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Abstract

For an adult in N balance, apart from small amounts of amino acids required for the synthesis of neurotransmitters, hormones, etc,

an amount of amino acids almost equal to that absorbed from the diet can be considered to be “surplus” in that it will be catabolized.

The higher diet-induced thermogenesis from protein than from carbohydrate or fat has generally been assumed to be due to increased

protein synthesis, which is ATP expensive. To this must be added the ATP cost of protein catabolism through the ubiquitin-proteasome

pathway. Amino acid catabolism will add to thermogenesis. Deamination results in net ATP formation except when serine and threonine

deaminases are used, but there is the energy cost of synthesizing glutamine in extra-hepatic tissues. The synthesis of urea has a

net cost of only 1·5 £ ATP when the ATP yield from fumarate metabolism is offset against the ATP cost of the urea cycle, but this

offset is thermogenic. In fasting and on a low carbohydrate diet as much of the amino acid carbon as possible will be used for

gluconeogenesis – an ATP-expensive, and hence thermogenic, process. Complete oxidation of most amino acid carbon skeletons also

involves a number of thermogenic steps in which ATP (or GTP) or reduced coenzymes are utilized. There are no such thermogenic

steps in the metabolism of pyruvate, acetyl CoA or acetoacetate, but for amino acids that are metabolized by way of the citric acid

cycle intermediates there is thermogenesis ranging from 1 up to 7 £ ATP equivalent per mol.
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Introduction

For an adult in N balance there will be an amount of amino

acids to be catabolized equal to the dietary intake of protein,

less faecal losses of undigested dietary protein, undigested

endogenous proteins (including mucin in gastro-intestinal

mucus, remnants of digestive enzymes and shed mucosal

cells) and bacterial proteins. It is only in growth, pregnancy

and recovery from tissue protein losses that there is a net

increase in whole body protein, and even for someone in

positive N balance there will be a considerable amount of

amino acids to be catabolized because they are “surplus” to

requirements for net protein synthesis.

It is well established that the diet-induced thermogenesis

(DIT) associated with protein is considerably higher than

that associated with carbohydrate or fat. Some 20–30 %

of the energy consumed as protein is dissipated in DIT, com-

pared with 5–10 % of that from carbohydrate and 0–3 %

of that from fat(1,2). Allowing for this thermic effect of protein

suggests that the net metabolizable energy of protein is

nearer 13 kJ/g than the Atwater factor of 17 kJ/g.(3)

The thermic response to a high protein meal or diet

(in longer-term studies) has been reported in many studies,

some using liquid meals or diets and others meals or diets

comprising normal foods, but designed to give different

proportions of the macronutrients. Many such studies have

used extreme proportions of protein, fat and carbohydrate.

For example, Crovetti et al.(4) fed three different isocaloric

meals of ordinary foods to normal body weight women and

measured heat output by indirect calorimetry over 7 hours.

The meal providing 68 % of energy from protein gave an

increase in energy output of 261 kJ, compared with 69 % carbo-

hydrate at 92 kJ and 70 % fat at 97 kJ. Dauncey & Bingham(5)

fed diets providing 37 % protein or 3 % protein (replaced by

sugars) and 48 % fat, and measured total energy expenditure

over 24 h in a respiratory chamber. The high protein diet

led to a 12 % increase in total energy expenditure, and signifi-

cantly higher energy expenditure both in exercise and in

sleeping. Each meal in this study was followed by a period

of exercise, so it is difficult to disentangle the effects of

feeding from those of exercise. Lejeune et al.(6) demonstrated

higher DIT, sleeping metabolic rate and activity-induced

energy expenditure in subjects fed a high protein diet (30 %

energy from protein, 40 % from carbohydrate and 30 %

from fat) than one providing an adequate intake of protein

(10 % energy from protein, 60 % from carbohydrate and 30 %

from fat). The increased thermogenesis associated with a

high protein diet has been exploited in slimming regimens

because of the need for increased fat metabolism to fuel the

thermogenesis(3,7–10).
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More than half of all patients undergoing surgery with gen-

eral anaesthesia experience some degree of hypothermia,

defined as a core body temperature below 358C. This can

lead to cardiovascular and respiratory problems, impaired

blood coagulation, and increased recovery time. Anaesthesia

impairs central thermoregulation and lowers the threshold for

vasoconstriction, so redistributing blood (and hence heat)

to the periphery. At the same time, fluids are infused at

room temperature rather than body temperature, and muscle

relaxants inhibit shivering.(11) The thermic effect of protein

has been exploited to prevent post-operative hypothermia.

Intravenous infusion of an amino acid mixture begun an hour

before anaesthesia and continued throughout the period

of surgery resulted in maintenance of rectal temperature at

37·148C, while in patients receiving the same volume of saline,

rectal temperature fell to 35·988C(12). The amino acid infusion

was associated with increased pulmonary oxygen uptake.

In patients undergoing coronary artery bypass surgery, infusion

of an amino acid mixture for 2 hours from the start of surgery

attenuated the fall in core body temperature (measured in the

pulmonary artery) seen in patients receiving saline infusion,

and led to a modest but significant progressive increase in

body temperature during the remaining 4–6 hours(13). Brundin

and Wahren(14) studied the effects of amino acid infusion

in healthy volunteers; again there was an increase in body

temperature by 0·258C and energy expenditure (as determined

by oxygen consumption). Half the increased oxygen con-

sumption was by splanchnic tissues rather than muscle.

In rats fed a high protein diet the concentrations of most

amino acids reaching the periphery are lower than on a

normal protein intake, reflecting the splanchnic extraction

of amino acids, either for gluconeogenesis or catabolism.(15)

A number of mechanisms have been proposed to explain

this thermic effect of protein: increased protein turnover, the

energy cost of urea synthesis and gluconeogenesis from

amino acids, and the relative inefficiency of the catabolism

of amino acid carbon skeletons, as well as increased non-

shivering thermogenesis as a result of increased activity of

thermogenin.

Increased protein turnover

Protein synthesis is energy expensive. An adult human

being synthesizes some 5·7 g of protein/kg body weight/day,

accounting for 18·8 % of fasting metabolic rate or 12·9 % of

total energy expenditure(16). For each amino acid incorporated

in ribosomal protein synthesis there is a cost of 2 £ ATP

equivalents to form aminoacyl tRNA (because the reaction

yields AMP and pyrophosphate), plus 1 £ GTP (equivalent

to ATP) and 1 £ ATP to move the growing peptide chain

from the A site of the ribosome to the P site. This is a minimal

cost of 4 £ ATP per amino acid incorporated or some 2·8 kJ

per gram of protein synthesized. To this can be added the

cost of active transport of amino acids into cells (an additional

0·8 kJ/gram) and synthesizing mRNA (an additional 0·6 kJ/g),

giving a cost of some 4·2 kJ/g of protein synthesized, or 20 %

of BMR(17). Further costs of protein turnover include: (a) the

relatively small cost of the action of the proof-reading site

on aminoacyl tRNA synthetases, hydrolysing aminoacyl tRNA

when the wrong amino acid has been incorporated, followed

by re-esterification of the correct amino acid; (b) the ATP cost

of ensuring correct folding of newly synthesized proteins by

active chaperone proteins; (c) the energy cost of catabolizing

incorrectly folded proteins, followed by resynthesis. This last

will not be measured as protein turnover by conventional

methods since incorrectly folded proteins are rapidly catabo-

lized intracellularly.

Targeted protein catabolism via the ubiquitin-proteasome

system is also ATP expensive, although the random hydrolysis

of tissue proteins by lysosomes is not. Ubiquitin is a small

(78 amino acid) protein that targets tissue proteins for

uptake by the proteasome; it is not itself catabolized in the

proteasome, but is recycled. However, there is apparently

random mono-ubiquitination of proteins in the cell, followed

by more specific attachment of three or four additional

molecules of ubiquitin to those already present, catalysed

by one of more than 600 ubiquitin ligases in the human

genome. Each molecule of ubiquitin added involves an ATP

cost(18,19). The proteasome is a large multi-enzyme complex

that involves ATP-dependent de-ubiquitination of target

proteins and ATP-dependent unfolding of the proteins to

permit access by the proteases in the core of the proteasome.

There are at least 6 £ ATPases involved in the proteasome(20).

Robinson et al.(17) measured energy expenditure and whole

body protein turnover for 9 hours in a group of men fed

hourly with flavoured water (i.e. fasting) or iso-energetic

liquid diets providing either 70 % carbohydrate or 70 % protein

and 15 % fat. Compared with the fasting state, the high carbo-

hydrate diet raised resting metabolic rate (RMR) by 5·7 %

(accounting for 5·7 % of the energy intake) and the high pro-

tein diet by 23·5 % (accounting for 9·6 % of the energy intake).

In the fasting state, protein synthesis was 87·2 g over 9 hours,

with catabolism of 110·2 g, giving N balance ¼ 223 g; feeding

the high carbohydrate diet gave protein synthesis of 131·2 g,

catabolism 109·8 g, and N balance ¼ þ21·4 g; feeding the

high protein diet gave protein synthesis of 243·9 g, catabolism

78·9 g and N balance ¼ þ165 g. Based on a cost of 4·2 kJ/g

protein synthesized, they calculated that the cost of protein

synthesis was 8·7 % of total energy expenditure (TEE) in fast-

ing, 11·7 % of TEE after the high carbohydrate meals and

19·8 % of TEE after the high protein meals. After the high

carbohydrate meals, protein synthesis accounted for 36 %

of the increased energy expenditure (with the remainder

presumably the cost of glycogen synthesis); after the high

protein meals, protein synthesis accounted for 68 % of the

increased energy expenditure. Since the high protein diet

provided only 15 % of energy from carbohydrate, is it likely

that gluconeogenesis from amino acids accounted for a sig-

nificant proportion of the increased energy expenditure.

The decreased protein catabolism in response to feeding

the high protein meals is in accordance with the observations

of Garlick et al.(21) that the immediate response to feeding a

high protein meal is a reduction in tissue protein catabolism,

followed by a longer term adaptive response with increased

synthesis and catabolism.
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Hochstenbach-Waelen et al.(22) fed subjects on iso-energetic

diets providing 10 or 25 % protein, 35 or 20 % fat and 55 %

carbohydrate for 3 days, in a randomized crossover experi-

ment, before they were placed in a respiration chamber for

36 h. Twenty four hour TEE was 2·5 % higher, and the sleeping

metabolic rate 4 % higher, on the high protein diet. At 10 %

of energy from protein (casein) the subjects were unable to

maintain N balance, but they were in positive N balance

on the high protein diet. The high protein diet also led to

negative fat balance.

Obviously, the positive N balance seen on feeding a high

protein diet cannot continue; there must be adaptation of

protein catabolism to match increased protein synthesis.

Greig et al.(23) maintained septic patients on total parenteral

nutrition at 1·35 £ their RMR and either 191 or 366 mg N/kg

body weight/day. At the higher protein intake there was

the expected increase in protein oxidation and oxygen con-

sumption, and for the first 3 days the patients were in positive

N balance. However, by days 5–6 the patients were back

in N equilibrium. They also showed higher resting energy

expenditure than those on the lower N intake.

Garlick et al.(21) noted that in response to a high protein diet

there is initially positive N balance, followed by an increased

amplitude of cycling between protein synthesis in the fed state

and protein catabolism in the fasting state, and suggested that

amino acid oxidation accounts for up to 57 % of TEE, com-

pared with 21 % on a high carbohydrate diet. However, only

about half of the amino acids from a high protein diet were

oxidized in their study. Price et al.(24) similarly showed greater

fasting N losses in fasting and gains in the fed state in subjects

adapted for 12 days to diets providing 0·36, 0·77, 1·59 or 2·31 g

protein /kg body weight, with overall negative N balance at

the two lower levels of intake and overall positive N balance

at the two higher levels. Harber et al.(25) fed subjects a typical

western diet (60 % carbohydrate, 30 % fat and 10 % protein)

for two days, then an iso-energetic low-carbohydrate, high-

protein diet for 7 days (5 % carbohydrate, 60 % fat, 35 %

protein). They reported an increase in muscle protein frac-

tional synthetic rate, but also an increase in whole body

proteolysis as determined by the leucine reappearance rate.

Pannemans et al.(26,27) fed young and elderly people diets

providing 12 % or 21 % of energy from protein (at the expense

of fat, with 46 % of energy from carbohydrate) and measured

N balance and protein turnover after adaptation to the diets

for 3 weeks. The higher protein intake had no effect on

N balance, which remained at zero, in the elderly subjects,

but young adults showed positive N balance at the higher pro-

tein intake. Both protein synthesis and catabolism increased

on feeding the high protein diet.

Millward & Rivers(28) proposed, initially on theoretical

grounds, then confirmed by experimental data(29,30) that

there is (relatively slow) adaptation of amino acid catabolism

in response to changes in protein intake. With increasing

protein intake there is increased oxidation of dietary essential

amino acids (especially the sulphur and branched chain amino

acids and tryptophan) in both the fed and fasting states.

In the fed state this is to remove (potentially toxic) amino

acids that are present in excess of requirements for protein

synthesis, but the catabolism continues in the fasting state

because the key enzymes of amino acid catabolism have

relatively long half-lives. This slow adaptation means that

experimentally determined protein requirements will depend

to a considerable extent on habitual protein intake. Even a

period of 10–12 days may not be long enough to permit

adaptation to a new level of protein intake.

The energy cost of urea synthesis

Examination of the urea synthesis cycle (Fig. 1) would suggest

an energy cost of 4 £ ATP equivalents per mol of urea

synthesized – the figure that is commonly quoted in text-

books. However, the fumarate that is released by the action

of argininosuccinase is recycled back to oxaloacetate via reac-

tions of the citric acid cycle, including malate dehydrogenase,

then transaminated to aspartate that is used in the reaction

catalysed by argininosuccinate synthetase. The reaction of

malate dehydrogenase leads to reduction of NADþ to

NADH, which, in the mitochondrial electron transport chain

yields approximately 2·5 £ ATP. This means that the net cost

of the urea cycle per se is 1·5 £ ATP, but there is thermogenesis

from the synthesis and utilization of 2·5 £ ATP.

There are four possible routes for the production of

ammonia from amino acids:

(1) Glycine and L-amino acid oxidases catalyse a flavin-

dependent reaction, and the resultant FADH2 is re-oxidized

in the mitochondrial electron transport chain with a yield

of approximately 1·5 £ ATP. Many amino acids undergo

transamination linked to pyruvate as the amino acceptor,

followed by transamination of the resultant alanine using

glyoxylate as the amino acceptor, and oxidative deamina-

tion of the resultant glycine. The relative importance of

this pathway is seen in primary hyperoxaluria (type I),

where genetic defects of alanine-glyoxylate transaminase

lead to massive accumulation of oxalate formed from

glyoxylate.(31)

(2) Transamination linked to 2-oxoglutarate as the amino

acceptor yields glutamate. Glutamate dehydrogenase

catalyses an NADþ dependent reaction, and the resultant

NADH is re-oxidized in the mitochondrial electron trans-

port chain with a yield of approximately 2·5 £ ATP.

(3) Transamination linked to oxaloacetate yields aspartate,

which may either be used for synthesis of argininosucci-

nate and hence directly for urea synthesis (see Fig. 1),

or for synthesis of AMP from IMP. As shown in Fig. 2, this

reaction proceeds via the intermediate formation of

adenylosuccinate at the expense of GTP (equivalent to

21 £ ATP). However, the cleavage of adenylosuccinate

to IMP releases fumarate, which is, as in urea synthesis,

recycled back to aspartate, yielding 1 £ NADH, which is

equivalent to 2·5 £ ATP. There is thus a net yield of

1·5 £ ATP when aspartate is the substrate for ammonia

formation by this pathway. Again there is thermogenesis

from the utilization of GTP. This adenine nucleotide cycle

is especially important in deamination of amino acids in

muscle, and in general tissues that have a high activity of
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glutamate dehydrogenase have a low activity of adenosine

deaminase, and vice versa.(32)

(4) Serine and threonine deaminases catalyse pyridoxal

phosphate-dependent deamination with no reduction of

any coenzymes, and hence no energy considerations.

This means that the synthesis of urea is thermogenic, with

the utilization of 4 £ ATP that must be provided, but in most

cases it is either ATP neutral or actually proceeds with a

gain of ATP. When amino acids are deaminated by transamin-

ation linked to glyoxylate, followed by the action of glycine

oxidase there is a yield of 1·5 £ ATP per N, and the synthesis

of urea is overall energetically neutral. When amino acids

are transaminatively linked to 2-oxoglutarate or oxaloacetate,

followed by the action of glutamate dehydrogenase (the

urea synthesis cycle or the adenine nucleotide cycle), there

is a yield of 2·5 £ ATP, and hence the synthesis of urea pro-

ceeds with a net yield of þ1 £ ATP.

Ammonium that is formed in extra-hepatic tissues is trans-

ported to the liver as glutamine. There is a cost of 1 £ ATP

for each mol of glutamine synthesized, which will cancel out

the ATP gain from ammoniagenesis via aspartate or glutamate.

There is no yield of ATP when glutamine is hydrolysed by

glutaminase to yield glutamate and ammonium. Ammonium

is released from glutamine in the periportal cells of the liver,

but then glutamine is synthesized in the perivenous cells to

minimize the amount of ammonium entering the circulation.

It is difficult to quantify the magnitude and energy cost of

this catabolism and resynthesis of glutamine in the liver.

As much as 20–25 % of the urea synthesized daily is

either secreted into the small intestine in bile and pancreatic
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Fig. 1. The urea synthesis cycle and metabolism of fumarate to yield aspartate.
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juice or diffuses across the intestinal wall, and is hydrolysed

by intestinal bacteria. Some of the resultant ammonium is

used for bacterial amino acid and protein synthesis, and

some of these bacterial amino acids are absorbed, so that

only about 10 % of the nitrogen is lost in faeces. Most of

the ammonium is absorbed and used in enterocytes or the

liver for synthesis of urea (about 25 % of the ammonium

released by intestinal bacteria), or, via glutamate dehydro-

genase, synthesis of amino acids.(33–35) Bacterial synthesis

of amino acids will contribute to thermogenesis; resynthesis

of urea will have a net cost of 1·5 £ ATP (with no offset

from the formation of ammonium) and thermogenesis

from the synthesis and utilization of 2·5 £ ATP. Reductive

amination of 2-oxoglutarate to glutamate will have a cost

of 22·5 £ ATP.

Gluconeogenesis and fatty acid synthesis from amino
acids

There is a clear need for gluconeogenesis from amino acid

carbon skeletons in the fasting state, and also when a high-

protein, low-carbohydrate diet is fed. Feeding rats a high pro-

tein diet (60 % by weight) leads to depletion of glucogenic

amino acids in blood, muscle and liver; switching to a low

protein diet (7·5 % by weight) leads to accumulation of

glucogenic amino acids. The response of alanine and gluta-

mine is rapid, but that of threonine, serine and glycine is

slower (7–11 days), reflecting the relatively long half-lives of

the regulatory enzymes involved in their catabolism.(36)

Much of the gluconeogenesis from amino acids in rats fed a

high protein diet is used to increase liver glycogen rather

than being released into the circulation as free glucose;

phosphoenolpyruvate carboxykinase activity is increased,

but glucose 6-phosphatase activity is reduced.(37)

Bohé et al.(38) found an immediate 19 % increase in

plasma glucose when control subjects were infused with an

amino acid mixture, and plasma glucose remained elevated

throughout the 9 hours of the infusion. Veldhorst et al.(39)

demonstrated increased gluconeogenesis in subjects fed a

high-protein carbohydrate-free diet compared with a normal

diet, and calculated that 42 % of the increased energy expen-

diture after the high-protein diet was due to gluconeogenesis,

and that the ATP cost of gluconeogenesis was 33 % of the

ATP yield of glucose.

As shown in Fig. 3, for those amino acids that give rise

to citric acid cycle intermediates (see Table 1), the cost of
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Fig. 2. Adenosine deaminase and the purine nucleotide cycle for ammoniagenesis from amino acids.
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synthesizing glucose is 6 £ ATP equivalents per mol of glucose

formed. The NADH needed in the cytosol for gluconeogenesis

comes from the indirect export of oxaloacetate from the mito-

chondrion. In the mitochondrion oxaloacetate is reduced

to malate, which is exported and oxidized to oxaloacetate

in the cytosol. This formation and utilization of NADH can

be considered to add 2·5 £ ATP equivalents to thermogenesis.

For those amino acids that give rise to pyruvate there is

an additional 1 £ ATP per mol of pyruvate (2 £ ATP per mol

of glucose formed) for the carboxylation of pyruvate to

oxaloacetate.

In the fed state, if the resultant glucose 6-phosphate is

isomerized to glucose 1-phosphate and used for glycogen

synthesis in the liver there is an additional requirement of

1 £ UTP (equivalent to ATP) per mol. If glucose is released

from the liver and used for glycogen synthesis in muscle

then there is an additional requirement of 2 £ ATP equivalents

per mol of glucose incorporated.

Table 1. Metabolic fates of the carbon skeletons of amino acids

Glucogenic intermediates Ketogenic intermediates

Alanine Pyruvate -
Glycine ! serine Pyruvate -
Cysteine Pyruvate -
Tryptophan Pyruvate acetyl CoA
Arginine 2-Oxoglutarate -
Glutamine ! glutamate 2-Oxoglutarate -
Proline ! glutamate 2-Oxoglutarate -
Histidine ! glutamate 2-Oxoglutarate -
Methionine Propionyl CoA -
Isoleucine Propionyl CoA acetyl CoA
Valine Succinyl CoA -
Asparagine ! aspartate Oxaloacetate or fumarate -
Phenylalanine ! tyrosine Fumarate acetoacetate
Leucine - acetoacetate and acetyl CoA
Lysine - acetyl CoA
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Fig. 3. Thermogenic steps in the oxidation of amino acid carbon skeletons that contribute citric acid cycle intermediates.
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If the carbon skeletons of amino acids other than those

that yield pyruvate, acetyl CoA or acetoacetate are to be

used for fatty acid synthesis then again there is the GTP cost

of synthesizing phosphoenolpyruvate and then pyruvate

from oxaloacetate to be subtracted from the ATP yield of the

oxidative decarboxylation of pyruvate to acetyl CoA.

The efficiency of amino acid catabolism

The citric acid cycle is generally considered to provide a

pathway for the complete oxidation of amino acid carbon

skeletons. This is clearly so for amino acids that yield pyru-

vate, acetyl CoA or acetoacetate (Table 1). However, for

amino acids that provide intermediates of the citric acid

cycle, the cycle does not, per se, permit complete oxidation

because increasing the amount of any one of the intermediates

of the cycle will, unless intermediates are withdrawn for

synthesis of other metabolites, result in an increase in the

amount of oxaloacetate over and above that which is required

to maintain cycle activity.

For complete oxidation, this excess oxaloacetate must be

reduced to malate, exported from the mitochondrion into

the cytosol, oxidized to oxaloacetate and then undergo phos-

phorylation (at the expense of GTP) and decarboxylation

to phosphoenolpyruvate, followed by the pyruvate kinase

reaction to yield pyruvate and ATP. This sequence of reactions

is therefore thermogenic, with consumption of GTP and

formation of ATP.

As discussed above, when the malate exported from the

mitochondrion is used for gluconeogenesis, the NADH

formed in the oxidation of malate to oxaloacetate is used for

the reduction of bisphosphoglycerate. If the oxaloacetate is

used for synthesis of pyruvate to re-enter the mitochondrion

for complete oxidation then the cytosolic NADH is not used.

The malate-aspartate shuttle to transfer reducing equivalents

from the cytosol into the mitochondrion obviously cannot be

used, since it depends on reduction of oxaloacetate to malate

in the cytosol and transport of malate into the mitochondrion

for re-oxidation – the reverse of the sequence of reactions

involved in transporting oxaloacetate out of the mitochondrion

for pyruvate synthesis. Therefore the glycerophosphate shuttle

must be used. This involves cytosolic reduction of dihydroxy-

acetone phosphate to glycerol 3-phosphate at the expense

of NADH, with mitochondrial oxidation back to dihydroxy-

acetone phosphate at the expense of FAD being reduced.

This involves a net loss of 1 £ ATP equivalent, since NADH

yields 2·5 £ ATP in the mitochondrial electron transport chain,

while reduced flavins yield only 1·5 £ ATP.

Tracing the pathways for catabolism and complete oxidation

to carbon dioxide and water of the carbon skeletons of

the amino acids permits calculation of the total ATP yield.

A number of authors(40–43) have performed such calculations

in order to calculate the energy yield of protein to achieve

more accurate figures than the generally used Atwater factor

of 17 kJ/g. Table 2 shows a recalculation of the total ATP yield

and the ATP (or reduced coenzyme) cost of amino acid cata-

bolism (as appropriate with different values for alternative

pathways), assuming that reduced nicotinamide nucleotide

coenzymes are equivalent to 2·5 £ ATP and reduced flavins

to 1·5 £ ATP.(44)

The difference between the total ATP yield and the ATP plus

reduced coenzyme requirement for catabolism is the net yield

of ATP per mol of amino acid catabolized. The ATP- or

NAD(P)H-utilizing steps can be considered as contributing to

thermogenesis, and hence the thermic effect of protein. The

consumption of ATP or reduced coenzymes can be considered

to be equivalent to “unproductive” or wasteful thermogenesis.

There is no such unproductive thermogenesis for alanine,

Table 2. ATP yield and thermogenesis from amino acid carbon skeleton oxidation

Gain Gain Gain Gain Consumed Consumed Gain Thermogenesis
ATP NAD(P)H FADH ATP equivalents ATP NAD(P)H net ATP ATP equivalents

Alanine 1 4 1 12·5 0 0 12·5 0
Arginine 3 8 2 26 1 0 25 1
Asparagine 2 4 1 13·5 1 0 12·5 1
Aspartate 2 4 1 13·5 1 0 12·5 1
Cysteine via pyruvate 1 4 1 12·5 0 0 12·5 0
Cysteine via taurine 0 0 2 3 0 0 3 0
Glutamate 3 7 2 23·5 1 0 22·5 1
Glutamine 3 7 2 23·5 1 0 22·5 1
Glycine via glyoxylate 0 0 0 0 0 1 22·5 2·5
2 £ glycine via serine 1 4 1 12·5 0 0 12·5 0
Histidine 3 7 2 23·5 1 0 22·5 1
Isoleucine 4 11 3 36 2 0 34 2
Leucine 3 11 3 35 2 0 33 2
Lysine via pipecolic acid 1 7 4 24·5 2 0 22·5 2
Lysine via saccharopine 1 7 2 21·5 2 1 17 4·5
Methionine, Cys via Tau 3 6 3 22·5 2 0 20·5 2
Methionine, Cys via pyruvate 4 10 3 33·5 2 0 31·5 2
Phenylalanine 4 11 3 36 2 2 29 7
Proline 3 9 2 28·5 1 0 27·5 1
Serine 1 4 1 12·5 0 0 12·5 0
Threonine 1 6 2 19 0 0 19 0
Tryptophan 3 12 3 37·5 0 0 37·5 0
Tyrosine 4 11 3 36 2 1 31·5 4·5
Valine 3 9 2 28·5 1 0 27·5 1
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cysteine, serine (or glycine metabolized via glyoxylate), threo-

nine and tryptophan. For most other amino acids there is

unproductive thermogenesis of 1 or 2 £ ATP; catabolism of

lysine metabolized by way of saccharopine and of tyrosine

involves 4·5 £ ATP equivalents of thermogenesis and catabo-

lism of phenylalanine 7 £ ATP equivalents.

Uncoupling of mitochondrial electron transport and
oxidative phosphorylation

Petzke et al.(45) fed rats ad libitum on three levels of protein:

13·8 % by weight of the diet (appropriate for rats), 25·7 %

or 51·3 %. The animals on the highest protein intake had

a higher food consumption than those on the appropriate

or intermediate protein intake. Animals fed both the

higher protein intakes gained less weight over 8 weeks, had

smaller epididymal fat pads and had a lower gain in body

weight/MJ consumed. They attributed this to increased expre-

ssion of uncoupling protein (UCP) mRNA in liver (at the

intermediate protein intake, with no further increase at the

highest protein intake) and brown adipose tissue (increased

at the highest protein intake but not the intermediate level).

The authors noted that increased mRNA might or might

not translate into increased uncoupling protein synthesis.

However, Hurtaud et al.(46) showed that physiological con-

centrations of glutamine specifically increase translation of

uncoupling protein mRNA in isolated colonocytes, macro-

phages (both of which utilize glutamine as a major metabolic

fuel) and pancreatic b-islet cells (which do not), despite a

modest fall in mRNA. The effect was specific for glutamine,

with no other amino acid leading to increased UCP synthesis

(phenylalanine alone led to reduced UCP synthesis) and no

other amino acid having a significant synergistic effect when

added together with glutamine.

Rats fed a high protein diet have less interscapular brown

adipose tissue than those fed a lower protein intake whether

they are maintained at 228C or 68C.(47). This may explain the

increased expression of uncoupling proteins in response to

a high protein diet(31,32) – an attempt to maintain thermo-

genesis with less brown adipose tissue. There is no reason

why it should be desirable for protein oxidation to be less

energetically efficient than oxidation of fat or carbohydrate.

Stock(48) has suggested that DIT, presumably as a result of

uncoupling rather than the ATP requirements of metabolic

pathways, evolved as a mechanism to deal with nutrient-

deficient or unbalanced diets and that the role of DIT in the

regulation of energy balance is secondary to its function

in regulating the metabolic supply of essential nutrients.

One possible role of UCP is in regulation of fatty acid

metabolism. Transport of fatty acids into the mitochondrion

is regulated by the carnitine acyltransferases at the outer and

inner faces of the mitochondrial membranes, and the fact

that the acyl carnitine transporter will only carry acyl carnitine

into the mitochondrion in exchange for free carnitine being

exported.(49,50) However, free fatty acids may also enter

the mitochondrion by dissolving in the lipid membrane and

flipping across, bypassing the regulated system. It has been

suggested that the role of UCP is to transport these free

fatty acids, present in amounts in excess of requirements

for oxidation, back across the mitochondrial membrane.

This involves proton flux across the membrane, and hence

effectively partially uncouples electron transport from ADP

phosphorylation. This will be thermogenic since there is

now oxidation of metabolic fuels to provide protons that are

not used to drive ATP synthesis.

It is probably impossible to quantify uncoupling in vivo.

It is possible to measure carbon and nitrogen fluxes, oxygen

consumption and heat output, but not turnover of ATP in

the whole body, although this is possible with isolated cells

and perfused organs using 31P nuclear magnetic resonance.(51)

Conclusions

While much of the thermogenesis associated with protein

intake can be attributed to increased protein synthesis and

catabolism (both of which are ATP expensive), ammonia-

genesis offsets the ATP cost of urea synthesis, but results in

thermogenesis. Gluconeogenesis from amino acid carbon

skeletons is ATP expensive, and oxidation of most amino

acid carbon skeletons involves consumption of ATP and

reduced coenzymes, so adding to thermogenesis.
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