 

between the groups was found due to diSerences in diet or treatments (Table 5.9). 

e) Total lung protein 

In /z6z/w/M-fed animals, the mean value was lower in the VLP+M group 

compared with the N P + M and the LP+M groups. This difference was not 

statistically significant. In the LPS treated and in pai r - fed animals, there was a t rend 

for a reduction in the total lung protein as dietary prote in content was decreased. 

This diKerence was statistically significant when comparing the NP+M group with 

the VLP+M group (Table 5.9). 

^ Total lung protein/kg body weight 

The results of the lung protein, as a proportion o f body weight, showed that 

all animals of various dietary and treatment groups w e r e able to maintain the ratio. 

N o significant diSerence between the groups was found due to di8erences in diet or 

treatments (Table 5.9). 

Addition of methionine to the low and very low-protein diets had no effect on 

the relative lung protein compared with animals receiving the same concentration of 

protein, but without methionine supplementation in the previous study. 

5.4.4 Serum concentrations of a - 1 acid glycoprotein and albumin 

a - 1 acid glycoprotein 

In all dietary groups, rats exposed to the inf lammatory stimulus of LPS 

dramatically increased their plasma acute phase protein, a - 1 acid glycoprotein 

(Table 5.10). 

No difference in the serum level of a - 1 acid glycoprotein was found between 

the groups due to diet. 
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In the LPS-treated animals, addition of methionine to the low and very low-

protein diets enhanced the serum level of a - 1 acid glycoprotein over the level f o u n d 

iui laiuiiials feci idbe sauoie chets, iDut \vitlK)i# rnLetbicxoduie supiilernaataticHi in tlie 

previous chapter (Table 4.11, chapter 4). 

Table 5.10 Serum concentrations of a - 1 acid glycoprotein and albumin of rats fed 

diets of graded casein content supplemented with methionine to equalise dietary 

sulphur amino acid content, after starting treatments 

Groups NRfM 
180+M 

LPfM 
80+M 

a-1 acid glycoprotein 
(Mg/ml) 

ad libitum 
pair-fed 

LPS 
Albumin (mg/ml) 

ad libitum 
pair-fed 

LPS 

VLP+M two-way ANOVA 
60+M p value F ratio 

86 ±11' 
90^7' 

835 ±129 ^4* 

8 2 ± 5 = 
9 5 ± 8 ' 

931^=159'** 

82 ± 9 ' 
8 8 ^ 1 2 " 

9 4 6 ± 6 ' 4 * 

29.5 ±0.57'' 
30.8^0.72" 
29.5 ± 0.61" 

D=0.768 IM).27 
T=0.000 F=170.7 
1=0.890 IM).28 

D=0.000 
T=0.004 
1=0.125 

r^23.99 
F^.51 
P=1.93 

34.2 ±0.57" 30.2 ±0.60'' 
33.9 ±0.39" 33.4 ±0.71'* 
33.1 ±0 .71 ' 29.9 ±0.66''* 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group for animals fed the N P + M diet, and n=6 per t reatment group for animals fed 

the LP+M and the VLP+M diets. D < refer to p-value for diet, T< refer to p-value for 
treatment, 1< refer to p-value due to interaction between diet and treatment. Means 
within each row having different letter superscripts fol lowing the number differ 

significantly. * indicates a significant difference be tween ad libitum group and pair-

fed or LPS-treated groups. * indicates a significant diGerence between pair-fed and 
LPS-treated groups. 

Albumin 

Feeding a diet low in protein content decreased serum albumin concentration 

(Table 5.10). In all dietary groups, albumin concentration in the LPS-treated animals 

slightly decreased compared with the pair-fed controls. This was statistically 

significant in animals fed the LP+M diet. 

Addition of methionine to the NP, LP, and VLP groups had no pronounced 

effect on the serum level of albumin (see Table 4.11, chapter 4). 
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5.4.5 Inorganic sulphate excretion, and urinary nitrogenous end products 
of amino acid metabolism: Urea-N and ammonia-N excretion 

Inorganic sulphate excretion, and inorganic sulphate excretion as a percentage 

of sulphur amino acid intake-average of two days before starting treatments 

Inorganic sulphate excretion (SO4) and SO4 excretion, as a percentage of 

sulphur amino acid intake, were increased significantly in the VLP+M group 

compared with the NP+M group (Table 5.11). SO4 excretion, as a percentage of 

sulphur amino acid intake, was reduced by addition of methionine to the low and 

very low-protein diets compared with data from animals receiving the same amount 

of casein but without added methionine, in the previous study (Table 4.12, chapter 

4). 

Table 5.11 Inorganic sulphate excretion, and inorganic sulphate excretion as a 

percentage of sulphur amino acid intake (S.A.A.I.) of rats fed diets of graded casein 

content supplemented with methionine to equalise dietary sulphur amino acid 

content-average of two days before starting treatments (pmol/day) 

Dietary groups NP+M LP+M VLP+M one-way AN OVA 
g protein/kg diet 180+M 80+M 60+M p-value F ratio 
SO4 eicredon 322 ± 13' 352 ± 10"̂  ^ 8 5 i ts '" p=^ .008 F=5.62 
(SOfeicretion/ S.A.A.L) 1100 34^3 ±1" 37.4 ± l'"" 40.0 ±1'" p=0.034P=3.75 

* Results are presented as mean ± standard error of the mean, n=12 per group. 
Means within each row having different letter superscripts following the number 
differ significantly. 

Inorganic sulphate excretion after starting treatments 

The results of SO4 excretion, after starting treatments, can be seen in Table 

5.12. In the animals fed ad libitum, SO4 excretion w a s significantly higher in the 

VLP+M group compared with the N P + M group. In the LPS-treated and pair-fed 

animals, no diSerence in SO4 excretion was found between the groups. 

Due to treatments, SO4 excretion of the LPS treated and pair-fed animals f ed 

the LP+M and V L P + M diets reduced significantly compared with the corresponding 
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animals fed acf /f6zmm-fed. A signiGcant increase in SO4 excretion was fonnd in the 

LPS-treated animals compared with the pair-fed controls given the KP+M group, 

while in other dietary groups no difference was found. 

Table 5.12 Inorganic sulphate excretion of rats fed diets of graded casein content 

supplemented with methionine to equalise dietary sulphur amino acid content, after 

starting treatments (;unol/day) 

Dietary groups NP+M LP+M VLP+M two-way ANOVA 
g protein/kg diet 180+M 80+M 60+M p-value F ratio 

agf&AiAfm 321^17" 345^13"'' 383 ± 1 0 ^ I ^ 0 X ) ^ ' F^3.59 
pair-fed 254 ±70'* 248 ±18'* 271^=10"* 1^0.000 F=37.95 

303 ± 1 0 * ' 248 ±172^ ^="=1211 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means within each row having 
different letter superscripts following the number differ significantly.* indicates a 
significant difference between aaf group and pair-fed or LPS-treated groups. 
* indicates a signi6cant diSerence between pair-fed and LPS-treated groups. 

Ammonia-N and urea-N excretion-average of two days before starting 

treatments 

A significant reduction in ammonia-N excretion w a s found in the LP+M and 

the VLP+M groups compared with the NP+M group (Table 5.13). When the protein 

content in the diet was decreased a significant reduct ion in urea-N excretion 

occurred (Table 5.13). 

When ammonia-N and urea-N excretion in the present study was compared 

with the previous study, in which animals fed diets contained same concentrations of 

protein but without methionine supplementation, it can be seen that the addition of 

methionine increased ammonia-N excretion in all the groups, and decreased urea-N 

excretion in the animals fed the 80 g and 60 g protein/kg diet. 
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Table 5.13 Ammonia-N and urea-N excretion of rats fed diets of graded casein content 

supplemented with methionine to equalise dietary sulphur amino acid content-average 

of two days before starting treatments (p^mol/day) 

Dietary groups NP+M LP+M VLP+M one-way AN OVA 
g protein/kg diet 180+M 80+M 60+M p-value F ratio 
Ammonia-N 851 ± 35" 392 d= 16^ ' 403 ± ig""" 

Urea-N 10187^=371" 852 ± 36" 699 ± 42' p=0.000 P=603.95 

* Results are presented as mean ± standard error of the mean, n=12 per group. If 
significant effects due to diet were found. Means within each row having different 
letter superscripts following the number differ significaiitly. 

Ammonia-N and urea-N excretion after starting treatments 

a) Ammonia-N excretion 

Ammonia-N excretion in the LP+M and the VLP+M groups, whether the 

animals were fed ac/ LPS treated or given low-dietary intake, was 

signiGcantly lower than in the NP+M group (Table 5.14). 

Comparing the animals fed LPS-treated rats and pair-fed controls, 

it can be seen that in the N P + M group there was a significant reduction in ammonia-

N excretion after food restriction, but not after LPS treatment when compared to 

values &om animals fed acf ZzAffwrn. In the VLP+M group, ammonia-N excretion was 

reduced significantly after LPS treatment, but not af ter food restriction when 

compared to values from animals fed 

Equalising the sulphur amino acid content of all dietary groups increased 

ammonia-N excretion compared with the previous experiment (Table 4.15, chapter 

4). This increase in ammonia-N excretion, after methionine supplementation, w a s 

greater in the low-protein dietary groups (the LP+M and V L P + M groups). 

b) Urea-N excretion 

In animals fed ad libitum, pair-fed controls and LPS-treated animals, urea-N 

excretion was significantly reduced as dietary protein content was decreased (Table 

5.14). 
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Comparing the LPS treated rats with pair-fed animals, it can be seen that the 

mean values increased in all dietary groups after LPS treatment compared with 

values for the pair-fed controls. 

A comparison with the data in Table 4.15, chapter 4, shows that equalising 

the sulphur amino acid content in the diets containing graded levels of casein 

resulted in a reduction in urea-N excretion in all treatment groups fed the 80 g 

protein/kg diet and in LPS and ac/ //6/rw/M-fed animals given the 60 g protein diets 

compared with animals fed the same amount of casein but without methionine 

supplementation in the previous experiment. However, it increased urea-N excretion 

in all treatment groups given the NP+M when compared with animals fed the NP 

diet, without methionine supplementation in the previous experiment. 

Table 5.14 Ammonia-N and urea-N excretion of rats fed diets of graded casein content 

supplemented with methionine to equalise dietary sulphur amino acid content, after 

starting treatments (pmol/day) 

Dietary groups NP4-M LP+M VLP+M two-way ANOVA 
g protein/kg diet 180+M 80+M 60+M p-value F ratio 

Ammonia-N 
ad libitum 798 ± 2 0 ' 333±30'' 345 ±20'' D=0.000 F=129.73 
pair-fed 550 ±17'* 245±18'' 262 ±38'' T=0.000 P=12.2 

LPS 705 ± 77" 244 ±36'' 212±25''* 1=0.055 F=2.66 
Urea-N 

ad libitum 10713 ± 634" 830 ± 50*' 644 ±47' D=0.000 F=246.25 
pair-fed 8571± 226' 607 ±42"" 512 ± 34'' T=0.206 F=1.67 

LPS 9668 ±1563' 1030 ± 96"" 690 ±66' 1=0.417 F=1.02 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 

group. D < refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-

value due to interaction between diet and treatment. M e a n s within each row having 

different letter superscripts following the number d i f fe r significantly. * indicates a 

significant difference between ad libitum group and pair - fed or LFS-treated groups. 

4 indicates a significant difference between pair-fed a n d LPS-treated groups. 
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5.4.6 Relationship between parameters measured in the study 

The ratio of glutathione to protein per gram liver after starting treatments 

Dietary protein supplemented with methionine, food intake and LPS 

treatment influenced the ratio of GSH to protein in liver (Table 5.15). 

In the animals fed the ratio of GSH to protein was signifcantly 

higher in rats fed the VLP+M diet compared with other groups fed the NP+M and 

LP+M diets. In all the groups, restricting food intake by pair feeding caused a 

significant reduction in the ratio compared with the ad libitum groups. In the pair-fed 

controls, the ratio was higher in the VLP+M group compared with NP+M group. In 

the LPS-treated animals, there was an increase in the ratio as dietary protein content 

was decreased. Due to treatments, the ratio was signiGcantly hi^er in all the groups 

after LPS treatment compared with the pair-fed animals. 

Equalising the sulphur amino acid content in all dietary groups dramatically 

increased the liver ratio of glutathione to protein in an imals fed the 80 g and 60 g 

protein/kg diet compared with the previous experiment in which animals fed the 

same diets but without methionine supplementation. Th i s increase in the ratio w a s 

greater in the ad libitum and LPS-treated animals. 
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Table 5.15 The ratio of hepatic glutathione to hepatic protein and to inorganic 

sulphate excretion of rats fed diets of graded casein content supplemented with 

methionine to equalise dietary sulphur amino acid content, after starting treatments 

Dietary groups NP+M LPfM VLP+M two-way ANOVA 
g protein/kg diet 180+M 80+M 60+M p-value F ratio 

GSH/ protein 
(nmol/mg) 

40.3^:1.2' 40.3 ±2 .8 ' 63.2 ±5.0*' D=0.000 P=20.27 
pair-fed 16.2 ± 2 . 4 ' * 20.6 ±2.8"''* 30.3 ±4.5' '* T=O.OOOP=6l.82 

LPS 42.3 ± 1.3' * 50.0 ± 1 . 5 4 * 53.9 ± 2^'' A 1=0.053 F=2.57 

GSH/SO4 
(nmol per liver 
/fimol per day) 

1 1 7 ± 4 ' 1 0 3 ^ 7 ' 134^12" D=0.054 F=3.25 
pair-fed 44^6"* 59±15"' 80 ±9""* T=0.000 F= 46.87 

LPS 120 ± 8" * 152 ± 1 1 ' 4 * 128 ± 4 ' * 1=0.045 F=2.81 

-Results are presented as mean ± standard error of the mean. For the ratio of hepatic 
glutathione to hepatic protein, n=4 per treatment group for animals fed the N P + M 
diet, and n=6 per treatment group for animals fed the LP+M and the VLP+M diets. 
For the ratio of hepatic glutathione to inorganic sulphate excretion, n=4 per 
treatment group. D < refer to p-value for diet, T< refer to p-value for treatment, I< 
refer to p-value due to interaction between diet and treatment. Means within each 

row having different letter superscripts following the number differ significantly. * 
indicates a significant difference between ad libitum group and pair-fed or LPS-

treated groups. 4 indicates a signiGcant difference between pair-fed and LPS-treated 
groups. 

The ratio of total hepatic glutathione to inorganic sulphate excretion in urine 

after starting treatments 

There was an increase in the ratio of total hepat ic GSH to SO4 excreted in 

urine in all dietary groups after LPS treatment (Table 5.15) . 

In the ad libitum and in LPS-treated animals, n o significant difference in the 

ratio of total hepatic GSH to SO4 excretion in urine w a s found among the different 

dietary groups. In the pair-fed animals, the ratio w a s significantly higher in the 

VLP+M group compared with the N P + M group. Dietary protein and sulphur amino 

acid content had no effect upon the ratio, however, it w a s reduced by restricting food 

intake. 
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A compaiison with the data in Table 4.16, chapter 4, addition of methionine 

increased the ratio of total hepatic GSH to SO4 excretion in the 80 g and 60 g 

protein/kg diet in rats given LPS or fed When food was restricted, the 

addition of methionine resulted in a reduction in ratio. On the 180 g protein/kg diet, 

the addition of methionine reduced the ratio in all t reatment groups. 

The ratio of ammoma-N and urea-N excretion to N intake-average of two days 

before starting treatments 

The ratio of ammonia-N to N intake was not affected by the reduction in 

dietary protein concentration from 180 g to 80 g protein/kg diet, but was 

significantly higher in the VLP+M group compared with other dietary groups. The 

ratio of urea-N excretion to N intake was markedly afEected by the reduction in 

dietary protein concentration (Table 5.16). The ratio was significantly lower in the 

LP+M and VLP+M groups compared with the N+M group. 

In all dietary groups, addition of methionine increased the ratio of ammonia-

N to N intake by 66%, 190%, and 258% respectively for the NP+M, LP+M and 

VLP+M groups, when compared with the previous study. For the ratio of urea-N to 

N intake, addition of methionine decreased the ratio by 42% and 38% respectively 

for the LP+M and VLP+M groups, and increased the ratio by 2 2 % for the N P + M 

group, when compared with the previous study (Table 4.17, chapter 4). 

Table 5.16 The ratio of ammonia-N and urea-N excretion to N intake of rats fed diets 

of graded casein content supplemented with methionine to equalise dietary sulphur 

amino acid content-average of two days before starting treatments (mg/mg) 

Dietary groups NP+M LP+M VLP+M one-way AN OVA 
g protein/kg diet ^ 0 + M 80+M 60+M p-value F ratio 
Ammonia-N/N 0.028 ±6.001= 0.028^0.002 " 0.037 ±0.002"" p=0.000 F=15.11 

intake 
Urea-N/N 0.339 ±0.015' 0.062 ± 0 . 0 0 3 0 . 0 6 5 ± 0.004*' p=0.000 F=296.1 

intake 

* Results are presented as mean ± standard error o f the mean, n=12 per group. 

Means within each row having different letter superscripts fol lowing the number 

differ significantly. 
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The rado of ammonia-N and urea-N excredon to N intake after starting 

treatments 

a) The ratio of ammonia-N eicredon to N intake 

Due to diet, an increase in the ratio occurred in the VLP+M group compared 

to otbwsr clii:tar)r gpxyuqps. TTtds \vaus stalisticajlTf sigpiificauit iui tlie pwiir-fecl ccxotmks 

vviksn cxDrnjoaiiiLg idhe jgrcxu]] \\TtIi ttie gpnoiq). ]ii ijie I.P!S-treatecl 

animals and in animals fed W the mean values were higher in the VLP+M 

group compared with other dietary groups, but this increase in the ratio was not 

statistically signiScant. 

N o difference in the ratio of ammonia-N excretion to N intake was found 

between the groups due to treatments (Table 5.17). 

Addition of methionine increased the ratio of ammonia-N excretion to N 

intake in all treatment groups compared with the previous experiment (Table 4.18, 

chapter 4). In the previous experiment, the ratio of ammonia-N to N intake reduced 

as dietary protein content was decreased, but to less extent than the ratio of urea-N 

excretion to N intake. In the present study, the ratio of ammonia-N excretion to N 

intake did not fall when the protein content in the diet decreased. In the present 

study as in the previous study, ammonia-N excretion w a s not affected by restricted 

feeding or exposure to the inflammatory influence of LPS. 
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Table 5.17 The ratio of ammonia-N and urea-N excretion to N intake of rats fed diets 

of graded casein content supplemented with methionine to equalise dietary sulphur 

amino acid content, after starting treatments (mg/mg) 

Dietary groups NP+M LP+M VLP+M two-way AN OVA 
g protein/kg diet 180+M 80+M 60+M p-value F ratio 
Ammonia-N/N 

intake 
0.025 ±0.003' 0.026 ± 0.004' 0.028 ^0.001" D=0.004 P=6.66 

pair-fed 0.022^0.002' 0.027^0.002'"' 0.039^=0.004" T=0.341 P=1.12 
LPS 0.028 ±0.001' 0.026 ±0.001' 0.031 ±0.004' 1=0.098 P=2.18 

Urea-N/N 
intake 

0.333 ±0.017' 0.065 ±0.011'" 0.052 ±0.001" D=0.000P^136.04 
pair-fed 0.351 ±0.035= 0.068 ±0.008" 0.081 ±0.015" T= 0.037 P=3.72 

LPS 0.374 ±0.038' 0.122 ± 0.031" 0.106 ±0.023"* 1=0.949 P=0.18 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 

group. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means within each row having 
different letter superscripts following die number differ signiScantly. * indicates a 
significant diSerence between group and pair fed or LPS treated groups. 
* indicates a signiGcant difference between pair-fed and LPS-treated groups. 

b) The ratio of urea-N excretion to N intake 

The ratio of urea-N excretion to N intake was affected by dietary protein 

content supplemented with methionine and the inflammatory influence of exposure 

to LPS. A restriction in food intake had no effect in the ratio (Table 5.17). 

In the LPS treated and pair-fed groups, the ratio of urea-N 

excretion to N intake was significantly lower in the L P + M and VLP+M groups 

compared with the N P + M group. 

Due to treatments, the mean values was higher in all the groups after LPS 

treatment compared with the ad libitum and pair-fed animals, and this increase was 

considerable in rats fed the LP+M and VLP+M diets, reaching statistical 

signijScance (p<0.05) in the VLP+M group. 

Addition of methionine reduced the ratio of urea-N to N intake in the ad 

libitum, LPS treated and pair-fed animals given the 80 g protein/kg diet. In animals 

fed the 60 g protein/kg diet, addition of methionine reduced the ratio in the LPS-

treated rats and in ad libitum-f&d animals (see Table 4.18, chapter 4). 
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The ratio of inorganic sulphate excretion to ammonia-N and urea-N excretion-

average of two days before starting treatments 

a) The ratio of inorganic sulphate excretion to ammonia-N excretion 

The ratio of SO4 to ammonia-N excretion was signiGcantly higher in the 

LP+M and the VLP+M groups compared with the NP+M group. This increase in the 

ratio was mainly due to the significant reduction in NH3-N excretion that was found 

in the LP+M and the VLP+M groups. No diSerence was found in the ratio between 

the LP+M and VLP+M groups (Table 5.18). 

Paradoxically, after addition of methionine, the ratio of SO4 excretion to 

ammonia-N excretion was reduced in animals fed the low-protein diets (80 g and 60 

g protein/kg diet) compared with the previous study, in which animals fed the same 

diets but without methionine supplementation (Table 4.19, chapter 4). 

Table 5.18 The ratio of inorganic sulphate excretion to ammonia-N and urea-N 

excretion of rats fed diets of graded casein content supplemented with methionine to 

equalise dietary sulphur amino acid content-average of two days before starting 

treatments (pmol/^mol) 

Dietarj ^roups NP+M LP+M VLP+M one-way ANOVA 
S protein/kg diet 180+M _ ^ _ 80+M 60+M p-value F ratio 

SO4/NH3-N OJSiO.Or 0.90^0.02" 0.97^=0.04" p=0.000F=162.82 

SOVurea-N 0.032^=0.001' 0.422 :k 0.023'' 0.574 ±0.043' p=0.000P=99.17 

* Results are presented as mean ± standard error of the mean, n=12 per group. 

Means within each row having different letter superscripts fol lowing the number 

differ significaiitly. 

h) The ratio of inorganic sulphate excretion to urea-N excretion 

The ratio of SO4 excretion to urea-N excretion increased sigoiGcantly as 

dietary protein content in the diet was decreased (Table 5.18). The increase in the 
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radio TP/as madiih/ due to tbie sigpiLGkxmt reciuflicMi in irreâ JSTesKcredicHi thaf waus jpoimcl 

in the LP+M and the VLP+M groups compared with the N P + M group 

After addition of methionine, the ratio of SO4 excretion to urea-N excretion 

increased in all dietary groups compared with the previous study in which animals 

fed the same diets but without added methionine (Table 4.19, chapter 4). The 

iriagpoitLwie ()f thu: inoreause iri iObe initio \%%is irnicji gpneauber in idie ILJPH-bi iirui 

groups than in the NP+M group. 

The ratio of inorganic sulphate excretion to ammonia-N and urea-N excretion 

after starting treatments 

a) The ratio of inorganic sulphate excretion to anunonla-N excretion 

The ratio of SO4 excretion to ammonia-N excretion can be seen in Table 5.19. 

In the animals fed LPS-treated rats, and pair-fed controls, the ratio of SO4 

to ammonia-N excretion was significantly higher in the LP+M and VLP+M groups 

compared with the NP+M group. No diSerence was found in the ratio between the 

LP+M and VLP+M groups. 

Due to treatments, in the VLP+M group, the magnitude of the ratio was 

higher in the LPS-treated animals dian in die corresponding pair-fed and 

fed animals, but this difference was not statistically significant. Otherwise, neither 

LPS nor restriction in food intake caused an alteration in the ratio. 
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Table 5.19 The ratio of inorganic sulphate excretion to ammonia-N and urea-N 

excretion of rats fed diets of graded casein content supplemented with methionine to 

equalise dietary sulphur amino acid content, after starting treatments (pmol/nmol) 

Dietary groups NPfM LP+M VLRt̂ M two-way ANOVA 
g protein/kg diet 180+M 80+M 60+M p-value F ratio 

SOVNErN"" — — -
0.40 ±0.02' 0.92 ±0.12'' 1.12 ± 0 . 0 4 D = 0 . 0 0 0 

pair-fed 0.46 ±0.01' 1.02 ±0.06*' 1.09 ± 0 . 1 3 T = 0 . 3 3 6 D=1.14 
LPS 0.44 ±0.04' 1.06 ±0.12" 1.34 ±0.10" 1=0.482 P=0.89 

SO+Zurea-N 
mf&AawfM 0.030 ±0.0003" 0.419 ±0.022" 0.603 ±0.037' D=0.000 1^215.86 
pair-fed 0.030 ±0.001' 0.414 ±0.042" 0.535 ± 0.024" T=0.000 F=13.48 

LPS !^9MA0.0052 O^Sl ^.q36"*4 0.417 ± 0̂ 048̂ * 1=0.012 F= 3.91 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group. D < refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-

value due to interaction between diet and treatment. M e a n s within each row having 

different letter superscripts following the number d i fkr signiScantly. * indicates a 
signiGcant diSerence between group and pair-fed or LPS-treated groups. 

4 indicates a signiGcant diSerence between pair-fed and LPS-treated groups. 

b) The ratio of inorganic sulphate excretion to urea-N excretion 

The ratio of SO4 to urea-N excretion was inf luenced by dietary protein intake 

supplemented with methionine. In the LP+M and the VLP+M groups, the ratio was 

also influenced by LPS treatment (Table 5.19). 

The ratio of SO4 excretion to urea-N excretion w a s increased significantly in 

the fed and in LPS-treated animals as dietary protein content was 

decreased. In the pair-fed animals there was a trend fo r an increase in the ratio as 

dietary protein content was decreased from 180 g to 80 and 60 g/kg diet. 

In the LP4-M group, the ratio in the LPS-treated animals was significantly 

lower than in the ad libitum and pair-fed animals. In the V L P + M group, the LPS-

treated animals had a lower ratio than the animals fed ad libitum. In the low-protein 

groups (the LP+M and V L P + M groups), the ratio in the LPS-treated animals w a s 

also lower than in the pair-fed controls, but only achieved statistical significance in 

the LP+M group. 

After addition of methionine, the ratio of SO4 excretion to urea-N excretion 

was increased in all treatment groups compared with the previous study in which 

animals fed the same diets, but without methionine supplementation (Table 4.20, 
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chapter 4). The magnitude of the increase in the ratio w a s greater in animals fed the 

80 g and 60 g protein diets. 

5 .4 .7 N u m b e r of neutrophi l s in l u n g 

Unlike the previous study, no significant difference in the number of 

neutrophils in lung was found between the groups due to diet or treatments (see 

Table 5.20 & Table 4.21, chapter 4). Dietary supplementation with methionine 

appeared to prevent the fall in neutrophil numbers w h i c h occurred in the ad libitum 

and in pair-fed animals, in the previous study, when the low-protein diets without 

methionine supplementation were consumed, and to suppresses the increase in 

neutrophil numbers which happened when animals, on the low-protein diets without 

methionine supplementation, received an inflammatory challenge. 

Table 5.20 Number of neutrophils in lung of of rats fed diets of graded casein content 

supplemented with methionine to equalise dietary sulphur amino acid content 

(number of neutrophils in lung section/number of intersection points occupied by lung 

section) x 100 

Dietary groups NP+M LP+M VLP+M two-way AN OVA 
g protein/kg diet 180+M 80+M 6 0 + 5 ^ jp-value F ratw 

15.6iOis = 1^7± ± 0 . ^ " 
pair-fed 14.3 ±1 .5 ' 12.8^0.8" 13.1 ±0 .9 ' T=0.057 1^3.18 

LPS 15.7 ± 0 . 6 ' 14.5^1.1' 16.3^1.0" 1=0.726 F=0.51 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 

group. D < refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-

value due to interaction between diet and treatment. M e a n s within each row having 

different letter superscripts following the number d i f fer significantly. * indicates a 

significant difference between ad libitum group and pair - fed or LPS-treated groups. 

4 indicates a significant difference between pair-fed and LPS-treated groups. 
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5.5 Discussion 

Addition of methionine to the low-protein diets enhanced the growth process , 

but had no effect on growth when it w a s added to t h e normal-protein diet (Figure 5-

2). The data clearly indicates that methionine was l imi t ing for growth in animals f ed 

the low-protein diets, but not in animals fed the normal-pro te in diet. 

Figure 5-2 Average daily weight gain of animals fed graded levels of casein with 

and TwitlmoHut inetliitMoine siipqpieanawaodbition 
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I Fed diets of graded levels of casein. 

Fed diets of graded levels of casein supplemented with methionine. 

Results are means ± SE. * SignijGcantly different j&om animals fed the same 
diet, but without methionine supplementation (n 18). 

Addit ion of methionine m a y have improved the metabol ic utilisation of 

sulphur amino acids in the low-protein and very low-pro te in dietary groups as 

indicated by the reduction in SO4 excretion, as a percen tage of sulphur amino acid 

intake, compared with the previous exper iment (Table 4.12, chapter 4; Table 5.11 & 

Figure 5-3). The effect w a s greatest in the VLP group, w h e r e SO4 excretion, as a 

percentage of sulphur amino acid intake, fell from 5 1 % to 40%. In the LP group a 

more modes t e f fec t was achieved wi th a fall from 4 3 % to 37%. Improvement in the 

ratio of urea-N to N intake also occurred as discussed be low. 
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Figure 5-3 Inorganic sulphate excretion as a percentage of sulphur amino acid intake 

in animals fed graded levels of casein with and without sulphur amino acid 

supplementation 
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Results are means ± SE. * significantly different from animals fed the 

same diet, but without methionine supplementation (n 12). 

The improved utihsat ion of protein fo r growth, achieved by addition of 

methionine to the low-protein diets, resulted in d i f ferent ia l effects upon growth of 

individual organs. The relative liver weights of an imals f ed the L P + M and the 

V L P + M diets were greater than in animals fed t h e same diets, but wi thout 

methionine supplementat ion in the previous study. However , there was a lack o f a 

similar e f fec t on the relative lung, spleen, and t hymus weight. In particular the 

depressed spleen weight, which occurred in animals f e d the low-protein diets, fa i led 

to respond to methionine supplementation. 

Meth ionine supplementation exerted m a j o r e f fec t s on tissue composit ion. 

Addit ion of this amino acid to the low-protein diets increased glutathione 

concentrat ions in various organs compared with an imals f e d the same diets, bu t 

without meth ionine supplementation, in the previous experiment . Furthermore, the 

addition of methionine to the VLP diet prevented the fa l l in G S H concentration that 

occurred in lung, spleen, and thymus in response to LPS. Af te r addition of 
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methionine, the magnitude of the increase in glutathione concentration in various 

organs was greatest in liver (see Table 4.7, chapter 4; Figure 5-4 & Figure 5-5). This 

effect indicates that liver is the most sensitive organ in responding to dietary 

manipulation of the substrate, cysteine, for GSH synthesis. 

Paradoxically, hepatic GSH concentration in animals fed the VLP+M diet ad 

was sigoiGcantly higher than in other animals fed the LP+M and the N P + M 

diets ad libitum, despite a similarity in the amount of sulphur amino acid intake 

between the groups. A low utilisation of methionine and cysteine for protein 

synthesis, because of severe limitations in other amino acids, may have increased 

cysteine availability, and could explain the higher G S H concentration found in the 

VLP+M group (see Figure 5-6). For this situation to occur, however, there would 

have to be adequate availability of glycine and glutamic acid. Enhanced deamination 

of amino acids not used for growth could provide the necessary substrate for 

synthesis of the latter molecule. 
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Figure 5-4 Glutathione concentration in liver, lung, spleen, and thymus 
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-Results are means ± SE. N=4 per treatment group for animals fed the NP+M 
diet, and n=6 per treatment group for animals fed the LP+M and the VLP+M 
diets. Means within each treatment group having different letter superscripts 
differ significantly. * indicates a signiGcant difference between ffAAwm group 
and pair-fed or LPS-treated groups. * indicates a signiScant difference between 
pair-fed and LPS-treated groups. 
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Figure 5-5 Hepatic glutathione concentration in animak fed graded levels of 

casein with and without methionine supplement 
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Results are means ± SE. N=6 per treatment group for animak fed the NP, LP, 
VLP, LP+M, VLP+M diets, and n=4 per treatment group for animals fed the 
NP+M diet. *SigniGcantly different &om aniwnak having the same diet and 
treatment, but without methionine supplementation. 

Other studies in unstressed animals have shown the sensitivity of hepatic 

GSH to sulphur amino acid supply. Bauman et al. (1988b) have shown that rats f ed 

75 g protein/kg diet, had a lower hepatic GSH than rats fed 150 g protein/kg diet, 

using casein as a source of protein. However, when the 75 g protein/kg diet w a s 

supplemented with L-2-oxothiazalidine-4-carboxylate (OTC), a stable derivative of 

cysteine to be isosulphurous with the 150 g protein/kg diet, hepatic G S H 

concentration in animals fed the 75 g protein + OTC/kg diet was not different from 

that in rats fed the 150 g protein/kg diet. This was consistent with our study in which 

hepatic GSH concentration in animals fed the L P + M diet was similar to that in 

animals fed the N P + M diet, despite the differences in total protein intake. However, 

Taylor et al. (1992) found that liver GSH concentration in rats fed 0.5 g protein + 

OTC/kg diet was higher than in rats fed 150 g protein/kg diet, despite a similarity in 

the amount of sulphur amino acids consumed by the groups. Although the protein 
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deficiency imposed by the dietary regimen of Taylor er a/. (1992) was more severe 

Idian ill tlie jpresent studi/, tlw: isarru: (zoiiibiiiaticwi edBBects (impHroT/erofnit ttw: 

gpuwtii piotaitial ()f ii Icmf-ponotein clLst ccxnitiuieii vvitli sMpwra iioinmal ]ie]]atic (jSiH 

content) can be seen. In lung, GSH concentration increased by 47% after the 0.5 g 

protein/kg diet was supplemented with OTC compared wi th the 0.5 g protein/kg diet, 

but without OTC supplementation. However, in Taylor's study, OTC 

supplementation of the 0.5 g protein/kg diet did not increase lung GSH concentration 

to the same level found in the 150 g protein/kg diet. In mice, Adachi a/. (1992) 

reported a lower hepatic eff lux rate of GSH in an imals fed a low-protein diet 

compared with animals fed a normal-protein diet. In the present study, al though 

animals f ed the 60 g protein/kg diet, supplemented wi th methionine, were able to 

signiGcantly increase hepatic GSH concentration compared with animals fed the 

NP+M diet, and lung GSH concentration was similar between the two dietary 

groups, spleen and thymus GSH concentrations were lower in animals fed the 

VLP+M diet compared with animals fed the N P + M diet. The results of the Adachi et 

al.'s study (1992) suggest that another possibility for the increase liver G S H 

concentration in rats fed the very low-protein diet supplemented with methionine 

might be a reduction in the eff lux rate of hepatic GSH. 
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Figure 5-6 The partitioning of sulphur amino acid in animals fed a diet severely 

deficient in protein but supplemented with L-methionine 

Food (rich in sulphur amino acids, severely deGcient in other amino acids) 

Skeletal muscle 

decrease protein synthesis during growth" (-) Protein 

Liver 

Protem (-) GSH (+) 
* GSH serves as a 

reservoir of cysteine 

S.A.As.: Sulphur amino acids. 
(-): Relatively low utilisation of S.A.As. for protein synthesis. 
(+): Relatively high utilisation of S.A.As. for GSH synthesis. 

It could be concluded from the result of hepatic G S H concentration that w h e n 

animals were fed the VLP+M diet ad libitum, hepatic GSH production increased 

above that of the other groups. However, when an inf lammatory stress was given, 

production in the VLP+M group was no longer greater than in the LP+M and N P + M 

group. What explanations are possible for this phenomenon? 

In the animal model described in this thesis, two major anabolic processes 

compete for cysteine during growth and inflammation, namely, protein synthesis and 

GSH synthesis. Protein synthesis requires all amino acids, essential ( from the diet), 

non-essential (synthesised by the body) and semi-essential (synthesised from 

essential amino acids; e.g. methionine cysteine). On the other hand, G S H 

synthesis requires only cysteine, glycine and glutamate. When rats were fed a diet 

severely deficient in protein, but rich in methionine (e.g. the animals fed the V L P + M 
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diet), shortage of amino acids restricts the amomit of protein synthesis, therefore, 

more sulphur amino acids were available for the biosynthetic pathway of GSH, 

provided that there is enough glycine and glutamate. Consequently, GSH synthesis 

was increased in animals fed the veiy low-protein diet when compared 

with other dietary groups. However, during inflammation, the wide range of amino 

acids released from muscle relieves the shortage of amino acids that may have 

restricted protein synthesis. Consequently, cysteine can be used in protein synthesis 

and hence GSH, relatively, was not increased in animals fed the VLP+M diet w h e n 

compared with other dietary groups. In other words, during the inflammatory 

response, the rats' muscle protein is able to supply the amino acids, which were 

being restricted by feeding a diet severely deficient in protein content. 

In addition to synthesis, the rate of recycling and utilisation of GSH and 

GSSG will have an effect on tissue GSH content. The relative activities of GPx and 

GR will influence these processes. In the present study, the LPS-treated and ad 

/f6/fww-fed animals given the 60 g protein/kg diet (the VLP+M diet) had a higher 

GPx activity compared with the animals given the N P + M diet. However, when 

compared with results from the previous study, the addi t ion of methionine to the 

NP+M, LP+M and VLP+M diets resulted in a fall in l iver GPx activity (see Table 

4.8, chapter 4 & Table 5.7). The reduction in hepatic G P x activity in the ad libitum 

and in LPS-treated animals in the LP+M and VLP+M groups compared with animals 

fed the same level of protein, but without methionine supplementation in the 

previous experiment, could contribute to the dramatic increase in hepatic GSH 

concentration after addition of methionine. Furthermore, this reduction in hepatic 

GPx activity could be partly explained by Kleiber 's theory (1944 & 1961) which 

stated that ingestion of an unbalance diet, in which a single nutrient was limited, 

results in a decreased efficiency of energy utilisation, and that addition of that 

nutrient to the diet increases the efficiency of energy utilisation. The energy 

efficiency of the low-protein dietary groups supplemented with methionine in the 

present study was increased compared with the low-protein dietary groups, without 

methionine supplementation in the previous study. This indicates that animals fed 
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the LP+M and VLP+M diets deposited a greater proportion of the energy content of 

the diet into tissue growth and were thus required to oxidised a smaller proportion of 

food energy in the process of thermogenesis than animals fed the low-protein diets, 

without methionine supplementation. Accordingly, the L P + M and VLP+M g roups 

would have a lower resting metabolic rate and would be produce less oxygen f ree 

radicals than animals fed the low-protein diets, but without methionine 

supplementation. On the other hand, Kleiber 's theory cannot explain the reduction in 

GPx activity that was found after addition of methionine to the normal-protein diet, 

since the energy efficiency was slightly reduced after addition of methionine, and 

liie ai/erayge ckiih/ \vt;y>bit grain lanis similar t)etwee;n tbie arid tiie gptyuyps. 

The decrease in GPx activity could explain the increase (not statistically signiGcant) 

in hepatic GSH concentration after addition of methionine to the normal-protein diet 

compared with animals fed the normal-protein diet, without methionine 

supplementation. 

G R activity in liver was significantly higher in the VLP+M group compared 

with the N P + M and LP+M groups, in the ad libitum and in LPS-treated animals. 

However, addition of methionine to all dietary groups had no effect on the activity 

of GR compared with values in the previous experiment (Table 4.9, chapter 4 & 

Table 5.8). 

In addition to hepatic G S H metabolism; protein metabolism in the organ w a s 

profoundly affected by supplementation of the low-protein diets with methionine. 

Methionine supplementation appears to increase liver protein, as a proportion of 

body weight, when values are compared with those of animals receiving the same 

level of protein, but without methionine supplementation (Table 4.10, chapter 4 & 

Table 5.9). Furthermore, addition of methionine to the 80 g and 60 g protein/kg diet, 

allowed relative liver protein to increase in response to LPS. 

What was true for liver protein was also partly the case for individual export 

proteins. In particular, the acute phase protein, a - 1 acid glycoprotein. Comparison of 

the present and previous studies (Figure 5-7), showed that addition of methionine to 

the low-protein diets did not influence a - 1 acid glycoprotein concentration in 
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zuiiniais iinci in i)air-fed ccwitrols. fIcrvyeT/er, ia thus eriiicdCKxia-treiated 

animals, a stimulatory effect of addition of methionine to the low-protein diets was 

apparent. However, this increase was not statistically significant. Addition of 

methionine to all diets had no effect on the serum concentration of albumin (see 

Table 4.11, chapter 4 & Table 5.10). 

Figure 5-7 Serum a-1 acid glycoprotein in animals fed graded levels of casein 

without and with methionine supplementation 
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Equalising the sulphur amino acid content of the diets of graded casein 

content dramatically changes the relative amounts of m a n y of the major end products 

of amino acid supplementation. The ratio of GSH to protein in the liver of animals 

fed the 80 g and 60 g protein/kg diet was increased w h e n compared with the results 

from previous experiment in which diets were not supplemented with methionine. 

The increase in the ratio was greatest in the ad libitum and in LPS-treated animals 

(see Table 4.16; chapter 4 & Table 5.15). This increase in the ratio could benefit the 

body when it is exposed to an inflammatory stimulus. However, it could also be an 

indication of the inefficiency of utilising sulphur amino acids for building tissue 

"growth", because of limited availability of other amino acids. Glutathione may be 

serving as a reservoir for cysteine to prevent toxicity of this amino acid. As a result 
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of this adaptation, the animals would appear to become more efGcient in conserving 

sulphur amino acid in the presence of methionine supplementation than in its 

absence. 

Although urinary urea and ammonia are both nitrogenous end products of 

amino acid metabolism, it is clear from the results in chapter 4 and the present 

chapter that both metabolites are affected in different ways by dietary protein and 

sulphur amino acid intake and inflammation. Part of the reason for the difference lies 

with NH3 having a key role in acid base balance of the animals as well as in N 

metabolism. 

rhe (Kddation of awnuw) acids produces liCZOg' and INTLT /kmmnonia 

detoxification, then, can be achieved by synthesising urea or glutamine in the liver. 

Urea synthesis takes place in periportal hepatocytes, while glutamine synthesis takes 

place in perivenous hepatocytes. In acidosis, when there is a high acid load, urea 

synthesis decreases, while glutamine synthesis increases. Consequently, HCO3" is 

retained in the liver to assist pH homeostasis. The decreased production of urea is 

accompanied with an increase in the transportation of ammonia from periportal to 

perivenous cells, were the enzyme glutamine synthetase is found. Glutamine 

synlhesised by perivenous hepatocytes is transported to the kidney, were the renal 

enzyme glutaminase is found. The enzyme hydrolyses the amide nitrogen of 

glutamine producing glutamate and free ammonia. Ammonia (NH3) reacts with to 

form ammonium ion (NH/) , which is excreted in the urine, (for review see 

Haussinger, 1990). 

The catabolism of cysteine produces one mole of SO4 and two moles of H 

per mole of cysteine metabolised (Bella & Stipanuk, 1995). SO4 excretion in the 

present experiment increased significantly in all dietary groups compared with the 

previous experiment. This strongly suggests that the generation of H" may have been 

increased accordingly. To alleviate the acidosis which would occur from the 

increased generation of H \ the recruitment of ammonium ions to urea biosynthesis 

has to be decreased, and hepatic glutamine synthesis has to be increased (see Figure 

5-8). This was consistent with the increase in ammonia-N excretion and in the ratio 
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of ammonia-N excretion to N intake, in the reduction in urea-N excretion and in the 

ratio of urea-N excretion to N intake found in animals fed the low-protein diets 

supplemented with methionine (the LP+M and VLP+M diets) compared with 

animals fed the same diets, but without methionine supplementation (see Table 4.14, 

chapter 4; Table 5.13 & Figure 5-9). 

Figure 5-8 The partitioning of ammonia between urea and glutamine synthesis in rats 

fed a diet rich in sulphur amino acids 

Diet rich in sulphur amino acids, but deficient in other amino acid 
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Figure 5-9 The ratio of urea-N and ammonia-N excretion to N intake in animals fed 

graded casein with and without added methionine 
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- Results are means ± SE (n=12). 
-Urea-N eicretion/N intake: * Significantly different &om animals fed the same 
diet, but without methionine supplementation.; 
-Ammonia-N eicretion/N intake: * Significantly difkrent &om animals fed the 
same diet, but without methionine supplementation. 

These Gndings agree with studies by Bella & Stipanuk (1995), in which total 

ammonia excretion and ammonia excretion, as a percentage of total urinary nitrogen 

excretion, in animals fed a low-protein diet supplemented with 1.5 g methionine/kg 

diet, were 186 ^unol/mg creatinine and 5.2% respectively, while in animals fed the 

same level of protein supplemented with 24g methionine/kg diet, ammonia excretion 

and ammonia excretion, as a percentage of total urinary nitrogen excretion, were 

increased significantly to 691p.mol/mg creatinine and 18.8% respectively. 

Furthermore, the present study showed a decrease in SO4 excretion, as a percentage 

of sulphur amino acid intake, in animals fed the low-protein diets supplemented with 

methionine compared with animals fed the same level of protein, but without 

methionine supplementation in the previous chapter (Figure 5-3). This change in 

response could be explained by the increase production of taurine at the expense of 

SO4 excretion. This was consistent with the findings of Bagley & Stipanuk (1995) 

who found that hepatocytes incubated with 0.2 mmol/L [^^S] cysteine, [^^S] taurine 
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productioii, as a percentage of total cysteine catabolism, by hepatocytes 

isolated from rats fed a low-protein diet (10% casein diet, supplemented with 10 g 

L-methionine or 8 g L-cysteine/kg diet) was higher than in hepatocyes isolated from 

rats fed the same diet, but without sulphur amino acid supplementation. Taurine 

production, as a percentage of cysteine catabolism, was 61% and 49% for rats 

given methionine and cysteine supplemented diets respectively, compared with only 

22% for rats given the control diet. The increase production of taurine at the expense 

of SO4 excretion could be one way of reducing the acid load ("H" that would be 

produced if cysteine was catabolised to SO4) since is not generated when taurine 

is synthesised from cysteine. To conclude rats can alleviate the acidosis caused by 

addition of sulphur amino acids to the diet by increasing the synthesis of glutamine 

at the expense of urea, and by increasing taurine production at the expense of SO4. 

Consideration of the relationship between GSH and urinary SO4 during 

changes in dietary protein and sulphur amino acid intake and inflammation gives an 

insight into how the partitioning of sulphur amino acids between biosynthetic and 

catabolic pathways might change in response to alteration in dietary protein and 

sulphur amino acid intake, and inflammation. Despite the fact that the pair-fed 

animals were fed the same amount of food given to the corresponding LPS-treated 

animals, all dietary groups increased the ratio of total hepatic GSH to SO4 excretion 

after exposure to the inflammatory response of LPS (Table 5.15). These results 

indicate that LPS treatment increased the flow of sulphur amino acids, coming from 

diet and from endogenous sources, towards GSH synthesis rather than to be 

catabolised to SO4. In animals fed ad libitum and in LPS-treated animals, addition 

of methionine to the low-protein diets increased the ratio of total hepatic GSH to 

SO4 excretion when compared with animals fed the same diets, but without 

methionine supplementation in the previous study (Table 4.16, chapter 4 & Table 

5.15). The increase in the ratio, in the LPS-treated and in ad libitum-fed animals, 

could explain the dramatic increase in hepatic GSH concentration after addition of 

methionine to the low-protein diets. Furthermore, the increase in the ratio could also 

explain a possible increase in the catabolism of cysteine to taurine at the expense of 
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SO4 when rats are fed a low-protein diet supplemented with sulphur amino acids, as 

mentioned earlier. However, in the pair-fed controls, addition of methionine to the 

low-protein diets reduced the ratio of hepatic GSH to SO4 excretion. The reduction 

in the ratio after imposed reduction in food intake (low sulphur amino acids intake) 

may indicate that after food restriction, the flow of cysteine towards SO4 is increased 

to a gpreaKbsr ecKtent, at thus escpeDuse ()f taiiricu: aiidl iGrSlH sg/nthesis. In animals fexi lOie 

normal-protein diet, addition of methionine reduced the ratio in all treatment groups. 

This may suggest that most of the additional sulphur amino acids added to the 

normal-protein diet was catabolised to SO4, and possibly taurine, rather than being 

used for GSH synthesis. This indication was supported by the following results, the 

:i\nar3y)e clailyr vfeig^bt gfuui, aiic[]ie%)atic iirul luiig jproteui (icwitent TAfhicdi Tvore siicLLkir 

1)etiAn:eiitlie IsnP gpnoiq? and tbwe gpnoiqps. 

In the present study, it is clear that methionine supplementation has a major 

impact on tissue glutathione content in all treatment groups fed diets containing 

inadequate amounts of protein. There are a number of consequences, which arise 

from the response of GSH to diet and inflammation. These relate to the role of GSH 

as a reservoir of cysteine, as an antioxidant, and as immunomodulator. 

It could be suggested that addition of methionine to the very low-protein diet 

has applied a metabolic stress to the animals. Thus addition of methionine increased 

GSH concentration to prevent toxicity of cysteine. However, to increase GSH 

synthesis, glycine and glutamic acid are also needed. Consequently, other processes, 

which compete for glycine may be, disadvantaged (e.g. DNA, protein, and creatine 

synthesis). In addition, the conversion of homocysteine to cystathionine, in the first 

step of the transulphuration pathway needs serine to provide the carbon skeleton of 

cysteine. However, in the present study, comparing the relative amount of liver 

protein/kg body weight, it can be seen that liver protein, in proportion with body 

weight, was increased by addition of methionine, thus no impairment of protein 

synthesis is suggested. In addition, methionine supplementation may actually 

increase the relative amount of protein synthesis in the presence and absence of 
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inflammatioii. Thus, protein synthesis is not constrained by any potentially reduced 

availability of glycine or serine. 

Glutathione may exert a major anti-inflammatory influence in the present 

study. In response to an inflammatory stimulus, free radicals (e.g. superoxide) and 

other oxidant molecules are produced by the immune system. Oxidant molecules, 

such as superoxide radical, hydrogen peroxide, hydrochlorous acid can be produced 

when phagocytic cells are activated (Droge e/ a/. 1994; HaUiweU a/. 1988). 

Although these molecules help to kill invading pathological organisms they carry the 

risk of destroying the host tissue by producing potentially toxic substances such as 

lipid peroxides, and by enhancing the production of cytokines indirectly by 

activating the nuclear transcription factor icB (NficB). However, the presence of 

adequate amount of GSH will protect the body from these outcomes. In the present 

study, glutathione may be acting as a suppresser of NF-kB activation during 

inflammation, thereby decreasing the production of IL-8 (the neutrophil 

chemoattractent agent). This could explain the reduction (statistically not significant) 

in the number of neutrophils in lung of the LPS-treated animals fed the low-protein 

diets supplemented with methionine compared with animals fed the same diets, but 

without methionine supplementation (Figure 5-10). The number of neutrophils in 

lung in LPS-treated animals fed the LP and the VLP diets was 18% and 16% higher 

than animals fed diets with same protein content, but supplemented with methionine. 

Furthermore, the number of neutrophils in lung increased significantly in LPS-

treated animals fed the low-protein diets (the LP and VLP diets) compared with the 

corresponding ad libitum and pair-fed animals, while in LPS-treated animals fed the 

low-protein diets supplemented with methionine (the LP+M and VLP+M diets) this 

effect was absent (see Table 4.21, chapter 4 & Table 5.20, chapter 5). The data 

presented on lung neutrophil number may thus be explainable in terms of the anti-

inflammatory effect of raised and maintained tissue GSH concentration and the pro-

inflammatory effect of low concentrations of the antioxidant. Neutrophils are 

attached to the site of tissue damage by the release of chemotactic agents. IL-8 is one 

of the major chemoattractent agents. Binding of IL-8 to IL-8 receptors on neutrophils 
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allows activatioii of the cell surface molecules, the integrin molecules. As a result of 

this activation, 6rm adhesion of neutrophils to the endothelium cells occurs. 

Consequently, neutrophils would be able to migrate between the endothehal cells to 

the site of inflammation. Moreover, IL-8 also activates neutrophils, causing a 

respiratory burst (Male a/. 1996). Thus the presence of large number of 

neutrophils at the site of inflammation could cause further damage to the tissues, due 

to release of free radicals, cytokines, and proteolysis enzymes. De Froge er aZ. 

(1992) have shown that addition of antioxidant-sulphur containing compounds, such 

as dimethyl sulfoxide (DMSO), dimethyl thiourea, and thiourea, signiGcantly 

reduced the production of IL-8 by human blood in response to LPS stimulation. 

Furthermore, De Froge and his colleagues (1992) have also found that blood 

exposed to an oxidative stress of H2O2 increases production of IL-8, and that the 

addition of DMSO has opposite effect. Pena gf a/. (1999) found that GSH 

concentration in whole blood was low in cirrhotic patients. In vivo treatment with 

GSH prodrug, Oxothiazalidine-4-carboxylate that is converted to cysteine within the 

cell by the enzyme 5-oxoprolinase, significantly increase GSH concentration. The 

increase in GSH concentration was accompanied by a decrease in monocyte 

production of IL-8, EL-l, and TNF. 

Figure 5-10 Number of neutrophils in lung in LPS-treated animak fed graded 

levels of casein with and without methionine supplementation 
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FuwDy, ui be ac&q? as zm 

immimomodulator. It is well established that an adequate amount of glutathione is 

important for T-cells to function properly (Gmmider ef a/. 1990; Robinson a/. 

1993; Fidelns & Tsan, 1986). For example, Gmimder ef a/. (1990) have shown that 

lymphocytes with high GSH concentration had increased DNA synthesis compared 

with lymphocytes with low GSH concentration. Robinson et al (1993) showed that 

there was a significant reduction in the lymphocyte proliferation in both spleen and 

mesenteric lymph nodes in GSH depleted rats compared with the control rats, again 

indicating the importance of GSH in optimising T-cells and macrophage immune 

function. Thus, the role of glutathione, and cysteine in optimising T-cell function, 

and enhance lymphocyte proliferation could explain the increase (statistically not 

significant) in the number of neutrophils in lung in the ad libitum and pair-fed 

animals, given the low-protein diets supplemented methionine, compared with 

animals fed the low-protein diets without added methionine (Figure 5-11). The 

number of neutrophils in lung of animals fed ad libitum the LP and the VLP diets 

was 16% and 18% lower than ad libitum-fed animals given the LP+M and the 

VLP+M diets, respectively. For the pair-fed animals, the number of neutrophils was 

12% and 19% lower than the pair-fed controls given the LP+M and the VLP+M 

diets, respectively. 

Figure 5-11 Number of neutrophils in lung in /f6/(wm and pair-fed animals given 

graded levels of casein with and without methionine supplementation 
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To conclude, the results of the present study showed that GSH concentration 

in liver, lung, spleen and thymus is sensitive to dietary sulphur amino acid intake. Of 

the four tisstu ŝs (3813 is the inost senshive to (hetary iakUax Tlie v/ork 

descntK^in die]3R%ious chapt# (chapter shrnved thatTvhen aa inflammatory 

stress is applied to rats, not only is the ability to increase hepatic GSH impaired 

when sulphur amino acid intake is low, but that decreases in concentrations occur in 

lung, spleen and thymus. Dietary methionine supplementation facilitates increases in 

hepatic GSH concentrations and prevents the decreases in the other three tissues. 

Moreover, dietary methionine supplementation improves the growth of animals fed 

the low-protein diets. Addition of methionine to the animals fed the low-protein 

(ILetawnf gfoiqps sigp]ifican1i)f icHzreziseii liejDatic ]]rcdx:in (zonteiit iiod erdiaaiced llie 

production of the acute phase protein, a-1 acid glycoprotein, to a greater extent than 

animals fed the same protein content, but without methionine supplementation. 

Furthermore, addition of methionine to the low-protein dietary groups modulates the 

number of neutrophils in lung. 

Therefore, the data presented in this chapter strongly suggest that even under 

poor protein nutrition status, e.g. malnutrition, in which the risk of a poor response 

to infection is high, the body's immunity may be improved by supplementing low-

protein diets with methionine, and highhghts the importance of sulphur amino acids 

during inflammation. In particular, the increase in GSH concentration in endotoxin-

treated animals fed the low-protein diets supplemented with methionine may play a 

part in improving antioxidant defences, regulating cytokine production, and 

controlling inflammation. 
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6. The effect of graded levels of dietary casein but with 

identical amounts of sulphur amino acids and tryptophan 

on growth and inflammatory responsiveness in rats 

6.1 Introduction 

Chapter 5 shows the strong effect of supplementing the low-protein diets with 

metbionine in enhancing growth, glutathione concentration in liver, lung, spleen and 

thymus, hepatic total protein and relative amount of protein in the liver in unstressed 

animals fed The supplement also exerted m^or enhancement of many of 

these parameters in animals fed the low-protein diets and undergoing an acute 

inflammatory response to LPS. The general conclusion from the study was that 

dietary sulphur amino acid sufficiency was important in both growth and in the acute 

inflammatory response. 

However, Reeds ef aZ. (1994) have calculated that the pro61e of amino acids 

released from skeletal muscle, the amino acid efflux, during the acute phase 

response is relatively deficient, in the aromatic amino acids (phenylalanine, tyrosine 

and tryptophan), in relation to the amino acid composition of the acute phase 

proteins. These authors suggest that the amino acid composition of the skeletal 

muscle protein does not match the amino acid requirement for synthesising acute 

phase proteins during the acute inflammatory response. As a result of this mismatch, 

when muscle protein is catabolised in amount that is sufficient for the acute phase 

protein response, some amino acids will be released in quantities that are surplus to 

these requirements. The surplus of amino acids are catabolised, contributing to the 

negative nitrogen balance which is characteristic of the infected, traumatised 

individual (Figure 6-1). 

In the present study, the aromatic amino acid, tryptophan, which was 

suggested by Reeds et al. (1994) to be one of the most limiting amino acid for an 
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uiflajimKUoryr iisspioiise, TAKis zwlcLsd to liie Icrwf-piDtejji clusts siqppJaaieiitecl ipvith 

methionine, so that all dietary groups contain equal amounts of sulphur amino acids 

and of tryptophan (see Table 6.1). Inclusion of tryptophan in the low-protein diets, 

ill Eidkiitioii ibo roLetbioniiie siiprpleaiieiitaticHa, vvcmld ]i()t be leaqpexytecl to iuoipKrcrve 

gfovvth 1%) a {TresLber escteiit idiaai rnxstbicwnine sup]ple%]i€%itati(Hi ZLkmus. Irlownei/ei, 

additional enhancement of components of the inflammatory response should take 

place if tryptophan is limiting. Furthermore, in the present experiment the addition 

of tryptophan to the low-protein diets may reduced the demands made by 

inflammatory piucess ijpoii the ]b()st's jirolbsin irietzibolisin^ tlierejbgf iaipwnoT/injg 

nitrogen balance if Reeds ef aZ.'s (1994) hypothesis is correct. 

Figure 6-1 The Reeds hypothesis 
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6.2 Tryptophan content of the various diets 

Diets were prepared by mixing dry ingredients in a mixer, this was followed 

by addition of maize oil. To these diets, water was added to make the diets into 

small biscuits that were dried in oven at 80 °C for up to 48-72 hours. 

In order to ZKiueve die of 1±us shKhf luid highUgfd dw; imapodaiKie (d: 

tryptophan sufficiency, rats were divided into three different groups. The amount of 

methionine and tryptophan added to all low-protein diets used in this study was 

equivalent to the amount of sulphur amino acids and tryptophan present in the 

NP+M group. Thus, any influence of sulphur amino acids and tryptophan adequacy 

in the presence of varying quantities of other amino acids would be apparent (see 

Table 6.1), by comparison with responses presented in chapters 4 & 5. 

1) The first group, received 180 g protein supplemented with 3 g L-methionine/kg 

diet. TTbis (liet ccyntawns 65 iruiiol sû ptHir euoiuK) acicis auicl l()/7 mmol tryTptoidiawayi&g 

diet, and this diet was used as it a customary diet for young growing rats. This group 

is called the normal-protein + L-methionine (NP+M) group. 

2) The second group received 80 g protein supplemented with 6.70 g L-methionine 

and 1.20 g L-tryptophan/kg diet. This diet contains 65 mmol sulphur amino acids 

and 10.7 mmol tryptophan/kg diet. This group is called the low-protein + L-

methionine + L-tryptophan (LP+M+T) group. 

3) The third group received 60 g protein supplemented with 7.45 g L-methionine and 

1.45 g L-tryptophan/kg diet. This diet contains 65 mmol sulphur amino acids and 

10.7 mmol L-tryptophan/kg diet. This group is called the very low-protein + L-

methionine + L-tryptophan (VLP+M+T) group. 

6.3 Experimental protocol 

Male weanling wistar rats from Southampton University Medical School 

Colony weighing 50-70 g were housed individually in plastic metabolic cages and 

were maintained at 22 ± 1°C with a 12-12 hour light-dark cycle ( Lights on at 7:30 

AM). 
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IRatsiwere lihdckdiabol&ree di8erent(Mftar/ groups ^i=12 for the 

group, and n=18 for the LP+M+T and the VLP+M+T groups) and fed ± e 

semi-synthetic diets for 7 days. On day 8, animals from each group were subdivided 

into three treatment groups, and fed, injected and biopsied as described in chapter 4, 

section 4.3 (see Figure 6-2). 

Table 6.1 Diets composition (g/kg) 

Component 180 g protein/kg 80 g protein/kg 60 g protein/kg 

Casein 204 91 68 

L-methionine 3 6.70 7.45 

L-tryptophan 0 1.20 1.45 

Cellulose 100 100 100 

Sucrose 319 373 384 

Maize starch 319 373 384 

Maize oil 30 30 30 

Vitamin mix 5 5 5 

Mineral mix 20 20 20 
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Figure 6-2 Schematic representation of the experimental protocol 
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6.4 Results 

6.4.1 Growth, food intake, sulphur amino acid intake, and organ weights 

Average daily weight gain, food intake, sulphur amino acid intake, and food, 

energy and protein efGciencies before starting treatments 

There was a significant reduction in the average daily weight gain as dietary 

protein content was decreased (Table 6.2). Addition of tryptophan did not further 

improve the growth performance of rats fed the low-protein diets supplemented with 

methionine. The average daily weight gain of rats fed the LP+M+T and the 

diedbs v/as 5.0 jg awici 3.̂ tg/Ckiy ]nssp»ectivTdhy, Tp/bile iii fbw: poMrvious sdiichy 

(ctwipdknr 5), thf; ainaragf; ckwUhf weig^bt gain o:f irats feci tiie aiid cLiets 

was 4.9 g and 3.6 g/day respectively. 

No significant difference was found in the food intake between the groups 

(Table 6.2). Thus, as in the previous experiment, no difference in sulphur amino 

acids intake was found between the groups, before starting treatments (Table 6.2). 

The food efficiency decreased as dietary protein content in the diet was decreased 

(Table 6.2). Addition of tryptophan to the low-protein diets supplemented with 

methionine did not improve the food efficiency further (Table 5.2, chapter 5 & Table 

6.2). The food efBciency (g weight gain/g food eaten) in the LP+M+T and the 

VLP+M+T groups was 0.36 and 0.27 respectively, and in the previous experiment, it 

was 0.37 and 0.27 respectively for the LP+M and the VLP+M groups. 

The energy efficiency (mg weight gain/kJ eaten) decreased as dietary protein 

content in the diet was decreased (Table 6.2). Addition of tryptophan to the low-

protein diets supplemented with methionine did not improve the energy efficiency 

further when compared to values from animals fed the LP+M and VLP+M diets in 

the previous experiment (Table 5.2, chapter 5 & Table 6.2). 

The efficiency with which dietary protein was used for growth, protein 

efficiency (g weight gain/g protein eaten), in animals fed the LP+M+T and 
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VLP+M+T diets was significantly higher than in animals fed the NP+M diet (Table 

6.2). Moreover, addition of tryptophan to the low-protein diets supplemented with 

methionine did not improve the protein efficiency further. The protein efficiency in 

animals fed the LP+M+T and VLP+M+T diets and in the corresponding animals fed 

the LP+M and VLP+M diets in the previous experiment was similar (see Table 5.2, 

chapter 5 & Table 6.2). 

Table 6.2 Average daily weight gain, food intake, sulphur amino acid intake, and food, 

protein and energy efficiency of rats fed diets of graded casein content but with 

identical amounts of sulphur amino acids and tryptophan, before starting treatments 

Dietary groups 
g protein/kg diet 

KP4-M 
180+M 

LP+M+T 
80+M+T 

VLP+M+T 
60+M+T 

one-way AN OVA 
p-value F ratio 

weight gain (g) 6.4 ± 0.22" 5.0 ±0.14'' 3.4 ± 0.24' p==0.000 F=49 

Food intake (g) 13.4^0.35' 13.66^0.34' 12.6 ± 0.41' p=0.108 F=2.34 

sulphur amino acid 
intake (]u,mol) 

871^23" 888 ± 2 2 ' 820 ± 2 6 ' p=0.108 P=2.34 

weight gain/food intake 
(g/g) 

0.47 ±0.01' 0.36 ± 0.01 0.27 ± 0.01" p=0.000 F=73.56 

weight gain/energy 
intake (mg/kJ) 

26.0 i 0.70" 20.2 ± 0.48 14.8 ±0.76' p=0.000 F=73.56 

weight gain/protein 2.6^=0.06" 4.5 ±0.11'" 4.4 ± 0.23"" p=0.000 F=34.38 
^*gke.(g/g) 

-Results are presented as mean ± standard error of the mean, n=12 for the NP+M 
group, and n=18 for the LP+M+T and the VLP+M+T groups. Means within each 
row having different letter superscripts following the number differ significantly. 

The effect of LPS on food intake and sulphur amino acid intake after starting 

treatments 

In animals fed ad libitum, no significant difference in food intake (and 

sulphur amino acid intake) was found between the groups. In the LPS-treated rats 

and pair-fed controls, no significant difference in food intake (and sulphur amino 
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acid intake) was found between the groups. However, the mean values was higher in 

the VLP+M+T compared with other groups (Table 6.3). 

Vl sigroificaDt i{;ducticKi in jx)o<i (anct sulpihiir ainirw) aucid intalce) laKis fcmiid in 

the LPS treated and pair-fed animals compared with the corresponding W 

fed animals in the LP+M+T and the VLP+M+T groups. In the NP+M group, the 

mean values was lower after LPS treatment and pair-feeding, but due to large inter-

group variability, the decrease in food intake (and sulphur amino acid intake) was 

not statistically significant. 

Table 6.3 The effect of LPS on food intake (g/day) and sulphur amino acid intake 

(^unol/day) of rats fed diets of graded casein content but with identical amounts of 

sulphur amino acids and tryptophan, after starting treatments 

Dietary groups NP+M LP+M+T VLP+M+T two-way AN OVA 
g protein/kg diet 180+M 80+M+T 60+M+T p-value F-ratio 

Food intake 
15.1^0.6" 15.1^1.1" 14.4 ±0.6" D=0.148 F=2.01 

pair-fed 7.2 ±2.5" 5.6 ±1.2"* 9.4 ±0.3"* T=0.000 F=24.94 
LPS 6.9 ±2.5" 5.4 ±2.1"* 9.1 ±1.2"* 1=0.488 fM).g7 

Sulphur amino 
acid intake 

980 ±40" 986 ±73" 940 ±38" D=0.148 P=2.01 
pair-fed 469 ±164" 366 ±77"* 615 ±17"* T=0.000 F=24.94 

LPS 449 ±193' 349 ±140"* 596 ± 82 "* 1=0.488 F=0.87 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group for animals fed the NP+M diet, and n=6 per treatment group for animals fed 
the LP+M+T and the VLP+M+T diets. D< refer to p-value for diet, T< refer to p-
value for treatment, I< refer to p-value due to interaction between diet and treatment. 
Means within each row having different letter superscripts following the number 
differ significantly. * indicates a significant difference between ad libitum group and 
pair-fed or LPS-treated groups. 4 indicates a significant difference between pair-fed 
and LPS-treated groups. 

Final body weight 

The results of the final body weight can be seen in Table 6.4. In animals fed 

ad libitum, there was a trend for a reduction in the final body weight as dietary 

protein intake was decreased. This difference was statistically significant when 
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compaiing the NP+M group with the VLP+M+T group. In the LPS treated and pair-

fed animals, the mean values of the final weight was decreased as dietary protein 

content was decreased. This difference was statistically significant in the pair-fed 

animals when comparing the NP+M group with the VLP+M+T group. Due to 

treatments, the mean values of the final body weight decreased in the LPS treated 

Euicl giair-feci animals (zcwiipareci iwitli tiie animals iGeci liud hiteî jgrcyufi 

variability was such that this difference was only significant when comparing the 

LPS-treated animals with the ad libitum-fed animals given the LP+M+T and the 

T/TLJPH-Ni-Hr cUets. 

Table 6.4 Final body weight of rats fed diets of graded casein content but with 

identical amounts of sulphur amino acids and tryptophan 

Dietary groups NP+M LP+M+T VLP+M+T two-way ANOVA 
g protein/kg diet 180+M 80+M+T 60+M+T p-value F-ratio 

Final body 
weight (g) 

&&&«»: 120.0^3.1' 106.9^5.0' 90.96 ± 2.7"" D=0.(M)0 F=17.50 
pair-fed 104.5 ±6 .2 ' 93.8^4.4"^ 82.0 ± 3 . 9 T W . O O l 1^.31 

LPS 100.8^7.7" 88.0 ±6.2"* 80^ ±3^:^% 1=0.888 P=0.28 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group for animals fed the NP+M diet, and n=6 per treatment group for animals fed 
the LP+M+T and the VLP+M+T diets. D< refer to p-value for diet, T< refer to p-
value for treatment, I< refer to p-value due to interaction between diet and treatment. 
Means within each row having different letter superscripts following the number 
differ significantly. * indicates a significant difference between ad libitum group and 
pair-fed or LPS-treated groups. 4 indicates a significant difference between pair-fed 
and LPS-treated groups. 

Organ weights 

a) Total liver weight 

No significant difference in total liver weight was found between the groups 

due to diet. 

Due to treatments, in all dietary groups, the pair-fed animals had a lower total 

liver weight compared with the corresponding animals fed ad libitum. In the 

LP+M+T and VLP+M+T groups, LPS treated-animals had a lower total liver weight 

compared with the corresponding animals fed ad libitum. The total liver weight of 
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LPS-treated animals fed the VLP+M+T diet was also higher than the corresponding 

pair-fed controls (Table 6.5). 

b) Relative liver weight 

In animals fed and in LPS-treated animals, there was a signiGcant 

increase in the relative liver weight (g/kg body weight) in the LP+M+T and 

VLP+M+T groups compared with the NP+M group. In the pair-fed controls, there 

was a trend for an increase in the relative liver weight, but this increase was not 

statistically significant (Table 6.5). 

In all dietary groups, the LPS-treated animals had higher mean values than the 

corresponding pair-fed controls. The di@erence was statistically signiGcant in the 

LP+M+T and VLP+M+T groups. The LPS-treated rats and pair-fed controls in the 

LP+M+T and VLP+M+T groups had a lower relative weight compared with the 

corresponding animals fed ad libitum. The addition of tryptophan to the low-protein 

dietary groups supplemented with methionine (The LP+M+T and VLP+M+T 

groups) in animals fed ad libitum, LPS-treated rats, and in pair-fed controls had no 

effect on the relative liver weight compared with animals fed the same diets, but 

without tryptophan supplementation in the previous study (see Table 5.5; chapter 5 

& Table 6.5). 

c) Total lung weight 

In the animals fed ad libitum, LPS-treated rats and pair-fed groups, there was 

a trend for a reduction in the total lung weight as dietary protein content was 

decreased. This reduction was statistically significant in the ad libitum and in LPS-

treated animals when comparing the NP+M group with the VLP+M+T group, and in 

the pair-fed animals, when comparing the NP+M and the LP+M+T groups with the 

VLP+M+T group (Table 6.5). 

Total lung weight in the NP+M group was significantly lower in the LPS-

treated animals compared with animals fed ad libitum. 
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d) Relative Inng weight 

As in the previous experiment, neither diet nor treatments caused a significant 

(iiGGereiice jua thu: rel2di\%: luag T/yeigfit (g/lqg t)octy TAnsiĝ it) txztvyeeai thus gpnyuqas (jaee 

Table 5.5; chapter 5 & Table 6.5). 

e) Total spleen weight 

In animals fed ad libitum, there was a significant reduction in the total spleen 

weight as dietary protein content was decreased. In LPS treated and in pair-fed 

animals, there was a trend for a reduction in total spleen weight as dietary protein 

content was decreased (Table 6.5). This diSerence was statistically significant when 

comparing the NP+M and LP+M+T groups with the VLP+M+T group in pair-fed 

animals, and when comparing the NP+M group with the VLP+M+T group in LPS-

treated animals. In the NP+M group. Pair-fed animals had lower spleen weight 

compared with animals fed ad libitum. 

f) Relative spleen weight 

In animals fed the relative spleen weight (g/kg body weight) 

decreased significantly as dietary protein content was decreased. In pair-fed and in 

LPS-treated animals, relative spleen weight was significantly lower in the 

VLP+M+T group compared to the NP+M group. In the VLP+M+T group, LPS-

treated animals had significantly higher relative spleen weight compared with ad 

libitum and pair-fed animals. In the LP+M+T group, LPS-treated animals had a 

significantly higher relative spleen weight compared with animals fed ad libitum 

(Table 6.5). 

The addition of tryptophan to the low-protein dietary groups supplemented 

with methionine (the LP+M+T and VLP+M+T groups) had no effect on the relative 

spleen weight compared with the low-protein dietary groups supplemented with 

methionine (the LP+M and VLP+M groups) in the previous experiment (see Table 

5.5; chapter 5 & Table 6.5). 
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jg) IjDtaj thryrrHis 

The total thymus weight was not severely affected by the reduction in dietary 

protein content unlike the total spleen weight (Table 6.5). 

In animals fed ad libitum, there was a trend for a reduction in total thymus 

weight as dietary protein content was decreased. This difference was statistically 

signiGcant when companng the NP+M group with the VLP+M+T group, hi the LPS-

treated and pair-fed animals, the mean values decreased as dietary protein content 

was decreased, but this difference was not statistically significant. Table 6.5 shows 

that LPS-treated animals fed the VLP+M+T diet had lower thymus weight compared 

with their corresponding animals fed ad libitum, and that pair-fed animals fed the 

LP+M+T diet had lower thymus weight compared with their corresponding animals 

fed acf 

h) Relative thymus weight 

As in the previous study, neither diet nor treatments caused a significant 

alteration in the relative thymus weight (g/kg body weight) (see Table 6.5). 

Addition of tryptophan to the low-protein diets supplemented with 

methionine had no effect on the relative thymus weight. 
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Table 6.5 Organ weights of rats fed diets of graded casein content but with identical 

amounts of sulphur amino acids and tryptophan, after starting treatments 

Dietary groups NIN-M LP+M+T VLPfM+T two-way ANOVA 
g protein/kg diet 180+M 80+M+T 60+M+T p-value F ratio 

Total liver weight 
lis/ 

ad libitum 5.80^0.25" 6.73 ±0.27' 6.17 ±0.17' D=0.101 f^2.43 
pair-fed 4.60 ±0.19'* 4.40 ±0.16'* 4.14 ±0.20'* T=0.000 F=44.29 

LPS 5.00 ±0.22' 5.13 ± 0.39 '* 4.74 ±0.15'** 1=0.247 F=1.41 
Relative liver 

weight (g/kg body 
weight) 

ad libitum 48.3 ± L 9 ' 63.1 ± 1.5'" 67.9 ± 1.8̂ " D=0.000 F=24.82 
pair-fed 44.3^1.9" 46.7 ±1.6'* 50.9 ±2.9'* T=0.000 F=31.21 

LPS 50.8^1.9' 58.2 ±0.9''** 59.1 ±2.0""** 1=0.013 F=3.63 
Total lung 

weight (mg) 
ad libitum 966 ± 22" 879±50''' 767 ± 34'" D=0.000 F=20.15 
pair-fed 902 ± 4 5 ' 787±16 ' 678 ± 34"" T=0.001 F=8.86 

LPS 828 ±32'* 748 ± 25 659 ± 47"" 1=0.963 F=0.15 
Relative lung weight 
(g/kg body weight) 

ad libitum 8.07 ±0.32' 8.23 ±0.34' 8.47 ±0.45' D=0.928 F=0.08 
pair-fed 8.68 ±0.40' 8.48 ±0.25' 8.31 ±0.39' TM).800 F=0.22 

LPS 8.30 ±0.45' 8.65 ±0.53' 8.23 ±0.44' 1=0.869 P=0.31 
Total spleen 
weight (mg) 

ad libitum 620 ± 2 5 ' 427 ± 22" 300 ± 22' D=0.000 F^39.44 
pair-fed 478 ± 38 '* 386 ± 2 2 ' 282 ± 14"" T=0.016 F=4.62 

LPS 515 ± 39" 476 ±50"" 350 ± 25*" 1=0.107 F=2.05 
Relative spleen 

weight (g/kg body 
weight) 

ad libitum 5.16 ±0.19' 3.99 ± 0.06 3.28 ±0.17' D=0.000 P=27.47 
pair-fed 4.59 ±0.31' 4.15 ±0.30'* 3.45 ± 0.14" 1M).000 F=10.79 

LPS 5.12 ±0.11' 4.84 ±0.15'"'* 4.38 ±0.26"** 1=0.096 F=2.13 
Total thymus 
weight (mg) 

ad libitum 756 ± 7 4 ' 619 ±44'"' 510 ± 20" D=0.000 P=12.61 
pair-fed 576 ± 5 9 ' 490 ± 2 2 ' * 472 ± 32" T=0.001 P=8.50 

LPS 589 ± 5 9 ' 511±44' 419 ±22 1=0.514 fM).83 
Relative thymus 

weight (g/kg body 
weight) 

ad libitum 6.44 ±0.80' 5.83 ±0.41' 5.62 ±0.18' D=0.409 F=0.92 
pair-fed 5.48 ±0.28' 5.24 ±0.14' 5.75 ±0.26' T=0.224 P=1.56 

LPS 5.81 ±0 .16' 5.81 ±0.36' 5.24 ±0 .19 ' 1=0.365 F=l. l l 

-Results are presented as mean ± standard error of the mean, n=4 per treatment group for 
animals fed the NP+M diet, and n=6 per treatment group for animals fed the LP+M+T and 
the VLP+M+T diets. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer 
to p-value due to interaction between diet and treatment. Means within each row having 
different letter superscripts following the number differ significantly. * indicates a significant 
difference between ad libitum group and pair-fed or LPS-treated groups. * indicates a 
significant difference between pair-fed and LPS-treated groups, 

200 



The effect of graded levels of dietary casein but ^vith identical amounts of sulphur amino acids and tryptophan 

6.4.2 Glutathione concentration, and glutathione peroxidase and reductase 
activities 

Glutathione concentration 

a) Hepatic glutathione concentration 

Hepatic glutathione (GSH) concentration was influenced by dietary protein 

content, food intake and LPS treatment (Table 6.6 & Figure 6-3). In the 

and pair-fed animals, hepatic GSH concentration was significantly higher in the 

VLP+M+T group compared with the NP+M and the LP+M+T groups. In the LPS-

treated animals, no significant difference in GSH concentration was found between 

the groups. In all the groups, rats receiving LPS had a higher GSH concentration 

compared with the corresponding pair-fed controls. 

Comparison with data presented in the previous experiment, it can be seen 

that addition of tryptophan to the low-protein dietary groups supplemented with 

methionine slightly increased liver GSH in ad libitum-ftd animals (from 5.66 [imol/g 

liver in the LP+M group to 6.44 |imol/g liver in the LP+M+T group, and from 7.86 

pmol/g liver in the VLP+M group to 8.87 [imol/g liver in the VLP+M+T group). 

However, the difference was not statistically significant. In rats given LPS, addition 

of tryptophan to the low-protein dietary groups supplemented with methionine 

slightly increased hepatic GSH concentration in the animals fed the very-low protein 

diet (from 7.52 pmol/g liver in the VLP+M group to 8.21jj.mol/g liver in the 

VLP+M+T group). However, the difference was not statistically significant (see 

Table 5.6, chapter 5 & Table 6.6). 

h) Lung glutathione concentration 

No significant difference in lung GSH concentration was found due to diet as 

a factor. 

Due to treatments, there was a significant increase in lung GSH concentration 

in all the groups after LPS injection when compared with the pair-fed controls 

(Table 6.6 & Figure 6-3). 
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tryptophan to the low-protein diets supplemented with methionine did not modify 

this effect (see Table 5.6, chapter 5 & Table 6.6). 

c) Spleen glutathione concentration 

LPS treated and animals given the VLP+M+T diet had lower 

spleen GSH concentration compared with animals given the NP+M diet. In the pair-

fed groups, animals fed the VLP+M+T diet tends to have lower GSH concentration 

compared to other groups, but this difference was not statistically significant (Table 

6.6 & Figure 6-3). 

Comparison with work reported in the previous chapter, the addition of 

tryptophan to the low-protein diets supplemented with methionine did not modij^ 

diis effect (see Table 5.6, chapter 5 & Table 6.6). 

d) Thymus glutathione concentration 

In all dietary groups, there was a reduction in thymus GSH concentration as 

dietary protein content was decreased. This difference was statistically significant in 

the LPS-treated animals when comparing the NP+M group with the VLP+M+T 

group (Table 6.6 & Figure 6-3). 

Addition of tryptophan to the low-protein diets supplemented with 

methionine exerted no modulatory influence (see Table 5.6, chapter 5 & Table 6.6). 
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Table 6.6 Glutathione concentration in liver, lung, spleen, and thymus of rats fed diets 

of graded casein content but with identical amounts of sulphur amino acids and 

tryptophan, after starting treatments (funol/g tissue) 

Dietary groups NPfM LPfM+T VLRfM+T two-way ANOVA 
g protein/kg diet 180+M 80+M+T 60+M+T p-value F ratio 

Liver 
ad libitum 6.40 ± 0.21" 6.44 ±0.63' 8.87 d: 0.57" D=0.000 P=20.66 
pair-fed 3.75 ±0.54'* 2.24 ±0.24'* 5.63 ± 0.22 "* T=0.000 P=56.30 

LPS 7.52 ±0.32'** 7.25 ±0.40'* 8.21 ± 0 . 6 0 ' * 1=0.068 F=2.38 
Lung 

ad libitum 1.93 ±0.06" 1.82 ±0.13' 1.84 ± 0 . 1 5 ' D=0.871 F=0.14 
pair-fed 1.62 ±0.07'* 1.66 ±0.09' 1.67 ±0 .09 ' IMl.OOl f ^ . 2 9 

LPS 2.04 ±0.13'* 1.97 ±0.09'* 2.02 ± 0 . 0 8 ' * 1=0.968 FM1.14 
Spleen 

ad libitum 3.23 ±0.15' 2.90 ±0.18"' 2.64 ± 0.12" D=0.013 IW.85 
pair-fed 2.95 ±0.14' 2.92 ±0.06' 2.64 ±0 .12 ' T=0.819 P=0.20 

LPS 3.24 ±0.11' 2.73 ± 0.36 2.51 ± 0.27" 1=0.837 F=0.36 
Thymus 

ad libitum 2.21 ±0.08' 2.10 ±0.10' 2.04 ± 0 . 1 8 ' D= 0.007 F=5.68 
pair-fed 2.17 ±0.02' 2.12 ±0.07' 1.92 ±0 .10 ' T=0.373 P=1.01 

LPS 2J9±0.09 ' 2.23 ±0.08' 1.94 ±0.08" 1=0.686 P=0.57 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group for animals fed the NP+M diet, and n=6 per treatment group for animals fed 
the LP+M+T and the VLP+M+T diets. D< refer to p-value for diet, T< refer to p-
value for treatment, I< refer to p-value due to interaction between diet and treatment. 
Means within each row having different letter superscripts following the number 
differ significantly. * indicates a significant difference between ad libitum group and 
pair-fed or LPS-treated groups. 4 indicates a significant difference between pair-fed 
and LPS-treated groups. 
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Figure 6-3 Glutathione concentration in liver, lung, spleen, and thymus 
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-Results are means + SE. N=4 per treatment group for animals fed the NP+M 
diet, and n=6 per treatment group for animals fed the LP+M and the VLP+M 
diets. Means within each treatment group having different letter superscripts 
differ significantly. * indicates a signiBcant difference between /fAAw/M group 
and pair-fed or LPS-treated groups. * indicates a significant difference between 
pair-fed and LPS-treated groups. 
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Glutathione peroxidase activity 

a) Glutathione peroxidase activity in liver 

In the LPS treated and in animals there was an increase in liver 

glutathione peroxidase (GPx) activity as dietary protein content was decreased, as in 

the previous experiment (see Tables 5.7, chapter 5 & Table 6.7). 

Due to diet, hepatic GPx activity in the VLP+M+T group was signiGcantly 

higher than in the NP+M group in both animals fed ad libitum and in LPS-treated 

animals. In the pair-fed animals, no difference in GPx activity was found between 

the groups. 

Due to treatments, in the VLP+M+T group, GPx activity of the endotoxin-

treated rats and animals fed acf was signiGcantly higher than the 

corresponding pair-fed controls. 

Addition of tryptophan to the low-protein diets supplemented with 

methionine in the present study had no influence on liver GPx activity compared 

with previous study, in which animals fed the same diets but without additional 

tryptophan. 

b) Glutathione peroxidase activity in lung, spleen, and thymus 

Neither diet nor treatments caused an alteration on the activity of GPx in the 

above organs, indicating that GPx activity in these organs can be maintained during 

inflammation or consumption of a protein deficient diet (Table 6.7). 

Addition of tryptophan to the low-protein diets supplemented with 

methionine in the present study had no influence on GPx activity in the above organs 

(see Tables 5.7, chapter 5 & Table 6.7). 
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Table 6.7 Glutathione peroxidase activity in liver, lung, spleen, and thymus of rats fed 

diets of graded casein content but with identical amounts of sulphur amino acids and 

tryptophan, after starting treatments (units/g protein) 

Dietary groups M4-M LPfM+T VLP+M+T two-way ANOVA 
g protein/kg diet 180+M 80+M+T 60+M+T p-value F ratio 

Liver 
ad libitum 29.5 ±1 .5 ' 34.6 ± 1.3 40.5 ± 0.3 D=0.011 P=4.5 
pair-fed 27.8^2.2' 31.1 ±1.9 = 30.1 ± 1.5 =* T=0.008 F^.3 

LPS 31.4 ± 1.2" 33.4 ±2.9='' 38.0 ±0 .6"* 1=0.063 F^l.9 
Lung 

ad libitum 61.2 ±0 .6 ' 59.7 ±1.6 = 62.4 ±0 .8 = D=0.152 F=2.2 
pair-fed 58.8 ±0.9 = 57.1 ±0.9 = 61.5 ±1 .8 = T=0.425 P=0.91 

LPS 59.4^=1.7' 58.8 ±1.8 = 61.3 ± 1.2 = 1=0.495 fM).96 
Spleen 

ad libitum 62.6 ± 1.1' 63.2 ±2.2 = 64.8 ± 1.5 = D=0.093 F=2.1 
pair-fed 64.8^1.6" 62.5 ±0.9 = 59.8 ±2 .2 = T=0.25 P=1.S5 

LPS 63.4 ±2.1 = 64.4 ±1.5 = 63.7 ±2 .6 = 1=0.076 F=2.1 
Thymus 

ad libitum 58.9 ±0.9 = 59.9 ±1.5 = 60.9 ±1 .7 = D=0.41 P=0.91 
pair-fed 59.7 ±1.3 = 60.4 ±2.8 = 61.6 ± 2.1 = 'P=0.75 P=0.19 

LPS 63.6 ±1.7" 62.3 ±2.1 = 65.9 ±1.6 = D=0.82 D=0.26 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means within each row having 
different letter superscripts following the number differ significantly. * indicates a 
significant difference between ad libitum group and pair-fed or LPS-treated groups. 
A indicates a significant difference between pair-fed and LPS-treated groups. 

Glutathione reductase activity 

a) Glutathione reductase activity in liver 

In animals fed ad libitum and in LPS-treated animals, feeding a diet severely 

deficient in protein caused a significant increase in glutathione reductase (GR) 

activity (Table 6.8). 

In the animals fed ad libitum, GR activity was significantly higher in the 

VLP+M+T group compared with the NP+M and the LP+M+T groups. In the pair-

fed animals, GR activity was similar between the groups. As in ad libitum-fed 

animals, GR activity in the LPS-treated animals was significantly higher in the 

VLP+M+T group compared with the NP+M and the LP+M+T groups. 
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Due to treatments, GR activity was similar between the groups. However, in 

the VLP+M+T group, there was a trend for an increase in GR activity occurred in 

the //Azmrn and in LPS-treated animals compared with the corresponding pair-fed 

controls. 

It can be seen, by comparing the results with those of the previous experiment 

(see Table 5.8, chapter 5 & Table 6.8), that addition of tryptophan had no effect on 

the activity of GR. 

b) Glutathione reductase activity in lung, spleen, and thymus 

Diet and inflammation had no effect on G R activity in these tissues. 

Comparison with data &om the previous study, the addition of tryptophan had no 

efkct on GR activity on the above organs (see Table 5.8, chapter 5 & Table 6.8). 

Table 6.8 Glutathione reductase activity in liver, lung, spleen and thymus of rats fed 

diets of graded casein content but with identical amounts of sulphur amino acids 

tryptophan, after starting treatments (units/mg protein) 

Dietary groups NP+M LP+M+T VLP+M+T two-way ANOVA 
g protein/kg diet 180+M 80+M+T 60+M+T p-value F-ratio 

Liver 
ad libitum 20.7 ±1 .2 ' 20.4 ±1 .8 ' 29.1 ± 2.2'' D=0.001 P=8.70 
pair-fed 15.3 ±1 .4 ' 18.0 ±3 .5 ' 19.5 ± 1 . 8 ' T=0.171 F^1.90 

LPS 17.1 ± 1.6" 19.3 ±1 .4 ' 27.6 ± 1.8'' 1=0.224 f^l.53 
Lang 

ad libitum 22.5^1.9' 20.4 ±0 .9 ' 24.3 ± 2 . 1 ' D=0.117 F=2.33 
pair-fed 19.8^2.6" 24.5 ±1 .3 ' 21.1 ± 1 . 1 ' T=0.391 P=0.97 

LPS 18.7 d: 1.6' 19.8 ±0 .9 ' 23.7 ± 0 . 9 ' 1=0.068 P=2.49 
Spleen 

ad libitum 22.5^2.0' 23.45 ±1 .2 ' 26.04 ± 2.0 D=0.060 P=3.16 
pair-fed 21.2 ±1 .4 ' 23.65 ±2 .2 ' 25.2 ±1.4" 'D=0.085 F=2.72 

LPS 16.9 ±1.5' 21.22 ±2 .8 ' 22.2 ± 4 . 5 ' 1=0.957 P=0.16 
Thymus 

ad libitum 22.5 ±1.0 " 22.8 ±1 .7 ' 23.9 ± 1 . 3 ' D=0.396 F=0.96 
pair-fed 21.1 ±1.2" 21.8 ±1 .2 ' 19.2 ± 2 . 4 ' T=0.174 P=1.87 

LPS 20.1 ±1 .0 ' 21.9 ±0 .4 ' 22.1 ± 2 . 2 ' 1=0.231 F=1.50 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means within each row having 
different letter superscripts following the number differ significantly. * indicates a 
significant difference between ad libitum group and pair-fed or LPS-treated groups. 
4 indicates a significant difference between pair-fed and LPS-treated groups. 
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6.4.3 Protein in liver and lung 

a) Liver protein concentration 

In tbe animals fed and in IJPS-tM%#ed anin%ds, l±KTe \vas a 

significant reduction in protein concentration as dietary protein content was 

ckxrease^ iwhich \vas \vhen the proteui concentndion in die diet 

contained 60 g/kg diet, as in the previous study. In the pair-fed animals, there was a 

trend for a reduction in protein concentration as dietary protein content was 

decreased, but this reduction was not statistically significant (Table 6.9). In the 

NP+M group, LPS-treated animals and pair-fed animals had a higher protein 

concentration than in the /z^z/wm-fed animals. 

Addition of tryptophan to the low-protein diets supplemented with 

methionine exerted no influence on the results (see Table 5.9, chapter 5 & Table 

6.9). 

b) Total liver protein 

Dietary protein content, food intake and LPS treatment influenced the total 

liver protein content. In general, total liver protein among animals of various dietary 

and treatment groups varied due to the difference in the weights of livers (Table 6.9). 

In the LPS treated and pair-fed animals, there was a trend for a reduction in 

the total liver protein as dietary protein content was decreased. This was statistically 

significant in the LPS and pair-fed animals when comparing the NP+M group with 

the VLP+M+T group. In animals fed ad libitum, it was lower in the VLP+M+T 

group than in the LP+M+T group. 

Comparing the LPS-treated rats with pair-fed controls, it can be seen that in 

all the groups, the mean values was higher in the LPS-treated animals compared with 

the corresponding pair-fed controls. In the LP+M+T group. Pair-fed animals had a 

lower total liver protein than in ad libitum-ftd animals. In the VLP+M+T group, it 

was lower in the LPS treated and pair-fed animals compared with animals fed ad 
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methionine exerted no influence on the total protein in liver (see Table 5.9, chapter 5 

dk Tat)le 6.9). 

c) Total liver protein/kg body weight 

When the total liver protein is expressed relative to body weight it can be 

seen that, as in the previous experiment, there were no significant differences 

between the groups due to differences in dietary composition. Values increased 

significantly in the NP+M and LP+M+T groups after LPS treatment compared with 

the corresponding pair-fed controls. A trend for an increase in the relative liver 

protein was found after LPS treatment compared with the pair-fed animals in the 

VLP+M+T group, but this increase was not statistically signiGcant (Table 6.9). 

Comparison of data from the present study, with that reported in the previous 

chapter, indicates that addition of tryptophan to the low-protein dietary groups had 

no effect on the relative liver protein during the inflammatory response (see Table 

5.9, chapter 5 & Table 6.9). 
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Table 6.9 Protein in liver and lung of rats fed diets of graded casein content but with 

identical amounts of sulphur amino acids and tryptophan, after starting treatments 

Dietary groups IW-M LP+M+T VLP+M+T two-way ANOVA 
g protein/kg diet 180+M 80+M+T 60+M+T p-value F ratio 
Protein in liver 

(mg/g liver) 
ad libitum 1 5 L l ± 2 a ' 136.8 ± 4.0'" 124.0 ± 5.4'' D=0.001 F=8.36 
pair-fed 160.6 ±2.2=* 152.0 ±7.8" 142.5 ± 10.0" T=0.046 P=3.34 

LPS 161.7 ±2.8'* 145.5 ± 4.6̂ " 134.6 ± 9.6'' 1=0.968 r=o. i4 
Total liver 

protein (mg/ 
total l iver) 
ad libitum 876 ^44"' 924 ±57 = 764 ± 37'' D=0.001 F=9.01 
pair-fed 740 ± 33' 667 ±33"''* 585 ± 35''* T=0.000 F=12.69 

LPS 822^:46' 749 ±68'"' 633 ± 34''* 1=0.686 PM).57 
Relative liver 
protein (g/kg 
body weight) 

ad libitum 7.30 ± 0.36 = 8.62 ±0.24" 8.39 ±0.21" D=0.085 F=2.63 
pair-fed 7.11^=0.17" 7.15 ±0.24"* 7.10 ±0.17"* T=0.000 F=13.61 

LPS 8.21^:0.36= * 8.46 ± 0.27= 4 7.92 ±0.35" 1=0.103 F=Z08 
Lung protein 
(mg/g lung) 
ad libitum 7Z5±1J = 71.8 ±1.3 = 73.8 ±2.0 = D=0.776 F=0.26 
pair-fed 7Z5±1^" 73.5 ±1.5 = 71.5 ±1.0 = T=0.299 F=L25 

LPS 7&9614 ' 7&2±0^" 73.4 ±1.3 " 1=0.436 F=0.97 
Total lung 

protein (mg/ 
total lung) 
ad libitum 6 4 5 ± 1 J ' 63 .1+3 .5" 56.8 ±3.6 = D=0.000 F=11.97 
pair-fed 6&564J ' 57.9 ± 2.2'' 5L0±2^^ T=0.057 1̂ =3.1 

LPS 6 2 a ± 3 4 " 5 L 8 ± 2 J / h 48.7 ± 2.9'' 1=0.755 : P=0.47 
Relative lung 

protein (mg/kg 
body weight) 

ad libitum 0.54 ±0.02" a.59±042" 0.63 ±0.05 = D=0.728 F=0.32 
pair-fed 0.63^0.04" Oja±OjW" 0.63 ±0.04 = T=0.256 F=1.41 

LPS 0.63 ±0.03' 0 j 3 ± 0 j 4 " 0.61 ±0.02" 1=0.598 fM).70 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group for animals fed the NP+M diet, and n=6 per treatment group for animals fed 
the LP+M+T and the VLP+M+T diets. D< refer to p-value for diet, T< refer to p-
value for treatment, I< refer to p-value due to interaction between diet and treatment. 
Means within each row having different letter superscripts following the number 
differ significantly. * indicates a significant difference between ad libitum group and 
pair-fed or LPS-treated groups. $ indicates a significant difference between pair-fed 
and LPS-treated groups. 
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d) Lung protein concentration 

As in the previous experiment, animals were able to maintain lung protein 

concentration even under conditions of protein deficiency. No signiScant diSerence 

in lung protein concentration was found due to diet or treatments between the groups 

(Table 6.9). 

e) Total lung protein 

In ad libitum-fed animals, there was a trend for a reduction in the total lung 

protein content as dietary protein content was decreased, but this difference was not 

statistically significant (Table 6.9). In the pair-fed animals, there was a progressive 

reduction in total lung protein as dietary protein content was decreased. In the LPS-

treated animals, there was a trend for a reduction in total lung protein as dietary 

protein content was decreased. This was statistically signiGcant when comparing the 

NP+M group with the VLP+M+T group. 

No difference in total lung protein was found due to treatments as a factor. 

f) Total lung protein/kg body weight 

As in the previous study, the total lung protein, as a proportion of body 

weight, was maintained at the same level in all animals of various diet and treatment 

groups. No significant difference between the groups was found due to diet or 

treatments (see Table 5.9, chapter 5 & Table 6.9). 

6.4.4 Serum concentrations of a-1 acid glycoprotein and albumin 

a-1 acid glycoprotein 

As in the previous experiment, endotoxin-treated rats significantly increased 

the acute phase protein, a-1 acid glycoprotein, compared with ad libitum and pair-

fed animals (Table 6.10). In the LPS-treated groups, addition of tryptophan to the 

animals fed the low-protein diets supplemented with methionine (the LP+M+T and 

VLP+M+T groups) resulted in a lower mean values compared with the low-protein 

211 



The effect of graded levels of dietary casein biU with identical amounts of sulphur amino acids and tryptophan 

diets supplemented with methionine alone (the LP+M and VLP+M groups). The 

serum concentration of oc-l acid glycoprotein reduced from 931 and 946 n§/ml for 

the LP+M and YLP+M groups respectively to 777 and 790 pg/ml for the LP+M+T 

and T/IJP-HA/T+ir {gnoiqps resqpecydi/ely. ticrwnsver this irecbicdicHi TAms ruot statisticaJiyr 

significant (See Table 5,10; chapter 5 & Table 6.10). 

Table 6.10 Serum a-1 acid glycoprotein and albumin of rats fed diets of graded casein 

content but with identical amounts of sulphur amino acids and tryptophan, after 

starting treatments 

Dietary groups 
g protein/kg diet 

a - 1 acid glycoprotein 
(^g/ml) 

ad libitum 
pair-fed 

LPS 
Albumin (mg/ml) 

ad libitum 
pair-fed 

LPS 

NP+M 
180+M 

86^=14' 
99±8' 

854^71'** 

35.8^0.22" 
35.7^0.87" 
34.3 ±1.17' 

LPfM+T VLP+M+T 
80+M+T 60+M+T 

8 4 ± 7 ' 8 7 ± 9 ° 
90±9' 84^5" 

777^82'** 790 ± 7 5 ' * * 

tw 0 (vay ANOVA 
p-yalue F ratio 

D=0.720 P=0.33 
TM).000 Ii^244.9 
1=0.937 FH).20 

32.2^:0.60'' 29.4 ±0.39' D=0.000 F=49.73 
32.9 ±0.76' 30.3 ± 0.81"" T=0.003 F=6.63 

30.0 ±0.58 "A* 28.7 ± 0 . 4 9 1 = 0 . 6 8 9 P=0.57 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group for animals fed the NP+M diet, and n=6 per treatment group for animals fed 
the LP+M+T and the VLP+M+T diets. D< refer to p-value for diet, T< refer to p-
value for treatment, I< refer to p-value due to interaction between diet and treatment. 
Means within each row having different letter superscripts following the number 
differ significantly. * indicates a significant difference between ad libitum group and 
pair-fed or LPS-treated groups. A indicates a significant difference between pair-fed 
and LPS-treated groups. 

Albumin 

In all dietary groups, feeding diets severely deficient in protein decreased 

serum albumin concentration (Table 6.10). The endotoxin-treated animals had a 

slightly lower albumin than the corresponding pair-fed animals. This difference was 

statistically significant in animals fed the LP+M+T diet. Addition of tryptophan to 

the animals fed the low-protein diets supplemented with methionine did not exert 

any effect on serum albumin concentration (See Table 5.10, chapter 5 & Table 6.10). 
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6.4.5 Inorganic sulphate excretion, and urinary nitrogenous end products 
of amino acid metabolism: Urea-N and ammonia-N excretion 

Inorganic sulphate excretion, and Inorganic sulphate excretion as a percentage 
of sulphur amino acid intake-average of two days before starting treatments 

No difference in inorganic sulphate (SO4) excretion was found between the 

groups, before starting treatments. However, animals fed the very low-protein diet 

had the highest SO4 excretion, when it expressed as a percentage of sulphur amino 

acid intake. A similar phenomenon was noted in the previous experiment (See Table 

5. 11, chapter 5 & Table 6.11). 

Table 6.11 Inorganic sulphate excretion (SO4), and inorganic sulphate excretion as a 

percentage of sulphur amino acid intake (S.A.A.L) of rats fed diets of graded casein 

content but with identical amounts of sulphur amino acids and tryptophan-average of 

two days before starting treatments (pmol/day) 

Dietarj' groups NP+M LP+M+T VLP+M+T one-way ANOVA 
g protein/kg diet 180+M 80+M+T 60+M+T p-value F ratio 
SO4 excretion 302±r7' 3 2 f ± i 3 ' 341^=17' p=0.2391^1.50 
(SOVS.A.A.L) ilOO 34.8 ± 1.5" 36.0 ±1.8' 42.1 ± 1.4 " p=0.005 P=6.23 

-Results are presented as mean ± standard error of the mean, n=12 per group. Means 
within each row having different letter superscripts following the number differ 
significantly. 

Inorganic sulphate excretion after starting treatments 

The results of SO4 excretion, after starting treatments, can be seen in Table 

6.12. In animals fed ad libitum, no significant difference in SO4 excretion was 

found between the groups. The mean values decreased in the LPS treated and in 

pair-fed animals compared with the ad libitum-fed animals. This decrease was 

statistically significant when comparing the pair-fed animals with the corresponding 

animals fed the NP+M and LP+M+T diets Comparing the LPS-treated 

rats with the pair-fed controls, the mean values for SO4 excretion increased in the 

NP+M group after LPS treatment, but because of the wide inter-group variability, 

this increase was not statistically significant. In the two low-protein dietary groups 

213 



The effect of graded levels of dietary casein but with identical amounts of sulphur atnino acids and tryptophan 

(liie aiid VTLJPH-A/TfT gproiipsO, iio diffemaaci: iii SICX* eswcreticwi lams fcnuuidL 

when comparing the LPS-treated rats with the pair-fed controls. 

Table 6.12 Inorganic sulphate excretion of rats fed diets of graded casein content b u t 

with identical amounts of sulphur amino acids and tryptophan, after starting 

treatments (iimol/day) 

Dietary groups NP+M LP+M+T VLP+M+T two-way ANOVA 
g protein/kg diet 180+M 80+M+T 60+M+T p-value F ratio 

316±2' 314±14' 338±16' D=6!oi5 FW.94 
pair-fed 182 ±36'* 192 ±20'* 298 ±15'" T=0.001 Ii^.97 
.LPS 236±46' 196±46' 1=0.463 P=0.93 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means within each row having 
different letter superscripts following the number differ significantly. * indicates a 
significant diSerence between group and pair-fed or LPS-treated groups. 
* indicates a signiGcant diGEerence between pair-fed and LPS-treated groups. 

Ammonia-N and nrea-N excretion-average of two days before starting 

treatments 

A significant reduction in NH3-N and urea-N excretion was found in the 

LP+M+T and VLP+M+T group compared with the NP+M group. No difference in 

NH3-N and urea-N excretion was found between the LP+M+T and the VLP+M+T 

groups (Table 6.13). 

Urea-N excretion was slightly increased (not statistically significant) after 

addition of tryptophan to the very low-protein diet supplemented with methionine 

(the VLP+M+T group) when compared with animals fed the same diet, but without 

tryptophan supplementation in the previous experiment (see Table 5.13, chapter 5 & 

Table 6.13). 
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Table 6.13 Ammonia-N and urea-N excretion of rats fed diets of graded casein content 

but with identical amounts of sulphur amino acids and tryptophan -average of two 

days before starting treatments (^mol/day) 

Dietarj' groups NP+M LP+M+T VLP+M+T one-way ANOVA 
g protein/kg diet 180+M 80+M+T 60+M+T p-value jF ratio 

""NHa-N " 789 ± 2 ^ " " s s o l b z z ' ' ' 349 ±21 ' ' p = 0 . d b o W 2 3 . 3 6 

Urea-N 9507^ 307 ' 815 ±44 ' ' 772^52 ' ' p= 0.000^=672.99 

-Results are presented as mean ± standard error of the mean, n=12 per group. Means 
within each row having different letter superscripts following the number differ 
significantly. 

Ammonia-N and urea-N excretion after starting treatments 

a) Ammonia-N excretion after starting treatments 

Table 6.14 shows ammonia-N excretion, after starting treatments. In animals 

fed ad libitum, LPS-treated rats, and pair-fed controls, a significant reduction in 

NHs-N excretion occurred in the LP+M+T and VLP+M+T groups when compared 

with the NP+M group. No difference in NHg-N and urea-N excretion was found 

between the LP+M+T and VLP+M+T groups. 

Due to treatments, in all the groups, the mean values of NHg-N excretion was 

lower in the LPS treated and pair-fed animals compared with animals fed ad libitum, 

but this difference was statistically significant, when comparing the pair-fed animals 

with the corresponding ad libitum-fed animals given the NP+M diet. Addition of 

tryptophan did not appear to modify the pattern of response (see Table 5.14, chapter 

5 & Table 6.14). 
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Table 6.14 Ammonia-N and urea-N excretion of rats fed diets of graded casein content 

but with identical amounts of sulphur amino acids and tryptophan, after starting 

treatments (pmol/day) 

Dietary groups 
g protein/kg diet 

"NHa-N 
ad libitum 
pair-fed 

LPS 

NPfM 
180+M 

LP+M+T 
80+M+T 

VLPfM+T 
60+M+T 

two-way ANOVA 
p-value F ratio 

752 ± 2 5 ' 349^=65" 319^20" D=0.000 fM3.58 
462^:61"* 190^:30'' 266 ±11'' T=0.000 F=10.24 
539^88" 176^=34" 269^=54" 1=0.194 P=1.64 

Urea-N 
10134^530" 727^66*' 831^109'' D=0.000 P=307.50 

pair-fed 6211^449'* 537^52'" 637 ±40'' T=0.000 P=10.92 
LPS 6970^=1127" 1 1 2 9 ^ 6 2 ^ 912 ±206^ I=0;000 F=9.67 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means within each row having 
different letter superscripts following the number differ significantly. * indicates a 
signiAcant diSerence between group and pair-fed or LPS-treated groups. 
* indicates a signiScant diSerence between pair-fed and LPS-treated groups. 

b) Urea-N excretion after starting treatments 

The results of urea-N excretion, after starting treatments, can be seen in Table 

6.14. In the ad libitum, LPS treated and pair-fed animals, there was a significant 

reduction in the amounts of urea-N excretion occurred in the LP+M+T and 

VLP+M+T groups when compared with the NP+M group. No difference in urea-N 

excretion was found between the LP+M+T and the VLP+M+T groups. 

Due to treatments, in the NP+M group, pair-fed animals excreted lower 

amounts of urea-N than animals fed ad libitum. In all the groups, the mean values of 

urea-N excretion were increased after LPS treatment when compared with the pair-

fed animals, but this effect was not statistically significant. 

Although the food intake was similar between the LPS-treated animals, fed 

the VLP+M+T diet in the present study, and LPS-treated animals, fed the same diet 

but without added tryptophan in the previous study, urea-N excretion increased by 

32% after inclusion of tryptophan in the diet (see Table 5.14, chapter 5 & Table 

6.14). 
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6.4.6 Relationship between parameters measured in the study 

The ratio of glutathione to protein 

IDidiury punotein coiitent, fb()d iiitakf; arui IJPS) tre;itnieirt czmsed a sa^Piificzuit 

alteration in the ratio of GSH to protein (Table 6.15). 

In the ac/ and in pair-fed animals, the ratio of GSH to protein was 

significantly higher in the VLP+M+T group compared with the NP+M and the 

LP+M+T groups. In the LPS-treated animals, the ratio of GSH to protein was 

signiGcantly higher in the VLP+M+T group compared with the KP+M group. The 

mean value was higher in the VLP+M+T group compared with the LP+M+T group, 

but the di@erence was not statistically signiGcant. 

Due to treatments, in all dietary groups, the ratio was signiGcantly higher 

after LPS treatment compared with the corresponding pair-fed animals. In all dietary 

groups, pair feeding caused a significant reduction in the ratio compared to values 

for ac/ /f6zYM/M-fed animals. 

Comparison of data from the present study with that of the previous study, it 

can be seen that addition of tryptophan to the low-protein diets supplemented with 

methionine (the LP+M+T and VLP+M+T diets) appeared to increase (not 

statistically significant) the ratio of GSH to protein present in liver, in the LPS-

treated animals and in animals fed ad libitum, when compared with animals fed the 

same diets, but without tryptophan supplementation (the LP+M and VLP+M diets). 

The increase in the ratio was greatest in animals fed the VLP+M+T diet (see Table 

5.15, chapter 5 & Table 6.15). 
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Table 6.15 The ratio of hepatic glutathione to hepatic protein and to inorganic 

sulphate excretion (SO4) of rats fed diets of graded casein content but with identical 

amounts of sulphur amino acids and tryptophan, after starting treatments 

Dietary groups NP+M LP+M+T VLP+M+T two-way ANOVA 
g protein/kg diet 180+M 80+M+T 60+M+T p-vaiue F ratio 

GSH/ protein 
(nmol/mg) 

&&&««; 42.4^1.2' 47.5 ±5 .4 ' 74.1 ±7.5'' D=0.000 F=27.42 
pair-fed 23.4^3.6'* 15.0^1.8'* 40.1^=1.8:'* T=0.000 P=43.30 

LPS 46.6 ±1.6 "4 53.1 ± 1.5 ""4 67.7 ±5.7''* 1=0.264 F=1.37 

GSH/SO4 
(nmol per liver 
/^mol per day) 

118 ±9" 151 ±11"'' 178 ±12*' D=0.593 P=0.53 
pair-fed 98±9" 59±8''* 78±4' ' '* T=€.000 P=41.50 

LPS ^ 174±22''4 214±16' '6* 164±25' '* 1=0.006 F=4.52 

-Results are presented as mean ± standard error of the mean. For ± e ratio of hepatic 
glutathione to hepatic protein, n=4 per treatment group for animals fed the NP+M 
diet, and n=6 per treatment group for animals fed the LP+M+T and the VLP+M+T 
diets. For the ratio of hepatic glutathione to inorganic sulphate excretion, n=4 per 
treatment group. D< refer to p-value for diet, T< refer to p-value for treatment, I< 
refer to p-value due to interaction between diet and treatment. Means within each 
row having different letter superscripts following the number differ significantly. * 
indicates a significant difference between ad libitum group and pair-fed or LPS-
treated groups. A indicates a significant difference between pair-fed and LPS-treated 
groups. 

The ratio of total glutathione in liver to inorganic sulphate excreted in nrine 

after starting treatments 

Table 6.15 shows the ratio of total glutathione in liver to SO4 excreted in 

urine. In animals fed ad libitum, there was an increase in the ratio of total hepatic 

GSH to SO4 excreted in urine as dietary protein content was decreased, and this 

increase in the ratio was statistically significant when comparing the VLP+M+T 

group with the NP+M group. In the pair-fed controls, the ratio in the LP+M+T group 

was lower than in the NP+M group. In the LPS-treated animals, no significant 

differences were found between the groups. 

Comparing the LPS-treated rats with the pair-fed controls, the ratio was 

significantly increased in all dietary groups after LPS treatment. 
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All dietary groups were able to increase the ratio of glutathione in liver to 

S)()4 eiccmstecliui uriiie adterlLJPS) ibnsatirwsnt? iis in flie lasft snhidh/. I)e!q]ite tbie sioiiLaiitTf 

in the amount of food eaten (and the similarity in sulphur amino acid intake) 

between LPS-treated animals fed the VLP+M+T diet in the present study and 

animals fed the same diet, but without tryptophan supplementation in the previous 

study (the LPS-treated animals fed the VLP+M diet), the ratio of hepatic glutathione 

to urinary SO4 excretion slightly increased (not statistically signiGcant) by addition 

of tryptophan to the diet (see Table 5.15, chapter 5 & Table 6.15). 

The ratio of ammonla-N and urea-N excretion to N intake before starting 

treatment 

When NH3-N excretion correlated to N intake, it was found that the ratio of 

NH3-N excretion to N intake was signiGcantly higher in the VLP+M+T group 

compared to other groups. There was a sigiii6cant reduction in the ratio of urea-N 

excretion to N intake in the LP+M+T and VLP+M+T groups compared with the 

NP+M group. The ratio of urea-N excretion to N intake was significantly higher in 

VLP+M+T group than in the LP+M+T group (Table 6.16). 

Addition of tryptophan had no effect on the ratio of ammonia-N to N intake, 

but it significantly increased the ratio of urea-N excretion to N intake in animals fed 

the VLP+M+T diet in the present study compared with animals fed the same diet, 

but without tryptophan supplementation in the previous chapter (see Table 5.16; 

chapter 5 & Table 6.16). 

Table 6.16 The ratio of ammonia-N and urea-N excretion to N intake of rats fed diets 

of graded casein content but with identical amounts of sulphur amino acids and 

tryptophan-average of two days before starting treatments (mg/mg) 

Dietary groups NP+M LP+M+T VLP+M+T one-way ANOVA 
g j y ' o t ^ n ^ g diet 180+M 80+M+T 60+M+T p-value F-ratio 

0.029 ± o.ooi" 61026 ± 0.002^ 0.038^0.002'' p .̂OOO ^11.9 
UrearN/N 0.350 ± 0.022 " ._0.064 ± 0.003 ̂  0.083 i CLOŴ^̂  p=0.000 F=138.5 

* Results are presented as mean ± standard error of the mean, n=12 per group. 
Means within each row having different letter superscripts following the number 
differ significantly. 
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The ratio of ammonia-N and urea-N excretion in urine to N intake after starting 

treatments 

a) The ratio of ammonia-N excretion in urine to N intake after starting 

treatments 

Dietary protein content caused a significant alteration on the ratio of NH3-N 

to N intake (Table 6.17). In animals fed there was a signiScant increase 

in the ratio of NH3-N to N intake in the VLP+M+T group compared with the NP+M 

group. The ratio was also higher in the VLP+M+T group than in the LP+M+T 

group, but this increase in the ratio was not statistically significant. In the LPS-

treated animals and in pair-fed animals no signiGcant difkrence in the ratio was 

found between the groups. 

Table 6.17 The ratio of ammonia-N and urea-N excretion in urine to N intake of rats 

fed diets of graded casein content but with identical amounts of sulphur amino acids 

and tryptophan, after starting treatments (mg/mg) 

Dietarj' groups NP+M LP+M+T VLP+M+T two-way A N OVA 
g protein/kg diet 180+M 80+M+T 60+M+T p-value F ratio 

NH3-N/N intake 
0.024 ±0.0003' 0.025 ± 0 . 0 0 3 0 . 0 3 2 ± 0 . 0 0 2 D = 0 . 0 3 3 F=10.02 

pair-fed 0.040 ±0.012' 0.038 ±0.008' 0.038 ± 0.002' T=0.118 F=1.22 
LPS 0.061 ±0.019' 0.044 ±0.010' 0.036 ± 0.005' 1=0.502 PM).76 

Urea-N/N intake 
0.324 ± 0.006 ' 0.056 ± 0 . 0 0 4 0 . 0 8 2 ± 0.008' D=0.000 P=19.52 

pair-fed 1.052 ±0.372' 0.118 ±0.029' 0.090 ± 0.008' T=0.007 F^.15 
LPS 1.148 ±0.437' 0.297 ±0.082' 0.107 ±0.006"* 1=0.083 F=2.33 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means within each row having 
different letter superscripts following the number differ significantly. * indicates a 
significant difference between ad libitum group and pair-fed or LPS-treated groups. 
* indicates a significant difference between pair-fed and LPS-treated groups. 

h) The ratio of urea-N excretion in urine to N intake after starting treatments 

In animals fed ad libitum, a significant reduction in the ratio of urea-N 

excretion to N intake was found in the low-protein dietary groups (the LP+M+T and 

VLP+M+T groups) when compared with the NP+M group. However, values for the 

220 



Tlie effect of graded levek of dietary casein but with identical amounts of sulphur amino acids and tryptophan 
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significant difference in the ratio was found between the LPS-treated animals and 

pair-fed animals (Table 6.17). The appetite response to LPS iiyection in the LPS-

treated animals within the same dietary group varied considerably which made the 

standard deviation of the mean of protein intake after LPS treatment high, similarly 

]R)r tlie jpair-fed iioiiruils. (Zcxnsfsqiieritb/, tbue (IrGEeiTsoice TAfas iicd statisticzLlby 

signiGcant. However, it is clear that the mean values of the ratio in the LPS-treated 

animals and pair-fed animals fed the KP+M diet was dramatically higher than in the 

LPS-treated animals and pair-fed animals fed the LP+M+T and VLP+M+T diets. 

Due to treatments, the ratio of urea-N to N intake, in the VLP+M+T group, 

was signiGcantly higher hi the LPS-treated animals than in the at/ Zẑ ẑ wm-fed 

animals. 

Addition of tryptophan to the very low-protein diet supplemented with 

methionine (the VLP+M+T group) increased (not statistically significant (p<0.068)) 

the ratio of urea-N excretion to N intake in the ad libitum-fQA animals, but not in the 

LPS-treated rats or pair-fed animals when compared to values from animals fed the 

same diet, but without tryptophan supplementation in the previous study (see Table 

5.17; chapter 5 & Table 6.17). 

The ratio of inorganic sulphate excretion to ammonia-N and urea-N excretion 

before starting treatment 

a) The ratio of inorganic sulphate excretion to ammonia-N excretion before 

starting treatments 

The ratio of SO4 to NH3-N excretion in urine was significantly higher in the 

low-protein dietary groups than in the NP+M group. No difference in the ratio was 

found between the LP+M+T group and the VLP+M+T group (Table 6.18). 

Addition of Tryptophan to the low-protein diets supplemented with 

methionine did not influence the ratio (see Table 5.18, chapter 5 &Table 6.18). 
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b) The rado of inorganic sulphate excredon to nrea-N excredon before starting 

treatments 

ITie iiido of !5()4 to iirea-]^ (sxaretioii ui miiie Taras the 

low-protein dietary groups than in the NP+M group. No significant difference in the 

ratio was fbimd between the LP+M+T group and the VLP+M+T group (Table 6.18). 

The ratio of SO4 to urea-N excretion in the VLP+M+T group was slightly 

decreased (not statistically signiEcant) compared with animals fed the same diet, but 

without added tryptophan in the last study (see Table 5.18, chapter 5 & Table 6.18). 

Table 6.18 The ratio of inorganic sulphate excretion (SO4) to ammonia-N and nrea-N 

excretion of rats fed diets of graded casein content but with identical amounts of 

sulphur amino acids and tryptophan -average of two days, before stardng treatments 

(̂ unoI/;unol) 

Dietary groups NP+M LP+M+T V LP+M+T one-way ANOVA 
g protein/kg diet 180+M 80+M+T 6 0 + M + T p-value F ratio 

% 3 i ^ 0 . 0 2 ' p^OOO F = 1 3 5 j i 6 
SO/Urea-N 0.032 p=4.M0 F=117.08 

-Results are presented as mean ± standard error of the mean, n=12 per group. Means 
within each row having different letter superscripts following the number differ 
significantly. 

The rado of inorganic sulphate excretion to anmionia-N and urea-N excredon 

after starting treatments 

a) The rado of inorganic sulphate excredon to ammonia-N after starting 

treatments 

The results of the ratio of inorganic sulphate excretion to ammonia-N 

excretion, after starting treatments, can be found in Table 6.19. In the ad libitum, 

LPS treated and pair-fed animals, the ratio of SO4 to NH3-N excretion in urine was 

signiScantly higher in the low-protein dietary groups than in the NP+M group. No 

significant difference in the ratio was found between the LP+M+T group and the 
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VLP+M+T group. The ratio was not a^ected by LPS treatment or restriction in food 

intake. 

Despite a similarity in the amomit of food eaten (and therefore sulphur amino 

acid intake) between LPS-treated animals fed the VLP+M+T diet in the present 

study and LPS-treated animals fed the same diet, but without added tryptophan in 

the previous study, the ratio of SO4 to ammonia-N excretion was decreased after 

inclusion of tryptophan in the diet, however the difference did not reach statistical 

signiGcance (see Table 5.19, chapter 5 & Table 6.19). 

Table 6.19 The ratio of inorganic sulphate excretion (SO4) to ammonia-N and urea-N 

excretion of rats fed diets of graded casein content but with identical amounts of 

sulphur amino acids and tryptophan, after starting treatments ( îmol/pmol) 

Dietary groups NP+M LP+M+T VLP+M+T two-way AN OVA 
g protein/kg diet 180+M 80+M+T 60+M+T p-value F ratio 

SO4/NH3-N 
WgAAwm 0.42^0.01" 0.99 ± 0 . 1 7 1 . 0 7 ±0.07'" D=0.000 FW9.62 
pair-fed 0.39 ±0.02' 1.05 ±0.09'" 1.12 ±0.06'' T=0.741 PM).30 

LPS 0.44^:0.04' 1.12 ± 0 . 1 2 1 . 0 9 ^ 0 . 1 3 " 1=0.938 IM).20 
SOVurea-.N 

ad libitum 0.032 ± 0.002 = 0.445 ± 0 . 0 4 9 0 . 4 3 0 ± 0.061'' D=0.000 1^61.29 
pair-fed 0.024 ^ 0.002 ' 0.362 ^0.026" 0.473^ 0.037" T=0.002 P=8.22 

LPS 0.029 ± 0.004 J).176 ± 0.009 " ^ O^M ±0.052" 1=0.016 P=3.73 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means within each row having 
different letter superscripts following the number differ significantly. * indicates a 
significant difference between ad libitum group and pair-fed or LPS-treated groups. 
A indicates a significant difference between pair-fed and LPS-treated groups. 

b) The ratio of inorganic sulphate excretion to urea-N after starting treatments 

The results of the ratio of inorganic sulphate excretion to urea-N excretion 

can be found in Table 6.19. In animals fed ad libitum, the ratio of SO4 excretion to 

urea-N excretion was significantly higher in the low-protein dietary groups 

compared with the NP+M group. No significant difference in the ratio was found 

between the low-protein groups. In the pair-fed animals, the ratio was significantly 

lower in the NP+M group compared with other groups, and the mean value of the 
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ratio was higher in the VLP+M+T group compared with the LP+M+T group, but diis 

difference was not statistically signiScant. In LPS-treated animals, a significant 

increase in this ratio was found as the protein concentration in the diet was 

decreased. However, the magnitude of the increase was much higher when 

comparing animals fed the NP+M diet with animals fed the low-protein diets, than 

when comparing animals fed the LP+M+T diet with animals fed the VLP+M+T diet. 

So the main finding is that in all treatment groups, the ratio increases as 

protein intake falls. However, it can be seen that inflammation partially corrects the 

increase caused by a fall in protein intake in the low-protein groups. 

In /zZ)yrM/M-fed animals, the ratio of SO4 to urea-N excretion in animals fed 

the VLP+M+T diet was sHghtly decreased (not statistically significant) compared 

with animals fed the same diet but without added tryptophan, in the last study (see 

Table 5.19, chapter 5 & Table 6.19). Otherwise, addition of tryptophan to the low-

protein dietary groups did not exert any effect on the pattern of the response. 
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6.5 Discussion 

jduicUlicHi ()f tryiyhopdiaui to liie l()w-iHX)tein <iieibs cxDrrkLuiiry; adecpia-te iirnoiuit 

of methionine did not improve growth to a greater extent than methionine 

supplementation alone (see Figure 6-4). This is because tryptophan is not the most 

limiting amino acid for growth in animals fed the low-protein diets (see Table 4.2, 

cJiajiter 4̂ ). ITlie roost limiting zunnicK) aci(i is iriiethicHiiiie, iri Mfbicdi cme-tturd to (XDwe-

liaLUr ojT niedliicHiicu: leiqiiunerneait (:aii t)e sni]}plie(l l}y I_r<;yTaine (hJaticwial IRjesearcJi 

CoMxiL 1978). 

Figure 6-4 Average daily weight gain of animals fed low-protein diets supplemented 

with methionine and tryptophan compared with animals fed the same diets, but 

without tryptophan supplementation 
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Groups 

- Results are means ± SE. N=18 per group. 

It was hypothesised by Reeds et al (1994) that the imbalance between the 

proportions of amino acids released from muscle and the proportions needed for 

acute phase protein synthesis, was responsible for the negative nitrogen balance 

during the inflammatory response. Reeds et al. (1994) calculated that tryptophan and 

other aromatic amino acids were important during the response. The results of the 

present study do not support either of these concepts. There was no indication that 

addition of tryptophan had any effect in enhancing the acute inflammatory response 
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adAxsr escpHasiire t() IvPIS. TTryTptOjibjm iuitaios \voulcl inisteswi ;&pi)eaT ik) tie iiresKsoit jui 

excess of the requirement for inflammatory response in the present study. 

jAJRar ex̂ posnire to the iicube icdlaaimiatCHnf edBGscts lof Î F̂ S, liver, luiig, sjileai 

and thymus relative weights, in animals fed the low-protein diets supplemented with 

methionine and tryptophan (the LP+M+T and VLP+M+T groups), were not 

irwcreased ifurttuar ccwrypaitxi \vith animals fe<i die sairu: diets, biit TAiili (oiiby 

methionine supplementation in the previous study (see Table 5.5, chapter 5 & Table 

6.5). 

Whichever way liver protein is expressed (e.g. concentration, total protein or 

relative to body weight), there was no evidence that addition of tryptophan to the 

low-protein dietary groups supplemented with methionine had any stimulatory on 

the hepatic protein metabolism (see Table 5.9; chapter 5 & Table 6.9). Furthermore, 

oc-1 ac%(l {»lyc(3pHnoteiî  cwie odT tbt; iiuijor acute pliause pitxtein in rats, Taras rw)t 

enhanced further in the LPS-treated animals after addition of tryptophan to the low 

and very low-protein diets supplemented with methionine, indeed, the data 

suggested that addition of tryptophan might even suppress this aspect of the response 

to LPS (Figure 6-5). 

Figure 6-5 a-1 acid glycoprotein in LPS-treated animals fed low-protein diets 

supplemented with methionine and tryptophan compared with animals fed the same 

diets, but without tryptophan supplementation 
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Results are means ± SE. N=6 per treatment group. 

226 



Tlie effect of graded levek of dietary casein but with identical amounts of sulphur amino acids and tryptophan 

][)es;]pite a siroilaurhgf iwi jPocwi irUzike Ibedrwreoi idhe gpnoiqp in ttw: 

present study and the VLP+M group in the previous study, after exposure to the 

iriQamiiLatcKTf edBRscts ()f IJPiS, tunearJSI e)&creticMi Tarns {greater adBkzr iid(iitk)ri cdF 

tryptophan and methionine to the diet than when methionine was added alone, but 

this increase was not statistically significant (Figure 6-6). This finding again 

suggests that tryptophan is not a limiting amino acid for acute phase response in 

animals fed a severely protein restricted diet, as an improvement in nitrogen balance 

would be expected if Reeds et al.'s hypothesis was correct. 

Figure 6-6 Urea-N excretion of LPS-treated animals fed low-protein diets 

supplemented with methionine and tryptophan compared with animals fed the same 

diets, but without tryptophan supplementation 
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- Results are means ± SE. N=4 per treatment group. 

While addition of tryptophan did not appear to increase the magnitude of the 

acute phase response, it appeared to change the partitioning of sulphur amino acids 

between the main end products, protein, GSH and SO4. 

The ratio of glutathione to protein in liver, and the ratio of hepatic glutathione 

to SO4 excretion were increased (not statistically significant) in the LPS-treated 

animals and also in the ad libitum-fed animals, after addition of tryptophan to the 
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low-protein diets supplemented with methionine (see Tables 5.15; chapter 5 & Table 

6.15). This effect can be seen most clearly in the LPS-treated animals fed the 

VLP+M+T diet (Figure 6-7). The food intake of LPS-treated animals fed the 

VLP+M+T group in the present study and the food intake of LPS-treated animals fed 

the VLP+M group in the previous study was similar, thus sulphur amino acid intake 

is not a variable influencing the increase in the ratio. Since, SO4 excretion, the 

amount of weight gain and the relative liver protein were similar between the above 

groups, it could be postulated that the increase in the ratio of GSH to protein present 

in liver and the increase in the ratio of hepatic GSH to SO4 excretion in the present 

study, after addition of tryptophan, could be due to the possibility that the additional 

tryptophan had improved the supply of glycine and hence partitioned more cysteine 

into glutathione synthesis. Such an explanation is biochemically feasible. 

Figure 6-7 The ratio of glutathione to protein present in liver, and the ratio of hepatic 

glutathione to inorganic sulphate excretion of the LPS-treated animals fed the low-

protein diets supplemented with methionine and tryptophan compared with animals 

fed the same diets, but without tryptophan supplementation 
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-Results are means ± SE. n=6 per treatment group for ratio of glutathione to 
protein present in liver, and n=4 for the ratio of hepatic glutathione to inorganic 
sulphate excretion. 
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The conversion of S-adenosylmethionine to S-adenosylhomocysteine requires 

the removal of a methyl group. Normally glycine acts as the methyl acceptor. 

However, nicotinamide, which is a m^or product of tryptophan metabohsm, can 

also act as a methyl acceptor forming N-methyl nicotinamide and methyl pyridone 

carboxyamide, hence reducing the requirement for the methylation of glycine. 

Consequently, more glycine will be available for glutathione synthesis (see Figure 6-

8). hi an in vivo study, which increased tryptophan intake to a greater extent than in 

the present study, (from 1.9 g to 5.9 g/kg diet compared with the present study, &om 

1 g and 0.7 g/kg diet for the LP and VLP diets respectively to 2.2 g/kg diet for both 

the LP+M+T and VLP+M+T diets), a considerable increase in the metabolites of 

nicotinamide, N-methyhiicotinamide and methyl pyridone nicotinamide occurred 

(McCreanor & Bender, 1986). 

Figure 6-8 The possible role of tryptophan in conserving glycine for glutathione 

synthesis 
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]?rc%m tlie pon:se%ite(i iii this sMiicty ZLCul ici thw: iirei/ioiis cdiaqpter it TArcmlcl 

seem that in many respects, the requirement for growth and for the inflammatory 

response was somewhat similar. Addition of methionine to the low-protein groups, 

in the previous chapter (chapter 5), increased the weight gain of rats, and at the same 

time enhanced the inflammatory response, as indicated by the increase in GSH 

C()iK:eiitration iii T/aricms oî gaiis, iii ladiicli tlie iiicitxause w/sus (bramjitk; iii livtsr. Iji 

addition, liver protein content and a-1 acid glycoprotein were improved after 

addition of methionine to the low-protein groups. However, addition of tryptophan 

to the low-protein dietary groups supplemented with methionine, did not improve 

the weight gain of rats and at the same time did not exert major effect on the 

iirELamiriatCHnf rexspcxoix;, v/lieri ccmipared \vith lardiiials jPecl tbu: saiiie (liets, tnit Tvitli 

only methionine supplementation. 

It could be argued that the failure to demonstrate that tryptophan is a limiting 

amino acid in the acute phase response may relate to species differences in amino 

acid requirement of humans, for whom Reeds et al. (1994) prepared there 

hypothesis, and rats, used as a model of inflammation in the present study. If, 

however, we look to the proportion of nine essential amino acids needed to support 

llie {rrcrRfdi iai )f0im{? ral larwi (zoiirpzure it Twilli the pMnojDCHrdon cdT idbese ztniioo Eucidks 

needed to support growth in children (Table 6.20), we can see that the requirements 

between the two species are somewhat different. The requirement for sulphur amino 

acids and aromatic amino acids are higher in young rats than in children. The 

requirement for valine was similar between the two species. Finally, the requirement 

for the remaining amino acids was higher in children than in young rats. The 

requirement for tryptophan for growth is however markedly higher in rats than in 

children. If the amino acid requirement for growth and inflammation were 

proportionately similar, an effect from tryptophan supplementation would have been 

expected in the present study. 
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Table 6.20 The proportion of nine essential amino acids needed to support growth in 

young rats compared with the proportion of these amino acids needed to support 

growth in children 

Amino acid young rats* 
% 

schoolchildren 10-12 years # 
% 

Histidine 6.1 0 

Isoleucine 10L2 11.7 

Leucine 15.3 17.2 

Lysine 14.3 23 

Methionine + cystine 12.2 10.4 

Phenylalanine + tyrosine 1&3 10.4 

Threonine 10L2 13.5 

Tryptophan 3.1 1.4 

Valine 12.2 12.6 

* The proportion of nine of the essential amino acids needed to support growth in 
growing rats was recalculated from {National Academy of Sciences (1978), p. 23}. 
# The proportion of these essential amino acids needed to support growth in children 
was recalculated from {Report of a Joint FAO/WHO Ad Hoc Expert Committee on 
energy and protein requirements (19 74), p. 57. 

However, addition of tryptophan to the low-protein diets supplemented with 

methionine caused no additional enhancement of the components of the 

inflammatory response, after exposure to the acute inflammatory response of LPS. 

Furthermore, it can be concluded according to the results of the present study, that 

either the hypothesis of Reeds et al. (1994) was wrong, or that when tryptophan was 

added in the present study there were other amino acids with a greater deficiency in 

supporting the acute phase response. The other possibility is that human amino acid 

requirements to enhance the components of the uiflammatory response were not the 

same as in rats. 
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CHAPTER 7 

7. The effect of graded levels of dietary casein but with 

identical amounts of sulphur amino acids and arginine on 

growth and inflammatory responsiveness in rats 

7.1 Introduction 

Arginine is a major and direct substrate for both urea production, to detoxify 

ammonia, and for nitric oxide (NO") production. Therefore, arginine intake, could 

play a critical role in modulating urea synthesis, and in modulating immunity via 

production of NO" (see Figure 7-1). Arginine is considered as an essential amino 

acid in carnivores such as cats. In omnivores, arginine is considered as conditionally 

essential amino acid in certain circumstances, were the de novo arginine synthesis is 

insufficient to satisfy the needs during growth (Hoogenraad et al. 1985), severe 

stress (e.g. sepsis, trauma) ( Kirk & Barbul, 1990; Barbul, 1986), and urea cycle 

defects (Batshaw er a/. 1980; Brusilow & Batshaw, 1979). 

Arginine is not an essential amino acid for growth and nitrogen balance in 

adult rats, however in young growing rats, arginine becomes essential for optimal 

nitrogen balance and for growth (Rose, 1937; Borman et al. 1946; Milener et al. 

1974). 

Arginine is also an indirect substrate for glutamate production, and vice versa, 

via ornithine synthesis. Although glutamate is not an essential amino acid, and can 

be synthesised within the body, the requirement of glutamic acid might be increased 

in certain circumstances. In infected animals, where glutathione (GSH) requirements 

are increased, the flow of glutamate to the pathway of GSH synthesis would be 

increased. Hang et al (1992) demonstrated that glutamine, which acts as a precursor 

for glutamate, was able to restore hepatic GSH concentration and protect rats against 

the lethal effect of acetoaminophen. Therefore, arginine supplementation might 
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laihance GSIH concerWrabon iKKbrecdy by pfcmiding g^wtunate. fiuthenrKXK, 

g îutamine, v/hicdi is s%fntliesise(i frcHzi gjiibmiadk: tnf g ĵibamiiie s)nathustase, huis t)e€]& 

stiowii t() Ibe ail iiiypcHikmt sulbstrate few auztivaleil iniiDHirw: cells. vAji iruareaLseci 

udlisation has been shown during infection (Newsholme & Parry-Billings, 1990; 

Souba, 1990). 

TThuerefcHne, thf: aiin of lOhis sMiichf T\%is to in\restig%ate liie <:ffec* ()f ziqgiruiie 

supplementatioii, in stressed and in unstressed animals fed low-protein diets, on 

growth, urinary end products of nitrogen and sulphur metabolism (urea-N, ammonia-

N, and inorganic sulphate), and tissue GSH concentrations. 

jFigure 17-1 mwakabiolisin 
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7.2 Arginine content of the various diets 
Diets were prepared by mixing dry ingredients in a mixer, this was followed 

by addition of maize oil. To these diets, water was added to make the diets into 

small biscuits that were dried in oven at 80°C for up to 48-72 hours. 

In order to achieve the aim of this study and highlight on the effect of 

arginine supplementation to low-protein diets, rats were divided into three different 

dietary groups as in previous study. The amount of arginine added to all low-protein 
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diets used in this study was equivalent to the arginine present in the NP+M group 

(see Table 7.1). Furthermore, the amount of methionine was made identical in all 

dietary groups and was the same as in the NP+M group. 

1) The first group received 180 g protein supplemented with 3 g L-methionine/kg 

diet. This diet contains 40.7 mM arginine, and 65 mM sulphur amino acids, and this 

diet was used as it a customary diet for young growing rats. This group is called the 

normal protein + L-methionine (NP+M) group. 

2) The second group received 80 g protein supplemented with 3.9 g L-arginine, and 

6.70g L-methionine/kg diet. This diet contains 40.7 mM arginine, and 65 mM 

sulphur amino acids. This group is called the low protein + L-methionine + L-

aijruiicK; gpxyiq). 

3) The third group received 60 g protein supplemented with 4.7 g L-arginine, and 

7.45 Î -rnerdiioiLuie/lqg (iiet. TThis dbe* ccHitains 4().7 rndvl zuqgirwne, zuicl 6:5 iiiAd 

sulphur amino acids. This group is called the very low protein + L-methionine + L-

arginine (VLP+M+A) group. 

The low-protein diets were, however, relatively deficient in a wide range of 

essential amino acids as shown in Table 4.2, chapter 4. 

7.3 Experimental protocol 

Male weanling wistar rats from Southampton University Medical School 

Colony weighing 50-70 g were housed individually in plastic metabolic cages and 

were maintained at 22 ± 1°C with a 12-12 hour light-dark cycle (Lights on at 7:30 

AM). 

Rats were divided into three different dietary groups (n=12 for the NP+M 

group, and n=18 for the LP+M+A and the VLP+M+A groups) and fed ad libitum the 

semi-synthetic diets for 7 days. On day 8, animals from each group were subdivided 

into three treatment groups, and fed, injected, and biopsied as described earlier in 

chapter 4, section 4.3 (see Figure 7-2). 
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Table 7.1 Diets composition (g/kg) 

Component 180 g protein/kg 80 g protein/kg 60 g protein/kg 

Casein 204 91 68 

L-arginine 0 3.9 4.7 

L-methionine 3 6.70 7.45 

Cellulose 100 100 100 

Sucrose 319 373 384 

Maize starch 319 373 384 

Maize oil 30 30 30 

Vitamin mix 5 5 5 

Mineral mix 20 20 20 

Figure 7-2 Schematic representation of the experimental protocol 

(Various dietary groups) 
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7.4 Results 

7.4.1 Growth, food intake, sulphur amino acid intailce, and organ weights 

Average daily weight gain, food intake, and food, energy and protein efBciencies 

before starting treatments 

Table 7.2 shows that animals fed the VLP diet supplemented with arginine 

and methionine had the lowest weight gain. The average daily weight gain of 

animals fed the LP+M+A diet was lower than animals fed the NP+M diet, but it was 

hi^er than animals fed the VLP+M+A diet. 

The average daily food intake was similar between animals fed the NP+M 

and animals fed the LP+M+A diet and between animals fed the LP+M+A diet and 

animals fed the VLP+M+A diet. However, the amount of food eaten by animals fed 

the VLP+M+A diet was signiGcantly lower than animals fed the NP+M diet (Table 

7.2). 

There was a progressive reduction in the food efGciency (g weight gain/g 

food intake) and energy efficiency (mg weight gain/kJ eaten) as dietary protein 

content was decreased (Table 7.2). When the protein content in the diet was 

decreased from 180 g to 80 g/kg diet, protein efficiency (g weight gain/g protein 

eaten) was significantly increased. However, further reduction in protein content of 

the diet did not increase the protein efficiency further. The protein efficiency of the 

VLP+M+A group was lower than in the LP+M+A group, and higher than in the 

NP+M group (Table 7.2). 

Comparison between the data in the present chapter and that in chapter 5 

(Table 5.2) indicates that addition of arginine to the LP+M and VLP+M diets 

produces a significant reduction in the protein and energy efficiencies. 
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Table 7.2 Average daily weight gain, food intake, and food, protein and energy 

efGciency of rats fed diets of graded casein content but with identical amounts of 

sulphur amino acids and arginine, before starting treatments 

Dietary groups NP+M LP+M+A VLP+M+A one-way AN OVA 
g protein/kg diet 180+M 80+M+A 60+M+A p-value F ratio 
Weight gain &2± 6.1^ 4.2 ± 0.14" 2.6 ±(^07" p^oioOO F ^ V . S d 

Food intake (g) 13.1 i 0.30" 12.5 ± 0.35"" 11.7 ± 0.24 " p= 0.008 P=5.40 

Sulphur amino acid 854^20" 815 ±23'" 759^16" p= 0.008 F=5.40 
intake (^mol) 

Weight gain/food 0.47 ±0.01' 0.34 ±0.01" 0.22 ±0.01' p=0.000 F=271.01 
intake (^g) 

Weight gain/energ) 26.2 ±0.65' 18.7 ±0.3" 12.2 ±0.3' p=0.000 F^271.01 
intake (mg/kJ) 

weight gain/protein 2.63 ±0.06' 4.21 ±0.07" 3.67 ±0.09' p=0.000 F=84.23 
intake (g/g) 

-Results are presented as mean ± standard error of the mean, n=12 for the NP+M 
group, and n=18 for the LP+M+A and the VLP+M+A groups. Means within each 
row having different letter superscripts following the number differ significantly. 

The efPect of endotoxin treatment on food intake and sulphur amino acid intake 

The effect of LPS on food and sulphur amino acid intake can be seen in Table 

7.3. In the animals fed ad libitum, the food (and sulphur amino acid intake) was 

similar between the groups. In the pair-fed animals, the food (and sulphur amino 

acid intake) of the VLP+M+A group was signiGcantly lower than in the NP+M and 

the LP+M+A groups. In the LPS-treated animals, the food (and sulphur amino acid 

intake) of animals fed the LP+M+A and VLP+M+A diets was lower than in animals 

fed the NP+M diet, but this difference was not statistically significant. 

Due to treatments, LPS-treated rats and pair-fed controls given the LP+M+A 

and VLP+M+A diets had a significantly lower food intake (and sulphur amino acid 

intake) compared with the corresponding animals fed arc/ hi the NP+M 

group, LPS treated-rats and pair-fed controls had a lower food intake (and sulphur 

amino acid intake) compared with the corresponding animals fed acf libitum. This 

difference was statistically significant when comparing the pair-fed animals with the 

animals fed ac/ 
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Table 7 ^ Efkct of LPS on food and sulphur amino acid intake of rats fed diets 

of graded casein content but with identical amounts of sulphur amino acids and 

arginine 

Dietary groups NP+M LP+M+A VLP+M+A two-way ANOVA 
g protein/kg diet 180+M 80+M+A 60+M+A jp-value F ratio 

Food intake (g) 
13.7 ±0.3" 14.2 ±0 .9 ' 13.0^=1.3" D=0.029 F=3.87 

pair-fed 7.9 ±0.4'* 7.5 ±0.5'* 5.9 ±0.5"* T=0.000 P=42.48 
LPS 9.7 ±2.0' 7.6 ±1.0'* 6.0 ±0 .5 '* 1=0.620 fM).67 

Sulphur amino acid 
intake (fimol) 

890 ± 1 8 ' 922 ±60" 847 ± 8 6 ' D=0.029 F=3.87 
pair-fed 514 ±26'* 490 ±33'* 386 ±31''* 1M).000 F=42.48 

631 ±132' 496 ± W ' * 392 ± 34'* I#.620 EM).^ 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group for animals fed the NP+M diet, and n=6 per treatment group for animals fed 
the LP+M+A and the VLP+M+A diets. D< refer to p-value for diet, T< refer to p-
value for treatment, I< refer to p-value due to interaction between diet and treatment. 
Means within each row having different letter superscripts following the number 
differ signiGcantly. * indicates a signi&caiit difference between acf group and 
pair-fed or LPS-treated groups. 4 indicates a signif cant difference between pair-fed 
and LPS-treated groups. 

Final body weight 

The results of the final body weight can be seen in Table 7.4. In the ad 

libitum, pair-fed, and LPS-treated groups, rats fed the VLP+M+A diet had a lower 

body weight compared with animals fed the NP+M diet. In the pair-fed and LPS-

treated animals, the final body weight of animals fed the VLP+M+A diet was also 

significantly lower than animals fed the LP+M+A diet. In animals fed ad libitum, the 

final body weight of the VLP+M+A group was lower than animals of the LP+M+A 

group, but this effect was not statistically significant. 

In the VLP+M+A group, pair-fed animals and LPS-treated animals had a 

significantly lower body weight compared with the corresponding animals fed ad 
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Table 7.4 Final body weight of rats fed diets of graded casein content but with 

identical amounts of sulphur amino acids and arginine 

Dietarj' groups NP+M LP+M+A VLP+M+A two-way ANOVA 
g protein/kg diet 180+M 80+M+A 60+M+A p-value F ratio 
Body weight (g) 

W&Aawm 104.7^4.6' 98.6 ± 5 . 4 8 5 . 9 D=0.000 F=42.55 
pair-fed 105.9^0.8" 87.5 75.0^1.7'=$ T=0.005 F=6.12 

LPS 102.5 ±2 .4 ' 85.4^:1.5'' 73.3±1.7':# 1=0.352 F^1.14 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group tor animals fed the NP+M diet, and n=6 per treatment group for animals fed 
the LP+M+A and the VLP+M+A diets. D< refer to p-value for diet, T< refer to p-
value for treatment, I< refer to p-value due to interaction between diet and treatment. 
Means within each row having different letter superscripts following the number 
diSer signiGcantly. * indicates a signiGcant diSerence between oc/ group and 
pair-fed or LPS-treated groups. * indicates a significant difference between pair-fed 
and LPS-treated groups. 

Organ weights 

a) Total liver weight 

In animals fed ad libitum^ no difference in the total liver weight was found 

between the groups. In the LPS-treated and pair-fed animals, liver weight was 

significantly lower in the VLP+M+A group compared with the NP+M and LP+M+A 

groups (Table 7.5). 

In the LP+M+A and VLP+M+A groups, liver weight of LPS-treated animals 

was significantly higher than the corresponding pair-fed animals. Pair-fed animals 

fed the LP+M+A and VLP+M+A diets had a lower liver weight compared with the 

corresponding animals fed ad libitum. 

b) Relative liver weight 

In animals fed ad libitum, the relative liver weight (g/kg body weight) was 

significantly higher in the LP+M+A and VLP+M+A groups compared with the 

NP+M group. In the pair-fed and in LPS-treated animals, no difference in the 

relative liver weight was found between the dietary groups (Table 7.5). 
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Due to treatments, however, in all dietary groups, the LPS-treated animals 

had a higher relative liver weight compared with the corresponding pair-fed controls. 

Ibi thu: arui gpwuqas, the relation: lî nar \veig^bt ojT lOie jpair-fecl 

animals was also lower than the corresponding animals fed acf 

c) Total lung weight 

In the //6/fwm-fed animals, there was a progressive reduction hi the total 

lung weight as dietary protein content was decreased. However, this reduction was 

not statistically significant. In the pair-fed animals, lung weight was significantly 

lower in the VLP+M+A groups compared to other dietary groups. In the LPS-treated 

animals, rats given the LP+M+A and VLP+M+A diets had a lower lung weight 

compared with the NP+M group (Table 7.5). 

No significant difference in total lung weight was found between the groups 

Due to treatments. 

d) Relative lung weight 

Neither diet nor treatments caused a significant alteration in the relative lung 

weight (g/kg body weight) (Table 7.5). 
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Table 7.5 Organ weights of rats fed diets of graded casein content but with 

ident i ca l a m o u n t s o f s u l p h u r a m i n o ac ids a n d a r g i n i n e , a f t e r s tar t ing t r e a t m e n t s 

Dietarj groups LPH^M+A VL]^M+A two-way ANOVA 
g protein/kg diet 180+M 80+M+A 60+M+A p-value : F ratio 
Total liver weight (g) 

ad libitum 4.84 ± o . r 5.52 ±0.48' 4.92 ± 0.22 " D=0.002 P=7.66 
pair-fed 4.20 ±0.38' 3.56 ±0.14'"'$ 3.04 ±0.22"* T=0.000 P=25.72 

LPS 5.26 ±0.20' 4.72 ±0 .18'* 4.00 ±0.06"** 1=0.069 F=2.38 
Relative liver weight 
(g/kg body weight) 

ad libitum 46.43^1.7" 55.62 ± 2.7 57.50 ± 2.3 D=0.025 FM.04 
pair-fed 39.69^3.6" 40.79 ±0.5'* 40.69 ±3.4'* T=0.000 F=32.23 

LPS 5130 ±1 .9 ' 4 55.23 ± 1 . 6 ' 4 54.61 ± 0 . 9 ' * 1=0.287 F=1.30 
Total lung weight 

weight (mg) 
ad libitum 873 ± 6 8 ' 769 ± 4 1 ' 697 ± 4 0 ' D=0.000 F=17.92 
pair-fed 857 ± 6 2 ' 742 ± 1 9 ' 650 ±32" T=0.553 F=0.60 

LPS 897 ± 2 2 ' 745 ± 18 695 ±37" 1=0.962 F=0.15 
Relative lung weight 
(g/kg body weight) 

ad libitum 8.40 ±0.84' 7.84 ±0 .30' 8.10 ±0.24' D=0.528 IM).65 
pair-fed 8.10 ±0.64' 8.57 ±0.49' 8.71 ±0 .53' T=0.079 F=2.71 

LPS 8.76± 0.25' 8.75 ±0.32' 9.48 ±0 .49' 1=0.746 F=0.49 
Total spleen weight 

(mg) 
ad libitum 529 ± 1 5 ' 365 ±25'' 278 ± 1 6 ' D=0.000 F=97.25 
pair-fed 555± 33" 338 ±18"" 279 ± 28" T=0.206 F=1.65 

LPS 556 ±16" 378 ±18'" 322 ± 1 3 ' 1=0.735 FM).50 
Relative spleen weight 

(g/kg body weight) 
ad libitum 5.07 ±0.13' 3.69 ±0.11" 3.24 ±0.13' D=0.000 P=40.98 
pair-fed 5.24 ±0.32' 3.86 ±0.10" 3.71 ±0.35" r=o.ooo P=10.68 

LPS 5.07 ±0.13' 4.42 ±0.19"** 4.40 ±0.15"* 1=0.394 f^l .05 
Total thymus weight 

(mg) 
ad libitum 650 ± 3 5 ' 576 ±36'" 473 ± 32 " D=0.000 F=32.86 
pair-fed 645 ± 3 6 ' 501 ±32" 397 ± 8 ' 1M).006 P=5.78 

LPS 574 ± 1 6 ' 477 ±16"* 413 ± 26" 1=0.566 F=0.75 
Relative thymus 

weight (g/kg body 
weight) 

ad libitum 6.22 ±0.30' 5.84 ±0 .16' 5.11 ±0.32' D=0.073 P=2.80 
pair-fed 6.08 ±0.33' 5.73 ±0.22' 5.31 ±0 .18' T=0.461 F=0.79 

LPS 5.^:"= 0:14' 5.62^0.26" 1=0.539 P=C.79 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group for animals fed the NP+M diet, and n=6 per treatment group for animals fed 
the LP+M+A and the VLP+M+A diets. D< refer to p-value for diet, T< refer to p-
value for treatment, I< refer to p-value due to interaction between diet and treatment. 
Means within each row having different letter superscripts following the number 
differ significantly. * indicates a significant difference between ad libitum group and 
pair-fed or LPS-treated groups. A indicates a significant difference between pair-fed 
and LPS-treated groups. 
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e) Total spleen weight 

In animals fed there was a progressive reduction in the total spleen 

weight as dietary protein content was decreased. In the pair-fed animals, spleen 

weight was also decreased as the protein content in the diet was decreased. This 

diSerence was statistically signiGcant when comparing the NP+M group with the 

LP+M+A and VLP+M+A groups. In the LPS-treated animals, the total spleen weight 

was signiGcantly reduced as protein content in the diet was decreased (Table 7.5). 

No difference in the total spleen weight was found between the groups due to 

treatments. 

i) Relative spleen weight 

In the ad libitum-fed animals, there was a progressive reduction in the relative 

spleen we i^ t (g/kg body weight) as dietary protein content was decreased. In the 

pair-fed and in LPS-treated animals, the relative spleen weight was significantly 

lower in the LP+M+A and VLP+M+A groups when compared with the NP+M group 

(Table 7.5). 

In the LP+M+A group and VLP+M+A groups, the LPS-treated animals had a 

higher relative spleen weight compared with the corresponding ad libitum-fQd 

animals. In the LP+M+A group, the relative spleen weight of LPS-treated animals 

was also higher than the corresponding pair-fed animals. 

g) Total thymus weight 

In all dietary groups, there was a trend for a reduction in the total thymus 

weight as dietary protein content was decreased. In animals fed ad libitum, this trend 

was statistically significant when comparing the NP+M group with the VLP+M+A 

group. In the pair-fed animals, the total thymus weight was significantly lower in the 

VLP+M+A group compared with the NP+M and LP+M+A group, and it was lower 

in the LP+M+A group compared with the NP+M group. In the LPS-treated animals, 

total thymus weight was significantly lower in the LP+M+A and VLP+M+A groups 

compared with the NP+M group (Table 7.5). 
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In the LP+M+A group, the LPS-treated animals had a significantly lower 

thymus weight compared with the corresponding animals fed ad libitum. 

h) Relative thymus weight 

Neither diet nor treatments caused a significant alteration in the relative 

thymus weight (g/kg body weight) (Table 7.5). 

7.4.2 Glutathione concentration 

a) Liver glutathione concentration 

Diets and treatments exerted a significant effect on GSH concentration (Table 

7.6). In the acf groups, rats fed the VLP+M+A diet had a significantly higher 

hepatic GSH concentration than other dietary groups fed the NP+M and LP+M+A 

diets. However, in the pair-fed animals and in LPS-treated animals, no significant 

changes in GSH concentration were found between dietary groups. 

In all dietary groups, the LPS-treated animals had a significantly higher GSH 

concentration than the corresponding pair-fed animals. In all dietary groups, the 

pair-fed animals had a lower GSH concentration than the corresponding animals fed 

b) Lung glutathione concentration 

Decreasing the protein content in the diet did not alter GSH concentration in 

lung, while giving endotoxin exerted a significant effect on GSH concentration 

(Table 7.6). In all dietary groups, no significant change in lung GSH concentration 

was found between the groups. 

Endotoxin treatment caused a significant increase in GSH concentration 

compared with the pair-fed controls. 
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c) Spleen glutathione concentration 

Although animals fed the low-protein diets were able to maintain GSH 

concentration in liver and lung in all the three treatment groups, when compared to 

the corresponding animals fed the NP+M diet, they were unable to do so in spleen 

(Table 7.6). 

In animals fed and in pair-fed animals, the low-protein dietary 

groups (the LP+M+A and VLP+M+A groups) had a significantly lower GSH 

concentration than the NP+M group. In the LPS-treated animals, spleen GSH 

concentration was lower in the VLP+M+A group compared with other dietary 

groups fed the NP+M and LP+M+A diets. Restriction in food intake and endotoxin-

treatment did not exert a significant e@ect on spleen GSH concentration, unlike the 

situation in liver and lung. 

d) Thymus glutathione concentration 

LPS-treated animals fed the VLP+M+A diet were unable to maintain thymus 

GSH concentration to the same level found in LPS-treated animals fed the NP+M 

diet (Table 7.6). 

Neither food restriction nor LPS treatment caused a significant change in 

thymus GSH concentration compared with the unstressed animals. 
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Table 7.6 Glutathione concentration in liver, lung, spleen, and thymus of rats fed 

diets of graded casein content but with identical amounts of sulphur amino acids 

and arginine, after starting treatments (pmol/g tissue) 

Dietary groups NP4-M LP+M+A VLR+M+A two-way ANOVA 
g protein/kg diet 180+M 80+M+A 60+M+A p-value F ratio 

Liver 
ad libitum 6.10 ±0.14 = 6.48 ±0.56" 8.05 ± 0.36" D=0.048 F=3.29 
pair-fed 2.47^=0.35"* 2.64 ±0.43"$ 2.83 ±0 .59'* T=0.000 F=103.51 

LPS 6.81 ±0.47'* 7.27 ±0.18'* 7.18 ± 0 . 2 4 ' * 1=0.183 F=1.64 
Lung 

ad libitum 1.90 ±0.03" 1.88 ±0.08' 1.94 ± 0 . 1 0 ' D=0.652 F=0.43 
pair-fed 1.66 ±0.05"* 1.70 ±0.09' 1.59 ±0 .12 ' T=0.000 #=11.86 

LPS 1.98 ±0.04"* 2.06 ±0.04'* 1.92 ±0.08"* 1=0.748 F=0.48 
Spleen 

ad libitum 3.21 ±0.10" 2.83 ±0.12"^ 2.56 ± O.ll" D=0.000 F=16.00 
pair-fed 3.19 ±0.07" 2.85 ± 0.08'' 2.67 ± 0.17'' T=0.261 P=1.39 

LPS 3.17 ±0.11' 3.04 ±0.05' 2.82 ± 0.07"" 1=0.694 F=0.56 
Thymus 

ad libitum 2.07 ±0.43" 2.02 ±0.05' 1.94 ± 0 . 0 3 ' D=0.000 P=10.24 
pair-fed 2.07 ±0.07" 2.03 ±0.04' 1.90 ±0 .03 ' T=0.078 F=2.73 

LPS 2.17 ±0.05" 2.07 ±0.04'"' 1.98 ± 0.05'' 1=0.917 F=0.23 

-Results are presented as mean standard error of the mean, n=4 per treatment 
group for animals fed the NP+M diet, and n=6 per treatment group for animals fed 
the LP+M+A and the VLP+M+A diets. D< refer to p-value for diet, T< refer to p-
value for treatment, I< refer to p-value due to interaction between diet and treatment. 
Means within each row having different letter superscripts following the number 
differ significantly. * indicates a signi6cant difference between group and 
pair-fed or LPS-treated groups. * indicates a signiGcant difference between pair-fed 
and LPS-treated groups. 
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7.4.3 Protein in liver and lung 

a) Liver protein concentration 

In animals fed 6%/ the protein concentration in liver was signiGcantly 

lower in the LP+M+A and VLP+M+A groups than in the NP+M group. In the pair-

fed animals, no difference in liver protein concentration was found between the 

groups. In the LPS-treated animals, the VLP+M+A group had a lower protein 

concentration than in the NP+M group (Table 7.7). 

In both the low-protein groups, pair-fed animals had a higher protein 

concentration than the corresponding ad libitum and LPS-treated animals. However, 

in the LP+M+A group, this difference was not statistically signiGcant. 

b) Total liver protein 

In all dietary groups, there was a trend for a reduction in the total liver protein 

when the dietary protein content was decreased to 60 g/kg diet. This was statistically 

significant in the pair-fed and LPS-treated animals (Table 7.7). 

In the VLP+M+A group, animals fed ad libitum had a significantly higher 

total liver protein than the corresponding pair-fed and LPS-treated animals. In all 

dietary groups, the LPS-treated animals had a significantly more liver protein than 

the corresponding pair-fed controls. 

c) Total liver protein/kg body weight 

In all dietary groups, no significant difference was found in the amount of 

liver protein, when it was expressed relative to body weight (Table 7.7). 

In all dietary groups, the LPS-treated animals had a significantly increased the 

relative liver protein values compared with the corresponding pair-fed controls. Pair-

fed controls given the LP+M+A and VLP+M+A diets had a lower relative liver 

protein compared with the corresponding animals fed ad libitum. 
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Table 7.7 Protein in liver and lung of rats fed diets of graded casein content but 

with identical amounts of sulphur amino acids and arginine, after starting 

treatments 

Dietary groups NP+M 
g protein/kg diet 180+M 

LPfM+A 
80+M+A 

VLP+M+A 
60+M+A 

two-way ANOVA 
p-value F ratio 

157.4 6 5.1' 
154.4 ±4 .5 ' 

718616' 
6S7±41' 
»12 ±39' 

6.89 ±0.24' 
6.20 ±0.39' 
7.91 ±0.25' 

131.3 ± 4.4"" 
155.0 ±5 .3 '* 
138.1 ± 4.6''* 

646 ± 3 5 ' 
468 ±30"' 
551 ± 1 7 

D=0.017 
T=0.000 
1=0.458 

F=4.53 
P=12.31 

F0.93 

D=0.000 
T=0.000 
1=0.115 

F=18.38 
F=14.06 

P=L99 

78.3 ±2.5' 
83.8 ±2.1' 
82.4 ±3.5' 

69.7 ±7.2' 
73.9 ±6.7' 
74.1 ±4.9' 

D=0.461 
T=0.000 
1=0.591 

D=0.575 
T=0.658 
1=0.631 

FM).79 
P=20.67 

F=0.71 

F=0.56 
F=0.42 
F=0.65 

Protein in liver 
(mg/g liver) 

ad libitum 
pair-fed 

LPS 
Total liver 

protein (mg/ 
total liver) 
ad libitum 
pair-fed 

LPS 
Relative liver 
protein (g/kg 
body weight) 

ad libitum 
pair-fed 

LPS 
Lung protein 
(mg/g lung) 

ad libitum 
pair-fed 

LPS 
Total lung 

protein (mg/ 
total lung) 
ad libitum 
pair-fed 

LPS 
Relative lung 

protein (mg/kg 
body weight) 

0.67 ±0.09' 0.64 ±0.04' 0.68 ±0 .04 ' D=0.439 F=0.84 
pair-fed 0.70 ±0.07" 0.67 ±0.05' 0.72 ±0 .06 ' T=0.133 F^2.12 

LPS 0.72 ±0.04" 0.73 ±0.04' 0.80 ±0 .04 ' 1=0.977 F=0.11 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group for animals fed the NP+M diet, and n=6 per treatment group for animals fed 
the LP+M+A and the VLP+M+A diets. D< refer to p-value for diet, T< refer to p-
value for treatment, I< refer to p-value due to interaction between diet and treatment. 
Means within each row having different letter superscripts following the number 
differ significantly. * indicates a significant difference between ad libitum group and 
pair-fed or LPS-treated groups. 4 indicates a significant difference between pair-fed 
and LPS-treated groups. 

132.6 ± 4.0"" 
157.5 ±3.4"* 
144.2 6 5.9"^ 

746 ± 6 1 ' 
560 ± 2 1 ' 
676 ±15''* 

7.53 ±0.37' 
6.42 ±0.11' 
7.93 ±0.22' 

81.8 ±4.2' 
78.3 ±1.9' 
83.4 ±2.7' 

62.2 ±1.8' 
58.1 ±2.4' 
62.1 ± 2.2 ab 

7.51 ±0.16' 
6.26 ± 0.44' 
7.52 ±0.18' 

83.4 ±2 .4 ' 
82.6 ±3 .0 ' 
84.0 ±1 .8 ' 

58.1 ±3 .7 ' 
53.7 ±3 .2 ' 
58.4 ±3 .6 ' 

D=0.000 P=12.13 
T=0.640 FM).45 
1=0.837 F=0.36 
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d) Lung protein concentration 

Neither diet nor treatments caused a signiGcant alteration in the lung protein 

concentration (Table 7.7). 

e) Total lung protein 

There was a trend for a reduction in the total limg protein as dietary protein 

content was decreased (Table 7.7). This diSerence was statistically significant in 

LPS-treated animals, when comparing the NP+M group with the VLP+M+A group. 

Due to treatments, no significant difference in total lung protein was found in 

any dietary group. 

f) Total lung protein/kg body weight 

All animals were able to maintain the relative lung protein (Table 7.7). 

Changes in the protein content in the diet, endotoxin treatment, and restriction in 

food intake, were unable to signiGcantly change the relative lung protein. 

7.4.4 Inorganic sulphate excretion and urinary nitrogenous end products 

of amino acids metabolism: Urea-N and ammonia-N excretion 

Inorganic sulphate excretion, and inorganic sulphate excretion as a percentage 

of sulphur amino acid intake-average of two days before starting treatments 

The inorganic sulphate excretion in all dietary groups was similar (Table 7.8). 

However, when the results of SO4 excretion were expressed as a percentage of 

sulphur amino acid intake, it can be seen from Table 7.8, that there was a trend for 

an increase in the ratio as dietary protein content was decreased. The increase was 

statistically significant when comparing the VLP+M+A group with the NP+M and 

LP+M groups. 

The ratio of SO4 excretion to sulphur amino acid intake, in the present study, 

was greater than the ratio when methionine alone was added to the low-protein diets 
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(chapter 5, Table 5.11). The ratio increased &oni 37% in the LP+M dietaiy group to 

399<) ibi tbu: (iietajnf gpnoiq). TThis iiicrease iri thi: radio v/as iiot staitisticzilby 

signiGcant. In the very low-protein dietary groups, the ratio increased from 40% 

after addition of methionine to 46% after addition of methionine and arginine. This 

increase in the ratio was statistically significant. 

Table 7.8 Inorganic sulphate excretion, and the percentage of sulphur amino 

acid intake excreted as inorganic sulphate of rats fed diets of graded casein 

content but with identical amounts of sulphur amino acids and arginine-average 

of two days before starting treatments (pmol/day) 

Dietary groups NP+M LP+M+A VLP+M+A one-way ANOVA 
g protein/kg diet 180+M 80+M+A 60+M+A j)-value F ratio 

SO4 eiCMtion 329%15.9' 318±9l5' p==̂ 0.277 F^i.34 
(S04eicredon/sulphnr 36.2^=1.5' 39.3 ±1.2" 45.8 ±1.1'' p=0.000 F=15.45 
amino acid intake) X 100 

-Results are presented as mean ± standard error of the mean, n=12 for the NP+M, 
LP+M+A and the VLP+M+A groups. Means within each row having different letter 
superscripts following the number diSer significantly. 

Inorganic sulphate excretion after starting treatments 

The amount of SO4 excreted in urine was similar between all dietary groups 

(Table 7.9). In the VLP+M+A group, food restriction and exposure to the 

inflammatory response of LPS caused a significant reduction in SO4 excretion 

compared to values in animals fed ad libitum. In other dietary groups, there was a 

trend for a reduction in SO4 excretion after food restriction and LPS-treatment, in 

which the magnitude of the reduction was greater in the LP+M+A group than in the 

NP+M group, but this difference was not statistically significant. 
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Table 7.9 Inorganic sulphate excretion of rats fed diets of graded casein content 

but with identical amounts of sulphur amino acids and ait^inine, after starting 

treatments (|umol/day) 

Dietary groups NP+M LP+M+A VLP+M+A two-way ANOVA 
g protein/kg diet 180+M 80+M+A 60+M+A p-value F ratio 

264 ±29" 307 ± 2 5 ' 322 ±17 " 1^ .74^ 
pair-fed 233 ± 1 0 ' 257 ^22" 223 ± 1 9 ' * T= 0.001 F=9.68 

LPS 228 ± 1 7 ' 219 ± 2 7 ' 200 ± 1 8 " * 1=0.539 F=0.79 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means within each row having 
different letter superscripts following the number differ significantly. * indicates a 
signijGcant diSerence between acf group and pair-fed or LPS-treated groups. 
4 indicates a significant diBerence between pair-fed and LPS-treated groups. 

Ammonia-N and urea-N excretion-average of two days before starting 

treatments 

The LP+M+A and VLP+M+A groups had a significantly lower ammonia-N 

and urea-N excretion compared with the NP+M group (Table 7.10). No significant 

diSerence was found in ammonia-N and urea-N excretion between the LP+M+A and 

VLP+M+A groups. 

Table 7.10 Ammonia-N and urea-N excretion of rats fed diets of graded casein 

content but with identical amounts of sulphur amino acids and arginine-average 

of two days before starting treatments (^imol/day) 

Dietary groups NP+M LP+M+A VLP+M+A one-way ANOVA 
g protein/kg diet 180+M 8U+M+A 60+M+A p-value F ratio 

/UmnoMa-N 8 1 ^ 34" 375 ± 1 2 3 4 9 ± 10^ p:=^66o 
Urea-N 10319 ±470' 1809 ±70*' 1862 ± 100 p=0.000 P=279.46 

-Results are presented as mean ± standard error of the mean, n=12 per group. Means 
within each row having different letter superscripts following the number differ 
significantly. 

Ammonia-N and urea-N excretion after starting treatments 

a) Ammonia-N excretion after starting treatments 

In all dietary groups, ammonia-N excretion was lower in animals fed the low-

protein diets than in animals fed the NP+M diet (Table 7.11). 
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In aU &e%Ky gnwps, a jbf a nxhcdon m anunoma^N 

excretion after giving endotoxin compared with values from //̂ /rw/M-fed animals. 

The reduction was statistically signiGcant in the ISIP+M and VLP+M+A groups. 

b) Urea-N excretion after starting treatments 

Animals fed the low-protein diets exhibited lower amounts of urea-N in urine 

than animals fed the NP+M diet (Table 7.11). Exposure to the inflammatoiy 

response of LPS caused a slight increase in urea-N excretion compared with pair-fed 

animals, but this increase was not statistically significant. Pair-fed animals given the 

VLP+M+A diet had a significantly lower urea-N excretion when compared with the 

corresponding animals fed 

While NHg excretion was not changed by addition of arginine to the low-

protein diets supplemented with methionine, there were signiGcant increases in urea-

N excretion. This effect was apparent in all treatment groups (see Table 5.14, 

chapter 5 & Table 7.11). 

Table 7.11 Ammonia-N and urea-N excretion of rats fed diets of graded casein 

content but with identical amounts of sulphur amino acids and arginine, after 

starting treatments (pmol/day) 

Dietary groups LP+M+A VLPfM+A two-way ANOVA 
g protein/kg diet 180+M 80+M+A 60+M+A p-value F ratio 

Ammonia-N 
ad libitum 741± 32 " 341 ± 31 329 ±29'' D=0.000 P= 54.10 
pair-fed 511 ±38=* 360 ± 39 275 ±20'" T=0.000 F^13.23 

LPS 457^56"* 255 ± 21" 215 ±23''* 1=0.009 F=4.23 
Urea-N 

ad libitum 10051 ±697 " 1793 ± 76 '• 1834 ± 132'' D=0.000 F=445.11 
pair-fed 8283 ± 425' 1631^253" 1235 ± 158 r=o.oi7 P=4.78 

LPS 8520 ±477" 1816 ±78'' 1515 ±129*' 1=0.142 P=1.89 
-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means within each row having 
different letter superscripts following the number differ significantly. * indicates a 
significant difference between ad libitum group and pair-fed or LPS-treated groups. 
* indicates a significant difference between pair-fed and LPS-treated groups. 
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7.4.5 Relationship between parameters measured in the study 

The ratio of glutathione to protem after startmg treatments 

In the unstressed animals fed W the results suggest that rats fed the 

VLP+M+A diet had more substrates (glycine, glutamate, and cysteine) directed 

toward hepatic GSH synthesis than towards hepatic protein compared with other 

dietary groups (Table 7.12). In other words, in animals fed agf the ratio of 

hepatic GSH to hepatic protein was significantly higher in the VLP+M+A group 

compared with other dietary groups (the NP+M and LP+M+A groups). In all dietary 

groups, food restriction caused a dramatic reduction in the ratio. However, all 

dietary groups were able to increase the ratio of GSH to protein, after giving 

endotoxin, compared with pair-fed controls. In the pair-fed animals, no significant 

difference in the ratio was found between dietary groups. In the LPS-treated animals, 

the ratio was slightly increased in the LP+M+A and VLP+M+A groups compared 

with the NP+M groups, but this difference was not statistically significant. In the 

VLP+M+A group, the ratio of hepatic GSH to hepatic protein was lower in the 

endotoxin-treated animals compared with the corresponding animals fed ad libitum. 
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Table 7.12 The ratio of hepatic glutathione to hepatic protein and to inorganic 

sulphate excretion of rats fed graded casein content but with identical amounts 

of sulphur amino acids and arginine, after starting treatments 

Dietary groups NP+M LP+M+A VLP+M+A two-way AN OVA 
g protein/kg diet 180+M 80+M+A 60+M+A p-value F ratio 

GSH/ protein 
(nmol/mg) 

41.1^1.3' 49.0 ±4.2' 61.4 ±2.0'' D=0.002 f^7.28 
pair-fed 15.7 ±2^"* 16.7^2.6"$ 18.4^4.0"* T=0.000 P=106.5 

LPS 44.4 ±4.0'* 51.0 ±3.4'* 52.1 ±1.8'** 1=0.085 f^2.22 
GSH/SO4 

(nmol per liver 
/fimol per day) 

119 ±7 ' 116 ±24' 125 ± 6 ' D=0.819 F=0.20 
pair-fed 44 ±6'* 32 ±6'* 30 ±3'* 1^0.000 P=62.19 

IJK 159 ± 16 "* 174 ± 20 '* 148 ± 20 '* 1=0.700 F^.55 

-Results are presented as mean j: standard error of the mean. For the ratio of hepatic 
glutathione to hepatic protein, n=4 per treatment group for animals fed the NP+M 
diet, and n=6 per treatment group for animals fed the LP+M+A and the VLP+M+A 
diets. For the ratio of hepatic glutathione to inorganic sulphate excretion, n=4 per 
treatment group. D< refer to p-value for diet, T< refer to p-value for treatment, I< 
refer to p-value due to interaction between diet and treatment. Means within each 
row having different letter superscripts following the number differ significantly. * 
indicates a significant difference between ad libitum group and pair-fed or LPS-
treated groups. * indicates a significant difference between pair-fed and LPS-treated 
groups. 

The ratio of total hepatic glutathione to inorganic sulphate excretion in urine 

after starting treatment 

No significant difference in the ratio of hepatic OSH to SO4 excretion was fbmid 

between dietary groups (Table 7.12). 

Animals given endotoxin dramatically increased the ratio of GSH to SO4 

excretion compared with the pair-fed controls. Pair-fed animals had a significantly 

lower ratio than animals fed ad libitum. 
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The ratio of ammonia-N and urea-N excretion to nitrogen intake-average of two 

days before starting treatments 

a) The ratio of ammonia-N to nitrogen intake 

More aimnonia-N was excreted in urine/mg of nitrogen eaten when dietary 

protein content in the diet was decreased to 60 g/kg diet (Table 7.13). However, no 

difference in the ratio was found between the NP+M group and the LP+M+A group. 

Addition of arginine to the low-protein diets supplemented with methionine 

had no effect upon the relationship between urinary ammonia-N and nitrogen intake. 

b) The ratio of urea-N to nitrogen intake 

The ratio of urea-N to nitrogen intake was signiScantly lower in animals fed 

the low-protein diets compared with animals fed the NP+M diet (Table 7.13). 

Reducing the amount of protein in the diet 6 o m 80 g to 60 g/kg diet, while 

maintaining a constant arginine and methionine intake, caused a significant increase 

in the ratio of urea-N to nitrogen intake. 

Unlike the ratio of ammonia-N to nitrogen intake that of urea-N excretion to 

nitrogen intake increased, not surprisingly. While in chapter 5 it can be seen that the 

severity of dietary protein deficiency does not influence the ratio. The ratio for the 

80 g and 60 g/kg diets supplemented with methionine was almost identical (see 

Table 5.16). However, in Table 7.13, it can be seen that addition of arginine led to 

an increase in the ratio, indicating a worsening in the eff iciency of protein utilisation 

for growth. There is further evidence for this effect by examining the growth 

efficiencies of the animals fed the low-protein diets in Table 7.2. 
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Table 7.13 The ratio of ammonla-N and urea-N excretion to nitrogen intake of 

rats fed diets of graded casein content bnt with identical amounts of sulphur 

amino acids and arginine-average of two days before starting treatments 

(mg/mg) 

Dietary groups NP+M LP+M+A VLP+M+A one-way ANOVA 
g protein/kg diet 180+M 80+M+A 60+M+A p-value F ratio 
NHs-N/N intake 0.029 ± olooi" 0.029 ± 0.001' 0.036 it 0.0.001 ^ p=0!000 f^l9.76 

0-^50 ± 0.011^ 0.132^:0.004'' O l ^ j k 0.007' g=0.000 P^194.97 

-Results are presented as mean ± standard error of the mean, n=12 per group. Means 
within each row having different letter superscripts following Ae number d i fkr 
significantly. 

The ratio of ammonia-N and urea-N excretion to nitrogen intake after starting 

treatments 

a) The ratio of ammonia-N to nitrogen intake 

In all dietary groups, there was an increase in the ratio of ammonia-N to 

nitrogen intake as dietary protein content was decreased to 60 g/kg diet (Table 7.14). 

In the animals fed the VLP+M+A group had a signiGcantly higher 

ratio than the NP+M+A group. In the pair-fed animals, a significant increase in the 

ratio was observed in animal fed the VLP+M+A diet compared with other dietary 

groups fed the NP+M and LP+M+A diets. In the LPS-treated animals, there was a 

trend for an increase in the ratio as dietary protein content in the diet was decreased. 

This diSerence was not statistically signiGcant. 

In all dietary groups, the ratio was slightly decreased after giving endotoxin 

compared with pair-fed animals, but this difference w a s not statistically significant. 

Pair-fed animals given the LP+M+A and VLP+M+A diets had a higher ratio than the 

corresponding animals fed ad libitum. 

b) The ratio of urea-N to nitrogen intake 

In the animals fed the ratio of urea-N to nitrogen intake was 

higher in the NP+M group compared with the low-protein dietary groups (Table 

7.14). Animals fed the VLP+M+A diet had a significantly higher ratio than animals 
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fed the LP+M+A diet. In the pair-fed animals, the ratio was also higher in the NP+M 

group compared to other dietary groups. The VLP+M+A group had a higher ratio 

than the LP+M+A group, but this difference was not statistically significant. In the 

LPS-treated animals, the NP+M group had a higher ratio than the LP+M+A and 

VLP+M+A groups. This difference was statistically significant when comparing the 

NP+M group with the LP+M+A group. LPS-treated animals fed the VLP+M+A diet 

had a higher ratio than animals fed the LP+M+A diet. 

In all dietary groups, there was a trend for a higher ratio in the pair-fed 

animals when compared with values &om animals fed but this difference 

was statistically signiGcant in the NP+M group. Animals treated with LPS excreted 

more urea-N in urine/mg nitrogen eaten compared with animals fed This 

diSerence was statistically significant in the VLP+M+A group. 

Table 7.14 The ratio of ammonia-N and urea-N excretion to nitrogen intake of 

rats fed graded casein content bnt with identical amounts of sulphur amino acids 

and arginine, after starting treatments (n%/mg) 

Dietary groups 
g protein/kg diet 

NP+M LP+M+A 
80+M+A 

VLP+M+A 
60+M+A 

tw o-way AN OVA 
p-value F ratio 

NH3-N/N intake 
ad libitum 0.026 ±0.008" 0.025 ± 0.003"* 0.034 ± 0.002*" D=0.000 F=25.29 
pair-fed 0.031 ±0.003' 0.043 ± 0.005'* 0.059 ± 0.003 T=0.000 P=16.79 

LPS 0.024 ± 0.001 = 0.033 ± 0.005" 0.048 ± 0.007" 1=0.074 F=2.42 
Urea-N/N intake 

ad libitum 0.35^0.02" 0.13 0.01" 0.19 ± 0.01' D=0.000 1^=62.38 
pair-fed 0.51 ±0.04"* 0.20 ± 0.03" 0.26 ± 0.03" T=0.000 F=1L25 

LPS 0.46 ±0.05 = 0.19 ± 0.02" 0.33 ± 0.03'* 1=0.262 F=1.40 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means within each row having 
different letter superscripts following the number differ significantly. * indicates a 
significant difference between ad libitum group and pair-fed or LPS-treated groups. 
A indicates a significant difference between pair-fed and LPS-treated groups. 
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The ratio of inorganic sulphate excretion to ammonia-N and nrea-N excretion-
average of two days before starting treatments 

a) The ratio of inorganic sulphate excretion to ammonia-N excretion 

Animals fed the NP+M diet had a dramatically lower ratio (SO4/NH3-N ratio) 

compared with animals fed the low-protein diets (Table 7.15). The ratio was slightly 

increased in the VLP+M+A group compared with the LP+M+A group. The 

di@erence was statistically signiGcant. 

Table 7.15 The ratio of inorganic sulphate excretion to ammonia-N and urea-N 

excretion of rats fed graded casein content but with identical amounts of sulphur 

amino acids and arginine-average of two days before starting treatments 

(pmol/pmol) 

Dietary groups NP+M LP+M+A VLP+M+A one-way ANOVA 
g protein/kg diet 180+M _ 60+M+A p-value Frado 

so^^3-N 0.40^0.61' "p=6!bbb^33i22 

SO /̂Urea-N 0^31 ± 0 ^ 1 ' _ 0.]^2 ±0.0050.189^0.007'' pM).000 P=297.37 
-Results are presented as mean i standard error of the mean, n=12 per group. Means 
within each row having different letter superscripts following the number differ 
significantly. 

b) The ratio of inoi^anic sulphate excretion to urea-N excretion 

The ratio of SO^urea-N excretion was clearly lower in the NP+M group 

compared with the low-protein dietary groups (Table 7.15). No difference in the 

ratio was found between the LP+M+A group and the VLP+M+A group. 

The ratio of inorganic sulphate excretion to ammonia-N and urea-N excretion 
after starting treatments 

a) The ratio of inorganic sulphate excretion to ammonia-N excretion 

In all dietary groups, the ratio of SO4/NH3-N excretion was significantly 

higher in the low-protein dietary groups compared with the NP+M group (Table 
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7.16). No difference in the ratio was found between the LP+M+A group and the 

VLP+M+A group. 

fJo B#ni6cin# diifcRmce hi l&e rado v # s found due & the e@ect of 

treatments. 

Table 7.16 The ratio of inorganic sulphate excretion to ammonia-N and nrea-N 

excretion of rats fed graded casein content but with identical amounts of sulphur 

amino acids and arginine, after starting treatments (^unol/^miol) 

Dietary groups NP+M LPfM+A VLPi^M+A two-wav ANOVA 
g protein/kg diet 180+M 80+M+A 60+M+A p-value F ratio 

SO4/NH3-N 
ad libitum 0.36 ±0.03" 0.91 ± 0.07 " 0.93 ±0.02" D=0.000 P^O.79 
pair-fed 0.73 ± 0.07 0.81 ±0.03" T=0.118 P=2.32 

LPS &51±0jW' 0.86 ±0.08" 0.90 ±0.08" 1=0.092 P=2.24 
SO^/Urea-N 

ad libitum 0.026 ±0.002' 0.172 ±0.015" 0.166±0.003" D=0.000 F=166.0 
pair-fed 0.028 ± 0.002' 0.165 ±0.018" 0.187 ±0.016" T=0.005 f ^ . 5 3 

LPS 0.027 ± 0.002' 0.135 ± 0.008" 0.132 ± 0.006 "4* 1=0.107 P=2.12 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group. D < refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means within each row having 
different letter superscripts following the number differ significantly. * indicates a 
significant difference between ad libitum group and pair-fed or LPS-treated groups. 
* indicates a signiGcant diSerence between pair-fed and LPS-treated groups. 

b) The ratio of inorganic sulphate excretion to urea-N excretion 

In all dietary groups, the ratio of SO4 excretion to urea-N excretion was 

significantly lower in the NP+M group compared with the other low-protein dietary 

groups (Table 7.16). N o difference in the ratio was found between the LP+M+A and 

the VLP+M+A groups. 

LPS-treated animals fed the VLP+M+A diet had a significantly lower ratio 

than the corresponding animals fed ad libitum and pair-fed controls. 
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7.5 Discussion 

It has been recognised, for a long time, that arginine is an important amino 

axnii f()r grroiwlii in Idie inat aiid ]aia)f tie irniDCKTbint fxDr (Dfytunal irnirume fiuicdions in 

man and other species. However, the average daily weight gAin of animals fed the 

low-protein diets supplemented with methionine did not improve after addition of 

arginine. Indeed, the weight gain of animals fed the low-protein diets supplemented 

with methionine and arginine was signiScantly lower than animals fed the same 

levels of protein supplemented with methionine alone (CHAPTER 5), or 

supplemented with methionine and tryptophan (CHAPTER 6) see Figure 7-3. The 

food efGciency (g weight gain/g food eaten) and energy efGciency (mg weight gain 

/kJ energy intake) of animals fed these diets were also significantly lower than in 

animals fed the same levels of protein, but supplemented with methionine alone 

(CHAPTER 5), or with methionine and tryptophan (CHAPTER 6), see Figure 7-4. 

Furthermore, the protein e&ciency (g weight gain/g protein eaten) was also 

significantly reduced in animals fed the LP+M+A and VLP+M+A diets compared 

with animals fed the same levels of protein, but with only methionine or with 

methionine and tryptophan supplementation (Figure 7-4). 

Figure 7-3 Average daily weight gain of rats fed low-protein diets supplemented 

with methionine, methionine and tryptophan, or methionine and arginine 
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- Results are means ± SEI, n=18. 
* Significantly different from animals fed the same level of protein, but 
without argiaine supplementation. 
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Figure 7-4 Energy, protein, and food efGciency o f rats fed low-protein diets 

supplemented with methionine, methionine and tryptophan, or methionine and 

arginine 
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Results are means ± SE, n=18. 

* Significantly different from animals fed the same level of protein, but without arginine 
supplementation 

It can be concluded that addition of arginine to the low-protein diets was not 

an effective way for optimising growth, despite is role as a semi-essential amino acid 

for growing rats as has been reported in some studies (Rose, 1937; Borman et al. 

1946; Milener et al. 1974). The poor utilisation of arginine for anabolic pathways 

could be the result of ingestion of misappropriate amount of other essential amino 

acids by animals fed the low-protein diets. One way of relieving the stress caused by 

the addition of arginine, causing overload of nitrogen, is by reducing food intake. 

This phenomenon occurred in animals fed the low-protein diets. For example, in 

animals fed the 60 g protein/kg diet, the daily food intake was reduced from 13.4 g 

and 12.6 g after addition of methionine and methionine and tryptophan respectively 

to 11.7 g after addition of arginine and methionine. 

Thus in unstressed animals, arginine supplementation would appear to present 

the animal with a metabolic stress which it tried to overcome by a reduction in food 
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nUake. shwiks uilbo&twnnaas and rak g i v e a di8ena#puch#e o f die 

e j e c t s of arginine under conditioiis of inflammatory stress. 

gfam of aqgrnine-lHCL suppliamemfadcK^ gywai oraUy to Iw^Ufhy 

smtyects or inb%wtxK)iiidy lo padenk undergouy? laajor surgery, 

increased the peripheral blood lymphocyte response to mitogenic stimulus (Barbul er 

a/. 1981; Barbul, 1990). A pharmacological dose o f 25g-30g of arginine-HCL, 

administered to patients undergoing surgery, resulted in improve nitrogen balance 

(Elsair ef a/. 1978; Daly er a/. 1988). Sitren & Fisher (1977) have shown no 

significant di@erence in nitrogen retention (nitrogen intake minus urea-N excretion) 

between mature-unstressed rats fed a low-protein diet (100 g casein/kg diet) and 

animals fed the same level of protein supplemented wi th 12 g L-arginhie-HCL and 

5g glycine/kg diet. When these animals were subjected to the trauma of bone 

fracture, nitrogen retention was still similar between the arginine supplemented and 

arginine-unsupplemented groups. However, in animals f e d the normal-protein diet 

(200 g casein/kg diet) addition of arginine (24 g/kg diet), and glycine (10 g/kg diet) 

significantly increased nitrogen retention compared w i t h the animals fed the same 

diet, but without arginine and glycine supplementation. The diets with no arginine 

supplementation were made isonitrogenous to their corresponding diets by adding 

aspartic acid. Thus traumatised rats fed the normal-protein diet benefit from arginine 

and glycine supplementation, but not in rats fed the low-protein diet. The same 

laboratory showed that the improvement in nitrogen retent ion of traumatised rats f e d 

a normal-protein diet was mainly due to arginine but no t glycine supplementation 

(Chyun & Griminger, 1984). Sitren & Fisher (1977) postulated that the improvement 

in nitrogen retention in traumatised rats fed the normal-protein diet, but not in 

animals fed the low-protein diet was due to the d i f ferences in the requirement for 

arginine between animals fed these diets. Thus in addition to the increase demand of 

arginine after irgury for repairing injured tissue (e.g. collagen synthesis), and for 

increase urea-cycle activity, that would be expected af te r injury for detoxifying 

ammonia, animals fed the 200 g casein diet would have a higher demand of arginine 

as an intermediate of the urea-cycle. The authors suggests that arginine 
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supplementation is useful in animals fed the normal-protein diet because this diet has 

a high amino acid and nitrogen content. The nitrogen content of the 200 g casein 

diet is higher than the nitrogen requirement of adult rat (National Research Council, 

1971). If the increase demand of arginine after injury in animals fed the 200 g casein 

diet could not be satisfied by endogenous sources and by the amount of arginine 

present in the 200 g casein/kg diet it becomes a limiting amino acid for the urea-

cycle. Arginuie may thus be diverted 6om protein synthesis toward the urea-cycle. 

As a result of this change in metabolism, protein synthesis would be diminished with 

the result that more amino acids need to be detoxified. 

In our study, before starting treatments, no difference in nitrogen retention 

(nitrogen intake minus Urea-N + NH3-N excretion) was found between animals &d 

the low-protein diets, without amino acid supplementation (CHAPTER 4), and 

animals fed die low-protein diets, supplemented with arginine and methionine (see 

Figure 7-5). A similarity in nitrogen retention was observed, despite the fact that 

nitrogen content of the diets supplemented with arginine and methionine was higher 

than the corresponding low-protein diets without amino acids supplementation. The 

LP-i-M+A and the VLP+M+A diets had 1900 and 2200 mg N/kg diet of extra N 

respectively compared with the corresponding low-protein diets, without amino acid 

supplementation. However, addition of methionine to the low-protein diets resulted 

in greater nitrogen retention than in the corresponding low-protein dietary groups 

with or without arginine and methionine supplementation. 
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Figure 7-5 Apparent nitrogen retention of rats fed either low-protein diets, low-

protein diets supplemented with methionine, or low-protein diets supplemented 

with methionine and arginine-average of two days before starting treatments 
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Urea-N excretion significantly increased after dietary addition of methionine 

and arginine to the low-protein dietary groups (the LP+M+A and VLP+M+A 

groups) compared with animals fed the same levels of protein with or without 

methionine supplementation (see Figure 7-6). 

Figure 7-6 Urea-N excretion in rats fed either low-protein diets, low-protein 

diets supplemented with methionine or low-protein diets supplemented with 

methionine and arginine-average of two days before starting treatments 
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-Animals fed the same level of protein, and having different letter are differ significantly. 
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liovwrwa, addidon cf ineducKuae zUone to the di(%s readted in a 

decrease in the amounts of urea-N excretion w h e n compared with values from 

animals fed the same level of protein, but without amino acids supplementation. This 

decrease was statistically significant in animals fed the 80 g protein/kg diet. The 

increase in urea-N excretion, after addition of methionine and arginine to the low-

protein diets, was consistent with the increase in t h e ratio of urea-N to nitrogen 

intake (Figure 7-7). The situation worsened as the dietary protein content fell from 

80 g/kg to 60 g/kg of diet. This phenomenon became greater as the supply of 

essential amino acids (other than methionine) worsened. This m a y indicate that the 

addition of arginine increases the f low of amino acids towards the urea-cycle. 

Arginine is an allosteric activator of the enzyme N-acetylglutamate synthetase. 

Acetylglutamate is synthesised from glutamate and acetyl CoA (Kawamoto et al. 

1982). The enzyme, N-acetylglutamate synthetase, activates carbamoyl phosphate 

synthase I, which is needed for synthesising carbamoyl phosphate, in the first step of 

ammonia detoxification. Thus, arginine could accelerate urea production by 

activating N-acetylglutamate synthetase. However, addition of methionine alone, 

with no arginine supplementation, to the low-protein dietary groups (the LP+M and 

VLP+M groups), reduced urea-N excretion and reduced the ratio of urea-N to N 

intake compared with the corresponding low-protein dietary groups with or without 

arginine and methionine supplementation. 
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Figure 7-7 The ratio of urea-N to nitrogen intake in rats fed either low-protein 

diets, low-protein diets supplemented with methionine or low-protein diets 

supplemented with methionine and arginine-average of two days before starting 

treatments 
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After starting treatments, addition of methionine to the low-protein dietary 

group appeared to increase nitrogen retention in the LPS and pair-fed animals 

(Figure 7-8). The dijSerence was statistically signifcant when comparing pair-fed 

animals fed the LP+M diet with the corresponding pair-fed animals fed the LP diet. 

However, in the LPS and pair-fed groups, nitrogen retention in animals fed the 60 

g/kg diet was lower in arginine and methionine supplemented groups compared with 

animals fed the same amount of protein supplemented with methionine or without 

amino acids supplementation. The difference was statistically significant when 

comparing pair-fed animals fed the VLP+M+A diet wi th the corresponding pair-fed 

animals fed the VLP diet. 

265 



The effect of graded le^'eLs of dietary casein but with identical amounts of sulphur amino acids and arginine 

Figure 7-8 Apparent nitrogen retention in LPS-treated and pair-fed animals fed 

either low-protein diets, low-protein diets supplemented with methionine or low-

protein diets supplemented with methionine and arginine 
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In addition to arginine counteracting the beneficial effect of supplementing 

methionine on N retention, it failed to improve organ size. Addition of arginine to 

the low-protein diets supplemented with methionine did not enhance the relative 

weight of lung, spleen, and thymus. No difference in the relative weight of limg, 

spleen, and thymus was found between animals the low-protein diets supplemented 

with arginine and methionine (Table 7.5), and animals fed the low-protein diets 

supplemented with methionine (Table 5.5, Chapter 5), or with methionine and 

tryptophan (Table 6.5, Chapter 6). 

Furthermore, the relative liver weight was affected by dietary arginine 

supplementation in animals fed the low-protein diets supplemented with methionine. 

In general, there was a trend for a reduction in the liver relative weight of animals 

fed the LP+M+A and VLP+M+A diets compared with animals fed the same level of 

protein supplemented with methionine alone or with methionine and tryptophan 

(Table 7.17). This was consistent with the trend for a reduction in the relative liver 

protein found in animals fed the arginine-supplemented diets (Table 7.18). 
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Table 7.17 Comparison of the relative liver weight of rats fed low-protein diets, 

or low-protein diets supplemented with methionine, methionine and tryptophan 

or methionine and arginine (g/kg body weight) 

Pair-fed LPS 
LP 45.7 ± 1.6' 42.1 1.2'*' 52.0 ± 1.0' 

LP+M 55.0 ± 4 . 1 ^ 45.6^2.7'*" 57.7 ±2.6'^ 
LP+M+T 63.1 ± 1.5 46.7 d: 1.6' 58.2 ±0.9'' 
LP+M+A 55.6 ±2.7" 40.8 ± 0.5 55.2 ± 1.6"' 

VLP 45.4 ± 1.0' 38.7 ± 0 . 8 ' 46.2 ± 1.3' 
VLP+M 64.3 ±2.8"^ 47.1 ±2.5"^ 60.5 ± 1.4*' 

VLP+M+T 67.9 ± 1.8^ 50.9^2.9" 59.1 ±2.0''" 
VLP+M+A 57.5 ± 2 . 3 ' 40.7 ±3.4" 54.6 ±0.9" 
- Results are means ± SE, n=6 per treatment group. 
-Means within each column, having the same level of protein and having 
different letter superscripts following the number are difkr signiGcantly. 

Table 7.18 Comparison of the relative liver protein of rats fed low-protein diets, 

or low-protein diets supplemented with methionine, methionine and tryptophan 

or methionine and arginine (g/kg body weight) 

Pair-fed LPS 
LP 6.70 ± 0 . 1 3 ' 6.76 ±0.49''' 7.10 ± 0 . 2 4 ' 

LP+M 7.99 ±0.30''" 6.77 ±0.25'" 8.59 ±0.37'' 
LP+M+T 8.62 ±0.24'' 7.15 ± 0 . 2 4 ' 8.46 ±0.27" 
LP+M+A 7.53 ±0.37"' 6.42 ±0.11" 7.93 ±0.22" 

VLP 5.84 ± 0 . 1 7 ' 6.20 ± 0 . 1 4 ' 6.10 ± 0 . 2 0 ' 
VLP+M 8.09 ± 0 . 2 6 ^ 7.31 ±0.11" 8.46 ±0.22" 

VLP+M+T 8.39 ±0.21'' 7.10±0.17'' 7.92 ±0.17"" 
VLP+M+A 7.51 ±0.16" 6.26 ±0.44''' 7.52 ±0.18" 
- Results are means ± SE, n=6 per treatment group. 
-Means within each column, having the same level of protein and having 
different letter superscripts following the number are differ signiBcantly. 

Finally, GSH concentrations (Table 7.6), the serum concentrations of albumin 

and a-1 acid glycoprotein, and the enzymes, glutathione peroxidase and reductase 

activities in liver, lung, spleen, and thymus, were not affected by addition of arginine 
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to the low-protein diets supplemented with methionine (these data can be seen in 

Appendix A) 

The main conclusions that could be obtained, from the results of the present 

study and other studies, are the following: 

1) Arginine could benefit the body after trauma or iiyury if it supplements a diet in 

which its availability limits the urea-cycle, as in animals fed a high-protein diet with 

a relatively low arginine content. 

2) Attention should be paid to the protein quality of the diet before adding arginine. 

If the quality of the protein is poor, addition of arginine may cause an imbalance in 

the essential amino acids content of the diet, which could further deteriorate growth 

and cause further metabolic stress. 

3) Supplements based on physiological quantities of arginine are ineffective. Most of 

the benefits coming from arginine supplementation, given in other studies, may be 

due to pharmacological effects. 

4) Finally, the demand for arginine could be different depending on the type and 

severity of the stress e]q)osed by the sul^ect. For example, in trauma (e.g. bone 

fracture, bum), or tissue injury caused by surgery, there was a high demand of 

arginine to rebuild connective tissue, collagen and hair. In the case of inflammation, 

caused by LPS, there is no serious damage to connective tissue, arginine 

requirements would be less, thus, rendering dietary supplements ineffective. 
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CHAPTER EIGHT 

8. General Discussion 

The work described in the thesis presupposes that inflammation exerts 

specialised demands upon amino acid and protein metabolism and that these 

demands are di@erent &om those related to growth. A rat model was used to 

examine this hypothesis. The speciGc demands for dietary amino acid and protein to 

support the inflammatory response are largely unknown. In the model, the metabolic 

response to inflammation is impaired by feeding diets, which have increasingly 

deficient in protein and amino acids, judged from the point of view of requirements 

for growth. The amino acids considered to be important in the inflammatory 

response, methionine, tryptophan and arginine are added back to the diets 

sequentially, to identify the relative importance of each, for a maximal response. The 

model achieved substantial modification of the metabolic response to inflammation. 

When dietary protein content was decreased, the ability to increase tissue 

glutathione (GSH) and liver total protein content was severely impaired, lung 

experienced an increase in neutrophils, and the ability to increase a-1 acid 

glycoprotein was slightly impaired. The pattern of nitrogen and sulphur excretion 

was altered. Growth was severely affected and the animals became inefficient in 

utilising protein and energy. The results presented in this thesis show that sulphur 

amino acids are the most important amino acids in the group studied regarding the 

ability to modulate the inflammatory response and improve the growth. In general 

term, addition of neither tryptophan nor arginine, to the low-protein diets 

supplemented with methionine, exerted any further enhancement of the 

inflammatory response to that already seen after addition of methionine alone, 

according to the parameters measured in this thesis. 

Calculations of the power of a study, which depend on the sample size and 

amount of variation within the groups, were not conducted in the present thesis. In 

consequence, results which showed "no statistically significant difference" may have 
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produced a small non-significaiit response. It is possible that the study missed a 

sirwill effect liiw: to saoiall sairqple i&uze auicL4)r largp: \%ariaLti(His. licyvyeT̂ zr, uicreasiiig 

the sample size was not possible within the resources available. Furthermore, it is 

(mstCKiiary iii aiiioials studies, iui cwir lalxoradDry iind iri ottier ladbcKidories, to iise a 

number of animals ranging from 4-8 per treatment group (Bauman et al. 1988; 

liimteT 6k (jriQib]k:, 1994; Î anglegf igf fzA 199̂ 4; TTaryicMr ef 199]!; IBaygle]/ <&: 

Stipanuk, 1995; Bella and Stipanuk, 1995). Although it is important to calculate the 

power of a study to detect differences based on the number of subjects before 

conducting any animal or human research, it is rarely used. For example, in the 

Jhaimial ()f IShitndicHi, frcHii issue iio. 1, vcd. 129, 199*9 to issue iio. 1(3, T%)1. 1:30, 

2000, there was no rat study published which used a power calculation. Power 

calculations are most appropriate when the study is designed to investigate a single 

major outcome for which the variability is known (e.g. clinical trials). 

A series of inter-related studies were used in this thesis to examine the 

modulatory effect of methionine, tryptophan and arginine in young growing rats. 

One of the limitations of the approach using inter-related studies is that there may be 

difficulties in repeating the same controls each time due to natural variation. 

However, the NP+M group was repeated three times (in chapter 5, 6 and 7) and it 

showed a consistency in most of the values in animals fed ad libitum (see Table 8.1). 

The variations of some of the values of the LPS, and hence in the pair-fed controls, 

was partly due to the variation in the appetite response to LPS between different 

groups of animals fed the NP+M group. 
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Table 8.1 Comparison between values obtained from groups of animals fed the 

normal-protein diet supplemented with methionine in chapters five, six and seven 

Weight gain (g/day) 
Relative liver weight 
(g/kg body weight) 

ad libitum 
pair-fed 

LPS 
Liver GSH (fimol/g liver) 

ad libitum 
pair-fed 

LPS 
Liver GSH peroxidase 

(units/g protein) 
ad libitum 
pair-fed 

LPS 
Liver GSSG reductase 

(units/mg protein) 
ad libitum 
pair-fed 

LPS 
Relative liver weight (g/kg 

body weight) 
ad libitum 
pair-fed 

LPS 
a-1 acid glycoprotein 

(^ig/ml) 
ad libitum 
pair-fed 

LPS 
Albumin (mg/ml) 

ad libitum 
pair-fed 

LPS 
Inorganic sulphate 

excretion (p^mol/day) 
ad libitum 
pair-fed 

LPS 
Ammonia-N excretion 

(fimol/day) 
ad libitum 
pair-fed 

LPS 
Urea-N (jiimol/day) 

ad libitum 
pair-fed 

LPS 

NP+M 
(Chapter five) 

&2 ± 0.29 

53.0 ± 2.8 
40.9 ± 2.4 
52.0 ± 0.6 

6j8±CU9 
2j3±0J9 
6.84 ±0.15 

2&8±1^ 
2&7±ia 
30.5 1.0 

20.2 ± 1.4 
17^63^ 
l&5±0a 

%J9±0U2 
6.69 ± 0.33 
&41±0Ja 

8 6 6 1 1 
9067 

833 6 129 

34260^? 
3&960J9 
33.1 ± 0.71 

3216 17 
254 6 70 
303 6 10 

798 ± 20 
550 ± 17 
705 6 77 

10713 6 634 
85716 226 

9668 ± 1563 

KPfM 
(Chapter six) 

6.4 6 0.22 

48.3 6 1.9 
44.3 6 1.9 
50.8 6 1.9 

6.40 6 0.21 
3.75 6 0.54 
7.52 6 0.32 

29.5 ± 1.5 
27.8 6 2.2 
31.4 6 1.2 

2&761J 
15.3 6 1.4 
17^61^ 

7.30 6 0.36 
7.116 0.17 
&,2160J6 

86 6 14 
9968 

854 6 71 

35.8 6 0.22 
35.7 6 0.87 
34.3 6 1.17 

' U 6 6 2 

182 636 
236 6 46 

752 ± 25 
462 6 61 
536 6 88 

10134 6 530 
62116 449 

6970 ±1127 

NP+M 
(Chapter seven) 

6.2 ± 0.19 

46.4 61.7 
3&76&6 
51.3 6 1.9 

6.10 6 0.14 
2j760JG 
6^160^^ 

33.5 ± 1.5 
34.2 6 1.2 
32.6 6 1.3 

16.2 ± 1.0 
14562J: 
1&06Z2 

6.89 6 0.24 
6JW60J9 
7.91 6 0.25 

8 8 6 10 
8865 

822 6 91 

33.7 ± 0.21 
35.0 ± 0.79 
34460J3 

264 6 29 
233 6 10 
228 ± 17 

741 ± 32 
511638 
457 ± 56 

10051± 697 
8283 6 425 
8520 ± 477 
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8.1 Influence of dietary amino acid supplementation on utilisation of 

dietary protein for growth in the presence and absence of inflammation 

During growth, before starting treatments, addition of methionine to the low-

protein diets, with or without tryptophan or arginine supplementation, improved the 

average daily weight gain, food, protein, and energy efficiencies compared with the 

low-protein dietary groups, without amino acid supplementation (Figure 8-1 & 8-2). 

Addition of tryptophan to the low-protein diets supplemented with methionine did 

not exert further improvements in the weight gain, or in the efficiencies of food, 

energy and protein utilisation. Paradoxically, addition of arginine to the low-protein 

diets supplemented with methionine significantly reduced the weight gain, and the 

food, energy, and protein efficiencies of the diets compared with the low-protein 

diets supplemented with methionine alone or with methionine and tryptophan, 

despite its role as a semi-essential amino acid. 

Figure 8-1 Average daily weight gain of rats fed either low-protein diets, or low-

protein diets supplemented with methionine, methionine plus tryptophan or 

methionine plus arginine 
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u: 
m O) 

O) cs 
2 = 2 
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+ methionine 
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Low-protein diets -n 
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- Results are means ± SE, n=18. 

- Animals fed Ae same level of protein, and having different letter are 
differ significantly. 
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Figure 8-2 Food, energy, and protein efGciencies of rats fed either low-protein 

diets, or low-protein diets supplemented with methionine, methionine plus 

tryptophan or methionine plus arginine 

RH33 protein efficiency 
SUni energy efficency food efficiency 

•a III ;« 
llitia 

a a 

S 
a 

+ + Groups J S E > 
5 5 

• Results are means ± SE, n=18. 

- Animals fed the same level of protein, and having different letter are 
differ significantly. 

A common feature of the metabolic response to inflammatory agent is loss of 

appetite and weight. Infection increases the production of cytokines, which have a 

negative effect on the appetite centre in the hypothalamus, causing anorexia. A 

reduction in food intake occurred in all dietary groups undergoing an inflammatory 

response to LPS (see Table 4.4, chapter 4; Table, 5.3, chapter 5; Table 6.3, chapter 

6; Table 7.3, chapter 7). Thus, a stunting in the weight gain of rats occurred in all 

dietary groups. This effect was not affected by addition of methionine, methionine 

and tryptophan, or methionine and arginine to the low-protein diets (Figure 8-3). 
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Figure 8-3 The effect of LPS treatment on body weight of rats fed either low-

protein diets, or low-protein diets supplemented with methionine, methionine 

plus tryptophan or methionine plus arginine* 
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Results are means ± SE, n=6. 

Weights are expressed as a percentage of the pre-LPS injection weight. 

8.2 Influence of dietary amino acid supplementation on the partitioning of 

amino acids during growth 

During growth, in the absence of inflammation, differences in N retention 

occurred. Looking at the results of the ratio of nitrogen excretion (urea-N + 

ammonia-N) to nitrogen intake (Figure 8-4), it can be seen that addition of arginine 

to the low-diets supplemented with methionine significantly increased the ratio 

compared with all dietary groups fed the same concentration of protein. 
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Figure 8-4 The ratio of nitrogen excretion (urea-N + ammonia-N) to nitrogen 

intake of rats fed either low-protein diets, or low-protein diets supplemented 

with methionine, methionine pins tryptophan or methionine plus arginine-

average of two days before starting treatments 
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- Results are means ± SE, n=12 per group. 

- Animals fed the same level of protein with different letter are 
differ significantly. 

Addition of methionine alone or in combination with tryptophan to the low-

protein diet signiGcantly reduced the ratio (the LP+M and LP+M+T groups vs. the 

LP group). In animals fed the very low-protein diet, addition of methionine 

decreased the ratio compared with the VLP and VLP+M+T diets, indicating 

improved N retention in both cases. The difference was statistically significant when 

comparing the VLP+M group with the VLP+M+T group. However, tryptophan was 

unable to increase the efficiency of dietary protein utilisation further, and when diet 

protein content fell to 60 g/kg reversed the beneficial effects of methionine. 

Likewise, addition of physiological amounts of arginine to the low-protein diets 

supplemented with methionine opposed the beneficial effect of this latter amino acid 

on nitrogen retention at protein concentration of 80 and 60 g/kg diet. 

Although urea-N excretion decreased, after addition of methionine, or 

methionine and tryptophan to the low-protein diets, compared with values from the 

low-protein dietary groups that received no amino acid supplementation, nitrogen 

excreted as ammonia increased (see chapter 4, Table 4.15; chapter 5, Table 5.14 & 
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chapter 6, Table 6.14). Figure 8-5 shows that nitrogen excreted as ammonia-N and 

urea-N was similar between the low-protein dietary groups and the low-protein 

dietary groups supplemented with methionine or with methionine and tryptophan. 

Addition of arginine to the low-protein diets supplemented with methionine 

significantly increased nitrogen (urea-N + ammonia-N) excreted in urine compared 

with other dietary groups. 

Figure 8-5 Urinary nitrogen excretion (nrea-N + anunonla-N) of rats fed either 

low-protein diets, or low-protein diets supplemented with methionine, 

methionine plus tryptophan or methionine plus arginine-average of two days 

before starting treatments 
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- Results are means ± SE, n=12 per group. 

- Animals fed the same level of protein with different letter are 
differ significantly. 

Despite the fact that nitrogen excretion (urea-N + ammonia-N) was similar 

between the low-protein dietary groups and the low-protein dietary groups 

supplemented with methionine or with methionine and tryptophan, addition of 

methionine or methionine and tryptophan to the low-protein dietary groups was 

accompanied by a marked increase in the proportion of urinary nitrogen excreted as 

ammonium (Figure 8-6). This was consistent with the study conducted by Stipanuk 

and her colleagues. Bella & Stipanuk (1995) have shown that total nitrogen 

excretion was similar between animals fed a low-protein diet (100 g/kg diet) and 
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aiiuiials feci lOie saunie tiut sujipltsoieiited iwitli 2/1.2 iiietbicxoiaevlcg (iiet. 

licywei/er, iis iii the pwnesait snhidhf, the fKrcqDoilicHi ()f̂  tuiiiaa]/ iihlogai (sxcmsted 21s 

(iniirKiDiiim icKyreasecl clrairuiticallTf iifter aclditicwi cdT iniedliicKLUie. In ttu: jprexsoit 

stiuiiesi, additioii ()f IkTfptcypliaii to tlie jkyw-fHrcdhsin chê t siipiiLsmeiited \%rhli 

methionine, the VLP+M+T diet, caused a slight but a significant decrease in the 

ratio of ammonia-N to urea-N compared with the VLP+M group. This is because 

urea-N excretion in the VLP+M+T group increased and NH3-N fell (not statistically 

signiGcant) compared with values in the VLP+M group (see Tables 5.13 and 6.13). 

Addition of arginine to the low-protein dietary groups supplemented with 

methionine (the LP+M+A and VLP+M+A groups) significantly reduced the ratio 

compared with the dietary groups fed the same level of protein, but supplemented 

with methionine or with methionine and tryptophan (the LP+M, LP+M+T, VLP+M, 

and VLP+M+T groups). Not surprisingly this was due to the stimulatory effect of 

arginine on urea production. 

Figure 8-6 The ratio of ammonia-N to m êa-N excreted in urine of rats fed either 

low-protein diets, or low-protein diets supplemented with methionine, 

methionine plus tryptophan or methionine plus arginine-average of two days 

before starting treatments 
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So it could be concluded that methionine, as an ammoniagenic amino acid, shifts 

amino acids from urea synthesis to glutamine synthesis, but causes no changes in 

nitrogen excretion (urea-N + ammoina-N), while arginine is a ureagenic amino acid, 

accelerates urea excretion and increases nitrogen excretion (urea-N + ainmonia-N). 

Thus, the metabolic characteristics of methionine, tryptophan and arginine prevent 

them from improving dietary protein utilisation by directly reducing urinary N 

excretion. 

Biochemical factors also oppose the ability of methionine to improve amino 

acids retention. As the production of one mole of SO4 is accompanied by two moles 

of (Bella & Stipanuk, 1995), the significant increase in SO4 excretion, which was 

found after addition of methionine to the low-protein diets, suggests an increase in 

the production of H .̂ As was mentioned before, duriug acidosis, hepatic synthesis of 

urea decreases, to conserve HCO3 in order to neutralise the excess IT ions, and 

hepatic glutamine synthesis is increased (Haussinger, 1990). However, experiments 

conducted by Boon ef a/. (1994) have shown that in acidosis the hver does not 

simply shift from periportal urea synthesis to perivenous glutamine synthesis in 

order to achieve pH homeostasis, but that total hepatic amino acid metabolism is 

decreased in acidosis. Boon et al. (1994) and Meijer & Boon (1998) have indicated, 

in an vivo studies, that the transport of amino acids across the plasma membrane of 

the hepatocyte decreases in acidosis, and hence total hepatic amino acid oxidation 

decreases. Therefore, urea production decreases, and more amino acids became 

available for glutamine synthesis elsewhere in the body, e.g. lung, brain, skeletal 

muscle and adipose tissue (Watford, 1998). Consequently, in acidosis, more 

glutamine would be available for renal ammonia excretion and bicarbonate 

production. Both Boon's and Haussinger's studies agree that glutamine synthesis 

and ammonia excretion increase in acidosis, which supports the present results of the 

decrease in urea-N, increase in ammonia-N excretion, and the increase in the ratio of 

ammonia-N to urea-N excreted in urine, after addition of methionine to the low-

protein dietary groups. 
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8.3 Influence of dietary amino acid supplementation on the partitioning of 

amino acids during inflammation 

Several studies show changes in the ratio of hepatic glntamine to urea and in 

plasma glutamine-cystine ratio in infection, cancer and other progressive catabolic 

conditions (Eck er a/. 1991; Hack er a/. 1996; Hack er a/. 1997). hi the present 

studies, changes in the urinaiy ratio of ammonia-N to urea-N nitrogen were also 

found during inflammation. 

The results presented in this thesis show that urea-N excretion decreased, and 

ammonia-N excretion and the ratio of ammonia-N to urea-N excretion were 

significantly increased in animals fed the low-protein diets after methionine 

supplementation during inflammation and after food restriction (Figure 8-7). 

Figure 8-7 The ratio of ammonia-N to urea-N in LPS-treated animak and pair-

fed controls fed either low-protein diets, or low-protein diets supplemented with 

methionine, methionine plus tryptophan or methionine plus arginine 
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^VclditicHi arginine ibo idie Icrvy-piroteiwi (iietaur/ gprcmps EMiyplemeiited \\rhli 

methionine (the LP+M+A and VLP+M+A groups) reduced the ratio compared with 

the dietary groups fed the same level of protein, but supplemented with methionine 

CHT TRridi iruetWorune iiiwi tr̂ Tptcrplian (ttu: IJP'-HvL, IJP-UVd-HT, iind 

groups) when food intake was restricted, irrespective of whether inflammation was 

occurring or not. This indicates, as mentioned earlier, that the increase in nitrogen 

€5K%ist[on adAxar awicUticm ()f (urginuGe v/aus niajnly cbie; to llie awcceLsratioii 4)f 

ureagenesis, but not ammoniagenesis. 

What is more interesting is that the ratio of ammonia-N to urea-N excretion in 

the pair-fed controls was higher than in the corresponding LPS-treated animals. The 

difference was statistically significant in the LP, LP+M+T, LP+M+A, VLP, and 

VLP+M groups. An enhanced ratio might be expected in the LPS-treated animals in 

all dietary groups compared with the corresponding pair-fed controls, since 

inflammation might result in acidosis. In the present study, in individual rats, a 

strong positive correlation was found between SO4 excretion and the ratio of NH3-N 

to urea-N excreted in urine, both in LPS and in pair-fed controls (Figure 8-8). 

However, in the LPS-treated animals the regression line was shifted downwards 

suggesting that with a same level of SO4 excretion, LPS-treated animals converts 

less amino acid to ammonia (lower glutamine synthesis) and more to urea than pair-

fed controls. A positive correlation was also found between the ammonia-N to urea-

N excretion ratio and sulphur amino acid intake, as might be expected from the 

characteristics of the catabolic pathway for these amino acids, but again the line of 

regression function shifted downwards when the inflammatory stress of LPS was 

applied (Figure 8-9). 
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Figure 8-8 Correlation between ammonia-N to urea-N ratio and inorganic 
sulphate excretion In LPS-treated animals and pair-fed controls for all animals 
fed either low-protem diets, or low-protein diets supplemented with methionine, 

methionine plus tryptophan or methionine plus arginine 
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Figure 8-9 Correlation between ammonia-N to urea-N ratio and sulphur amino 
acid intake in LPS treated and pair-fed controls for all animals fed either low-
protein diets, or low-protein diets supplemented with methionine, methionine 

plus tryptophan or methionine plus arginine 
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The decrease in the ratio of ammonia-N to urea-N excretion found in LPS-treated 

animals compared with the corresponding pair-fed controls, when it was correlated 

Tvithi ii gpryeii su^pliur amiru) aucid iiitaice (TFigpire 8-!)), czmiic* 1]e isaqplairHsd i&olejhf try 

thue irkcreiise ui erxonetioii. tleqpadic (jS»H (zoiiteiit sdrcmjgly iiitenreiuss iri thus 

relationship. To explain this, let us look back again at Figure 8-9, it can be seen that 

the line of regression shifts downwards when an inflammatory response was applied, 

and the line is widely divergent with a high sulphur amino acid intake compared 

with the corresponding pair-fed controls, but converges as sulphur amino acid intake 

(iecoieases. TTbis c()ul(i 1]e irdierpmstecl zis laii (rvî n {greater SLq}pHnsssic»i cxf 

ammoniagenesis at high sulphur amino acid intake during inflammation than would 

Ibe escpecteii frcKm zi gpryeii lervel <)f (fulpJiiLr amino aucid irukikf;. If (xne; reladxss lliis 

(obser/atioii \vith 1#ie inesuhs of total l%ep;itic ccwiteait (JFigiire 18-10), it cawi 1]e 

seen that total GSH content was higher in the LPS-treated rats than the 

corresponding pair-fed controls, and that in the LPS-treated animals, total hepatic 

GSH increased to a greater extent than in the corresponding pair-fed controls, after 

addition of methionine, methionine and tryptophan, or methionine and arginine to 

the low-protein diets. In the LPS-treated animals, the dramatic increase in hepatic 

GSH content, after addition of methionine, means more glutamate and cysteine 

would be used to synthesised GSH. Thus, this could explain the decrease in the ratio 

of ammonia-N to urea-N excretion found in the LPS-treated animals compared with 

the corresponding pair-fed controls, and the wider divergence of the lines of 

regression between them at a high sulphur amino acid intake. 
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Figure 8-10 Total hepatic glutathione content in LPS-treated animak and pair-

fed controls fed either low-protein diets, or low-protein diets supplemented with 

methionine, methionine plus tryptophan or methionine plus arginine 
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- Results are means ± SE, n=6 per treatment group. 

- Animals having the same treatment and same protein level 
with different letter are differ significantly. 
- ^ Indicates a significant difference between LPS-treated animals and 
corresponding pair-fed animals. 

So it could be concluded from the results of the ratio of ammonia-N to urea-N 

excretion that addition of methionine to the low-protein diets allows the animals to 

conserve more nitrogen as glutamine instead of being converted to urea and glucose. 

Hack et al. (1997) have shown that in HIV-infected persons, lung cancer 

patients, and in older people, plasma glutamine-cystine ratios (measured to give an 

indication of the ability of the liver to catabolised cysteine and to convert amino 

acids into glutamine) were lower than in healthy-young subjects. The authors 

conclude that cases with progressive catabolism (e.g. infection, AIDS) could be 

interpreted as a consequence of the low ability of liver of these patients and older 

people to retain the nitrogen in the amino acid pool. However, in Hack's studies, no 

attempt was made to measure urea and ammonia excretion in urine in catabolic 

conditions. In the present studies, the results of the total urinary urea-N and 

ammonia-N excretion shows that in LPS-treated animals no difference was found in 
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die 1K)tal (yf tbis comliuiexi luliDgai e3ccTe;tic»i (iirearlST 4- Euiu]ioiiii&-N) l)etvyeeai llie 

low-protein dietary groups and the low-protein groups supplemented with 

methionine or with methionine and tryptophan (Figure 8-11), indicating that addition 

of methionine changes the partitioning toward glutamine synthesis, instead of urea-

N, but without changing the nitrogen excretion (urea-N + ammonia-N). However, 

applying the inflammatory response of LPS, increased nitrogen excreted in mine 

(urea-N + ammonia-N) compared with the corresponding pair-fed controls. The 

di@erence was statistically significant in the LP+M and VLP groups. 

Figure 8-11 Urinary nitrogen excretion (urea-N + ammonia-N) in LPS-treated 

animals and pair-fed controls fed either low-protein diets, or low-protein diets 

supplemented with methionine, methionine plus tryptophan or methionine plus 

arginine 
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- Results are means ± SE, n=4 per treatment group. 

- Animals having the same treatment and same protmn level 
with different letter are difkr significantly. 

- ^ Indicated a significant difference between LPS-treated animals and 
corresponding pair-fed animals. 

When rats were treated with a Ijig dose of IL-6 and killed four hours later, hepatic 

GSH, and y-glutamyl-cysteine synthetase activity increased, and this was 

accompanied by a reduction in hepatic sulphate production (Hack et al 1996). In 

addition to this, the reduction in hepatic sulphate levels was associated with an 

increase in hepatic urea-production, and a decrease in hepatic glutamine to urea 
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radio. It vvtis snigagesMbecl try tiie zw11ic»rs thuit cleoreauseci pxrodiicticHi ()f (iiw: tc) ttw: 

reduction in hepatic sulphate levels, may have increased hepatic urea production at 

the expense of glutamine synthesis. Increases in hepatic urea production and in the 

urea to glutamine ratio, associated with decreased in hepatic sulphate production, 

\vere iilsc) ixxiuid iri S)I)/-iiifec:1k;d rliesnis raaucaqiwss (lEcJc gf <3/. 1S)91). Ilie szmie 

pJieaicxQiena \vare iilsc) seeii iii 1iiDCK)r-t)eauruig; roice ([Hacic 1S)9($). ]EIoian:T/er, 

when tumor-bearing mice were treated with daily doses of 125 or 500 |ig cysteine 

hydrochloride monohydrate for 16 days after tumor inoculation and killed one day 

later, the results showed that both, mice treated with the lower dose and the higher 

dose of cysteine, had a higher hepatic sulphate production compared with the tumor-

bearing mice unsupplemented group. Interestingly, the increase in hepatic sulphate 

production of mice treated with the lower dose of cysteine was accompanied by 

higher hepatic glutamine to urea ratios and lower hepatic urea levels compared with 

the tumor-bearing mice unsupplemented group. In contrast to the liver, GSH levels 

decreased and sulphate levels increased in skeletal muscle of tumor-bearing mice 

unsupplemented group. Cysteine treated tumor-bearing rats have shown an increase 

in muscle GSH levels (not statistically significant), but had no effect on sulphate 

levels compared with tumor-bearing rats unsupplemented group. The increase in the 

hepatic glutamine to urea ratio, and the decrease in hepatic urea production found in 

tumor-bearing mice treated with the lower dose of cysteine was consistent with the 

present study, in which the urea-N excretion decreased and urinary ratio of 

ammonia-N to urea-N excretion increased, after addition of methionine to the low-

protein diets, during inflammation. 

8.4 The partitioning of amino acids between glutathione and protein in 

liver and inorganic sulphate excretion 

It is apparent in the studies described in this thesis that protein deficiency 

exerts major effect on the ability of rat to synthesise major sulphur containing 

products of amino acid metabolism, such as protein, GSH and SO4. The 

measurements made in the programme of research give some insight into 
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biosynthesis of these products by the Hver. The results suggest that protein 

(ieficieaic)f (ioes rwot adBBsct ttie zibility to snfcdlkesiseViiiaiiitain all cdT thex&e i)ro<iiicts 

equally, when animals are exposed to normal or restricted feeding or are undergoing 

an inflammatory response. Equally, when the low-protein diets are supplemented 

with methionine alone or in combination with tryptophan, or arginine, the 

partitioning of amino acid sulphur into these major products is not equal. Examining 

of tlie radic) o:f IheijpaLlic (3rS13 Ik) pwrotedii arid lie]]atic (jrSJH to iwriruiry l$()4 ;*rve scwoie 

insight into the changes in partitioning which occur. The results of the ratio of GSH 

to protein in liver (Figure 8-12) indicates that the increase in hepatic GSH and 

pwnotein ccxoLtaat, ad1%%r auidition ()f rnustbicwiirK; to tbe Icrvy-pqnoteiri chê bs, v/as ruDt iri 

similar proportions. Addition of methionine to the low-protein diets alone or in 

combination with tryptophan or arginine increased the ratio of GSH to protein in 

liver in all treatment groups. However, the increase in the ratio was markedly higher 

in the LPS-treated rats and ac/ /y6zfMm-fed animals than in those on a restricted food 

intake. Addition of tryptophan to the very low-protein diet supplemented with 

methionine slightly increased (not statistically significant) the ratio over that seen in 

animals fed the very low-protein diet supplemented with methionine, or with 

methionine and arginine. The increase in the ratio of GSH to protein in liver after 

addition of methionine should be expected if we take into our consideration that 

GSH synthesis requires only cysteine, glycine, and glutamate, while protein 

synthesis requires all amino acids, essential, which are present in an inadequate 

amounts in the low-protein diets (the LP and VLP diets), semi-essential, and non 

essential amino acids. 
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Figure 8-12 The ratio of glutathione to protein in liver of rats fed either 

low-protein diets, or low-protein diets supplenmented with methionine, 

methionine plus tryptophan or methionine plus arginine 
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Although addition of methionine to the low-protein diets increased hepatic 

GSH concentration and SO4 excretion, the increase was not proportional. In animals 

undergoing an inflammatory response and in ad libitum-fed animals, addition of 

methionine to the low-protein diets alone or in combination with tryptophan or 

arginine, increased the ratio of hepatic GSH to SO4 excretion (see Tables 4.16, 5.15, 

6.15, 7.12 & Figure 8-13 for illustration). The presence of additional tryptophan to 

the low-protein diets supplemented with methionine increased the ratio to a greater 

extent than after addition of methionine or methionine and arginine, but these 

differences were not statistically significant. A good example of this phenomenon 

can be seen in animals consuming the same amount of food (thus ruling out food 

intake as a variable) for example between LPS-treated animals fed the VLP diet in 

chapter 4 (Table 4.16), fed the VLP+M diet in chapter 5 (Table 5.15), and fed the 
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VLP+M+T diet in chapter 6 (Table 6.15). Another example is between animals fed 

the LP+M diet in chapter 5 (Table 5.15), fed the LP+M+T diet in chapter 

6 (Table 6.15), and fed the LP+M+A diet in chapter 7 (Table 7.12). 

However, when food intake was restricted, the pattern of the partitioning was 

completely different from that seen in the animals fed and in LPS-treated 

animals. In the pair-fed controls, the ratio of hepatic GSH to SO4 excretion in the 

low-protein dietary groups was higher than in the pair-fed controls given the same 

levels of protein, but with methionine, methionine and tryptophan or with 

methionine and arginine supplementation (Figure 8-13). 

Figure 8-13 The partitioning of sulphur amino acids between hepatic glutathione 

and inoi^anic sulphate excretion 
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So it could be concluded that addition of methionine to the unstressed, or to the 

LPS-treated animals, relatively increased the flow of cysteine towards the pathway 

of hepatic GSH. However, when food intake is restricted by pair feeding, addition of 

methionine result in a relative decrease in partitioning of cysteine towards the 
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pathway of GSH. In the low-protein group, addition of methionine increased hepatic 

GSH concentration by 258%, 208, and 70% for the aaf fed, LPS-treated, and 

pair-fed animals respectively, and in the very-low protein group, addition of 

methionine increased hepatic GSH concentration by 414%, 304% and 161% for the 

ad libitum fed, LPS-treated, and pair-fed animals respectively. 

Because SO4 excretion was similar between the LPS-treated and the 

corresponding pair-fed controls, after addition of methionine, methionine and 

tryptophan, or methionine and arginine to the low-protein groups (see Tables 5.12, 

6.12 & 7.9), this may indicate that when the inflammatory response was applied, 

most of the additional sulphur amino acids released from muscle are mostly used to 

synthesised hepatic GSH and protein. 

8.5 Potential benefits of sulphur amino acid supplementation in immuno-

nutrition 

Without doubt the largest modulatory influence was achieved with 

methionine supplementation in the present studies and as a consequence one is led to 

believe that the main limiting amino acids for the acute phase response, in the animal 

model employed in the thesis, are methionine and cysteine. The results presented in 

chapter 4, show that all treatment groups {ad libitum, pair-fed, and LPS-treated 

animals), were unable to increase hepatic GSH concentration to the same level as in 

animals fed the normal-protein diet. LPS-treated animals given the low-protein diets 

were unable to enhance GSH concentrations in lung, spleen, and thymus to the same 

level as in the normal-protein group. Furthermore, animals given the low-protein 

diets fail to enhance lung, spleen, and thymus GSH concentrations compared with 

the corresponding pair-fed controls. The low GSH concentrations in liver, lung, 

spleen, and thymus, found in the low-protein dietary groups after LPS-treatment, 

could be an indication of the reduction in the ability to scavenge free radicals. 

Moreover, the inability to enhance GSH concentrations in various organs, is an 

indication of a low availability of cysteine in these organs. Both cysteine and GSH 

have been shown to be important in optimising T-cells and macrophage immune 
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functioii (Gmunder, er a/. 1990 & 1991; Robinson er a/. 1993; Kinscherf er aZ. 

1994). GSH is also an important compound needed to maintain the function of other 

antioxidant compounds. GSH is used by several transhydrogenases to maintain other 

antioxidant compounds in their reduced form, such as vitamins C and a-tocopherol 

(Martensson, ef aZ. 1993; Pascoe & Reeds, 1989). Figure 8-14 shows the possible 

consequences of feeding a low-protein diet with respect to the relationship between 

some inflammatoiy diseases (e.g. infection) and GSH status. 

Figure 8-14 Relationship between some Inflammatory diseases, glutathione and 

host condition 
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In aainKds fed the cUeb, a sagnUiczuit incn;ase ui hepadc (}SH 

conceiitration was achieved by adding a single amino acid, namely methionine. 

Addition of methionine to the low-protein dietary groups, allowed animals to 

enhance their lung GSH concentration, and maintain their spleen, and thymus GSH 

concentrations during an inflaramatoiy response. Furthermore, in animals exposed to 

the inflammatory response of LPS, methionine supplementation increased hepatic 

protein content and increased the serum concentration of a-1 acid glycoprotein over 

that seen in animals fed the low-protein diets, without amino acid supplementation. 

The evidence from the lung neutrophil data suggest that methionine, by enhancing 

GSH status within the body, could increase the abihty of the host to scavenge &ee-

radicals, and improve T-ceU proliferation and macrophage function (see Figure 8-

15). 

Figure 8-15 Relationship between some inflammatory diseases and glutathione, 

and host condition. The possible role of methionine in this relationship 
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8.6 Enhanced glutathione status in clinical trials 

Impaired GSH status is implicated in many diseases such as cancer, 

Alzheimer's disease, atherosclerosis and AIDS. Malnutrition, secondary to cancer, 

AIDS, and many other inflammatory diseases are reported in many patients, which 

may increase host susceptibility to infection and increase free-radical production. 

Thus, the need for pro-GSH agents, to be used as a part of treatment in such patients, 

is necessary. Because cysteine is unstable in its reduced form, and has been reported 

to be toxic in vivo and in vitro studies ( Estrela ef a/. 1983; Nishiuch, ef a/. 1976; 

Harber, 1970; Olney & Ho, 1970), and because GSH is mostly degraded in the 

extracellular compartment, due to the presence of the enzyme y-glutamyl cysteine 

transferase, several compounds have been used as a cysteine-delivery agents. L-2-

oxofhiazalidine-4-carboxylate (OTC) and N-acetyl-L-cysteine (NAC), are two of the 

most common compounds used to serve as a cysteine-delivery agents (Sen, 1997). 

OTC is an analog of 5-oxoproline in which the 4-methylene moiety is replaced by 

sulphur (Meister et al. 1986). OTC has been shown to be an excellent substrate of 

the intracellular enzyme 5-oxoprolinase (Williamson & Meister, 1981; Williamson 

& Meister, 1982). The enzyme converts OTC to S-carboxy-L-cysteine which is 

rapidly hydrolysed to yield cysteine. The other cysteine-delivery agent, NAC, once 

entering the cell, is rapidly hydrolysed to yield cysteine. 

Recently, many clinical trials were carried out using OTC and NAC to 

enhance GSH status. OTC supplementation to malnourished rats increase lung GSH 

concentration and at the same time protected the animals against pulmonary oxygen 

toxicity (Taylor, 1992). Limuro et al (2000) have shown that necrosis, 

inflammation, TNF-a and NFKB, were all elevated in rats with alcoholic-liver 

injury, caused by feeding ethanol containing diets enterally for 4 weeks. These 

effects of ethanol were blocked by giving OTC. In asymptomatic HIV-infected 

patients, intravenous or oral OTC treatment increased GSH level in whole blood 

(Kalayjian, et al. 1994; Barditch-Crovo, 1998). OTC supplementation has also been 

shown to be protective against a lethal dose of acetaminophen given to mice 

(Williamson et al. 1982). 
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scavenger (Aruoma gf a/. 1989), and act as a cysteine-delivery agent for GSH 

synthesis (Issels er oA 1988). NAC and OTC treatments have been shown to reduce 

the; rnnrdber cdT dkayis \\dtti auzulx; limgf iojiiry in lachilt iresqpiratory distress sryiidbnoiiie 

(Bernard ef a/. 1997). Low GSH status is usually seen in AIDS patients with wasting 

syndrome, especially in their T-lymphocyte. It has been shown that the survival time 

was improved in AIDS patients who maintained higher GSH level in their CD T-

cells than in those with lower levels, and that the survival time of patients treated 

with NAC was higher (Herzenberg e/ a/. 1997). 

To conclude, the studies reported in this thesis show that the amino acid and 

protein demand for growth and for a maximal acute phase response (judge against 

that of the 180 g/kg casein diet supplemented with/without methionine) are not 

qualitatively but quantitatively diGerent. However the presence or absence of the 

supplementary amino acids alters the partitioning of sulphur and other amino acid 

into various end products, in a different way during inflammation to that occurring 

in growth. Furthermore, from the clinical trial studies and from the present study, it 

can be concluded that sulphur amino acids are important immuno-nutrient 

compounds both for malnourished subject and for patients with chronic catabolic 

diseases. In general, the importance of sulphur amino acids in clinical nutrition is 

underestimated. Patients with inflammatory disease and also doctors, should know 

the benefits of feeding sulphur amino acids, which types of food are rich in sulphur 

amino acids (e.g. liver, egg, whey protein), and why they are important. Putting this 

message into practice is the responsibility of nutritionist and dietician. 
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Table A.1 Glutathione peroxidase activity in liver, lung, spleen, and thymus of 

rats fed graded casein content but with identical amounts of sulphur amino acids 

and arginine (units/g protein) 

Dietarj' groups NP+M LP+M+A VLRfM+A two-way ANOVA 
g protein/kg diet 180+M 8(H-M4-A 6(H-M+A p-value F ratio 

Liver 
ad libitum 33.5 ± 1.5" 35.7 ± 2.7"'' 43.3 ± 1.9'' D=0.001 F=9.60 
pair-fed 34.2 ± 1.2" 32.9 ± 1.0" 33.6 ± 1.8"* TM).038 F=3.72 

LPS 32.6 ± 1.3" 35.5 ± 2.9"'' 42.8 ± 1.8''* 1=0.057 F=2.62 
Lung 

ad libitum 65.9^3.1" 65.6 ± 2.3" 62.9 ± 2.1" D=0.316 P=1.20 
pair-fed 59.5 ±3.0" 62.8 ± 3.6" 66.1 ± 1.9" 1M).479 PM).76 

LPS 59.5 i 1.9" 62.1 ± 1.0" 65.5 ± 2.9" 1=0.344 F=1.17 
Spleen 

ad libitum 66.2 ±5.0" 64.7 ± 1.5" 66.3 ± 2.0" D=0.229 P-1.57 
pair-fed 63.3 ± 2.9" 65.9 ± 0.8" 66.4 ± 1.6" T=0.677 F=0.40 

LPS 62.0 ±2.6" 60.6 ±2.8" 68.9 ± 0.4" 1=0.548 P=0.78 
Thymus 

ad libitum 69.9 ±5.4" 70.8 ± 1.1" 65.3 ± 4.7" D=0.809 F=0.21 
pair-fed 71.7 ± 4.9" 64.2 ± 5.5" 73.4 ± 2.3" T=0.909 P=0.10 

LPS 68.8 ± 1.5" 69.7 ±3.4" 71.5 ± 4.4" 1=0.442 P=0.97 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means with in each row having 
different letter superscripts following the number differ significantly. * indicates a 
significant difference between ad libitum group and pair-fed or LPS-treated groups. 
4 indicates a significant difference between pair-fed and LPS-treated groups. 

294 



Appendix A 

Table A.2 Glutathione reductase activity in liver, lung, spleen and thymus of 

rats fed graded casein content but with identical amounts of sulphur amino acids 

auod aiTginiiie (wuaits/nog;]pix*teji:) 

Dietary groups NP+M LPfM+A VLPfM+A two-way ANOVA 
g protein/kg diet 180+M 80+M+A 60+M+A p-value F ratio 

Liver 
ad libitum 16.2 ±1 .1 ' 19.6 ±2.5"^ 27.4 ±0.8'' D=0.000 P=11.07 
pair-fed 14.5 ±2 .2 ' 19.2 ± 3 . 8 ' 18.8 ± 3 . 6 ' T=0.072 F=2.91 

LPS 16.0^2.2' 22.2 ± 0 . 8 ' 26.7 ± 1.1 1=1.09 F=0.383 
Lung 

ad libitum 17.9 ±1.54" 18.4 ±1.6" 18.2 ± 1.3 ^ D=0.337 F=1.13 
pair-fed 15.7 ±1.13" 19.0 ±1 .3 ' 18.2 ± 1 . 2 ' TM).364 F=1.05 

LPS 16.1 ±1.50' 16.3 ± 1 . 0 ' 17.5 ± 1 . 0 ' 1=0.725 P=0.51 
Spleen 

ad libitum 17.1 ±3 .2 ' 16.6 ± 1 . 5 ' 20.1 ± 1 . 6 ' D=0.079 F=2.79 
pair-fed 15.4 ±0 .6 ' 17.8 ±0 .9 ' 18.7 ± 0 . 9 ' T=0.748 1^0.29 

LPS 16.8 ± 1 . 0 ' 15.7 ± 0 . 8 ' 18.5 ± 1 . 6 ' 1=0.781 F=0.44 
Thymus 

ad libitum 15.6 ±1 .8 ' 16.8 ±1 .4 ' 18.7 ± 1 . 3 ' D=0.140 1^=2.12 
pair-fed 17.4 ± 1 J ' 15.1 ± 1 . 2 ' 17.9 ± 0 . 8 ' T=0.221 P=1.60 

LPS 18.2 ±0 .5 ' 17.9 ± 1 . 5 ' 19.7 ±1.8" 1=0.781 F=0.44 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group. D< refer to p-value for diet, T< refer to p-value for treatment, I< refer to p-
value due to interaction between diet and treatment. Means with in each row having 
different letter superscripts following the number differ significantly. * indicates a 
significant difference between ad libitum group and pair-fed or LPS-treated groups. 
4 indicates a significant difference between pair-fed and LPS-treated groups. 

Table A 3 Serum a-1 acid glycoprotein concentration of rats fed graded casein 

content but with identical amounts of sulphur amino acids and arginine 

Dietary groups NP4-M LPfM+A VLP+M+A two-wav ANOVA 
g protein/kg diet 180+M 80+M+A 60+M+A p-value F ratio 

a-1 acid glycoprotein 
Oig/ml) 

ad libitum 8 8 ± 1 0 ' 98±4" 9 3 ^ 7 " D=0.747 P=0.29 
pair-fed 88±5" 95±6'' 97 ± 8 " T=0.000 F=250.6 

LPS 822 ± 9 1 ' * * 842 ± 1 0 2 ' 4 * 896 ± 3 7 ' * * 1=0.934 F=0.21 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group for animals fed the NP+M diet, and n=6 per treatment group for animals fed 
the LP+M+A and the VLP+M+A diets. D< refer to p-value for diet, T< refer to p-
value for treatment, I< refer to p-value due to interaction between diet and treatment. 
Means with in each row having different letter superscripts following the number 
differ significantly. * indicates a significant difference between ad libitum group and 
pair-fed or LPS-treated groups. * indicates a significant difference between pair-fed 
and LPS-treated groups. 
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Appendix A 

Table A.4 Serum albumin concentradon of rats fed graded casein content but 

with identical amounts of sulphur amino acids and arginine 

Dietary groups NP+M LP+M+A VLP+M+A two-way ANOVA 
g protein/kg diet ^0+M 80+M+A 60+M+A p-value F ratio 

Albumin (mg/ml) 
33.7 ±0.21" 32.9^=0.89' 29.8=1:0.74'' D=0.000 P=23.74 

pair-fed 35.0 ±0.79' 33.7^0.82"" 31.7^=0.70" T=0.013 fM.94 
LPS 34.4 ±0.33' 31.5 ±0.19"* 29.0 ± 0 . 6 9 ' * 1=0.548 P-0.78 

-Results are presented as mean ± standard error of the mean, n=4 per treatment 
group for animals fed the NP+M diet, and n=6 per treatment group for animals fed 
the LP+M+A and the VLP+M+A diets. D< refer to p-value for diet, T< refer to p-
value for treatment, 1< refer to p-value due to interaction between diet and treatment. 
Means with in each row having different letter superscripts following the number 
differ significantly. * indicates a significant difference between ad libitum group and 
pair-fed or LPS-treated groups. A indicates a significant difference between pair-fed 
and LPS-treated groups. 
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