Int. J. Vitam. Nutr. Res., 81 (2-3), 2011, 101 -107 101

Article to the Special Issue

Protein Turnover, Ureagenesis
and Gluconeogenesis
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Abstract: The major processes discussed below are protein turnover (degradation and synthesis),
degradation into urea, or conversion into glucose (gluconeogenesis, Figure 1). Daily protein turno-
ver is a dynamic process characterized by a double flux of amino acids: the amino acids released by endo-
genous (body) protein breakdown can be reutilized and reconverted to protein synthesis, with very little
loss. Daily rates of protein turnover in humans (300 to 400 g per day) are largely in excess of the level of
protein intake (50 to 80 g per day). A fast growing rate, as in premature babies or in children recovering
from malnutrition, leads to a high protein turnover rate and a high protein and energy requirement. Protein
metabolism (synthesis and breakdown) is an energy-requiring process, dependent upon endogenous ATP
supply. The contribution made by whole-body protein turnover to the resting metabolic rate is important:
it represents about 20 % in adults and more in growing children. Metabolism of proteins cannot be discon-
nected from that of energy since energy balance influences net protein utilization, and since protein intake
has an important effect on postprandial thermogenesis — more important than that of fats or carbohydrates.
The metabolic need for amino acids is essentially to maintain stores of endogenous tissue proteins within an
appropriate range, allowing protein homeostasis to be maintained. Thanks to a dynamic, free amino acid pool,
this demand for amino acids can be continuously supplied. The size of the free amino acid pool remains limited
and is regulated within narrow limits.
The supply of amino acids to cover physiological needs can be derived from 3 sources:
1. Exogenous proteins that release amino acids after digestion and absorption
2. Tissue protein breakdown during protein turnover
3. De novo synthesis, including amino acids (as well as ammonia) derived from the process of urea salvage,
following hydrolysis and microflora metabolism in the hind gut.
When protein intake surpasses the physiological needs of amino acids, the excess amino acids are disposed of
by three major processes:
1. Increased oxidation, with terminal end products such as CO, and ammonia
2. Enhanced ureagenesis i.e. synthesis of urea linked to protein oxidation eliminates the nitrogen radical
3. Gluconeogenesis, i.e. de novo synthesis of glucose.
Most of the amino groups of the excess amino acids are converted into urea through the urea cycle, whe-
reas their carbon skeletons are transformed into other intermediates, mostly glucose. This is one of the
mechanisms, essential for life, developed by the body to maintain blood glucose within a narrow range,
(i.e. glucose homeostasis). It includes the process of gluconeogenesis, i.e. de novo synthesis of glucose
from non-glycogenic precursors; in particular certain specific amino acids (for example, alanine), as well
as glycerol (derived from fat breakdown) and lactate (derived from muscles).
The gluconeogenetic pathway progressively takes over when the supply of glucose from exogenous or
endogenous sources (glycogenolysis) becomes insufficient. This process becomes vital during periods of
metabolic stress, such as starvation.
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* Protein turnover: Amino acids = Proteins
* Ureagenesis: Amino acids =——p Urea + CO2

* Gluconeogenesis: Amino acids —p Glucose
Glycerol + Lactate ~

Figure 1: Schematic diagram of protein metabolism

Protein turnover
General Aspects

The maintenance of body protein stores (i.e. lean
body mass) at an appropriate level forms the basis of
protein homeostasis. The proteins of the body are not
metabolically inert, but are continuously being broken
down and replaced by new molecules. This forms the
basis of the concept of protein turnover, indicating
that body proteins are in a dynamic equilibrium, which
largely contributes to protein homeostasis [1]. Note
that the concept of nitrogen balance, which is the net
difference between total N (protein) intake and total
N excretion, is a different, more static, concept since it
disregards the magnitude of overall protein synthesis
and protein breakdown [2].

Protein synthesis, protein degradation, and amino
acid oxidation are tightly regulated to preserve lean
body mass in healthy individuals. Protein turnover
can be considered as the sum of protein synthesis +
protein degradation. A greater rate of whole body
synthesis than breakdown indicates an anabolic state
that results in lean tissue deposition, whereas more
breakdown than synthesis indicates a catabolic state
that degrades lean tissues.

Growing or reproducing cells require new protein
molecules to be constantly synthesized and, as a re-
sult, need a supply of exogenous amino acids from
food. In fact, in children and in the adult, body pro-
teins are continually synthesized and degraded in all
tissues. Individual endogenous proteins turn over at
various different rates. Their half-lives (time interval
required for the amount of protein to be degraded
to half of its initial value) can vary from a few hours
(some hepatic proteins) to one year or so (collagen
protein in connective tissue). However, the half-life

of a specific protein in different organs is generally
similar. An efficient protein turnover is essential since
it allows some regulatory proteins to be rapidly syn-
thesized respectively degraded so that the cell can
rapidly respond to constantly changing conditions, a
typical manifestation of protein homeostasis. The pro-
teins which have very short half-lives are specifically
targeted for protein degradation, since their turnover
is high; as a result they quickly respond to an acute
change in protein intake.

The magnitude of daily protein synthesis in adults
is 3- to 4-fold greater (5- to 6-fold greater in growing
children) than the intake of protein. For example, it
has been demonstrated that the rate of protein synthe-
sis (10-12 g/kg body weight/day) in rapidly growing
infants greatly exceeds that necessary for net protein
gain;e. g.,2 g/kg body weight/day [3]. This indicates an
efficient recycling of amino acids in the free amino acid
pool, the size of which is tightly regulated [2]. In other
words, the amino acids released by protein break-
down can be reutilized for protein synthesis rather
efficiently for N recycling, but this has an energetic
cost (see further).

The rate of protein turnover can be assessed non-
invasively by using non-radioactive sTable Isotopes
[4]. Itis fortunate that, in nature, nitrogen possesses a
heavy non-radioactive isotope;i. e. "N, present in low
abundance (0.36 %). The amino acid classically used
for human studies has been *N-Glycine (nonessential
amino acid) as a single acute dose (or continuous in-
fusion), since it is ubiquitous. The isotopic abundance
of the two terminal end products of protein oxidation
(N-urea & ""N-ammonia) is measured in urine by
isotopic ratio mass spectrometry. Thanks to a rather
straightforward model developed by Waterlow [1],
the protein (N) flux, the rate of overall protein syn-
thesis and protein breakdown, can be calculated. This
requires simultaneous measurement of total protein
(N) intake and total protein oxidation (i.e. total N
excretion). Note that the difference between the for-
mer and the latter represents the nitrogen (protein)
balance, which is mathematically equivalent to the
difference between total protein synthesis minus total
protein breakdown. An identical N (protein) bal-
ance can be obtained by measuring different rates
of whole body synthesis and breakdown. For ex-
ample, catabolic disorders result in increased protein
breakdown. Protein feeding during this condition
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results in a relative increase in protein synthesis,
thereby minimizing N losses. Conversely, short-term
protein restriction (of a few weeks’ duration) leads
to an adaptation of protein metabolism in the direc-
tion of a decrease in protein turnover (synthesis and
degradation), as well as amino acid oxidation. As a
result, the net protein mobilization (as measured
by N balance) is lower than the total reduction in
protein degradation.

Kinetic models developed to assess whole body
protein turnover were presented more than a decade
ago [2, 5].

What factors influence protein turnover?

Endogenous factors include age and aging, growth,
body composition (fat-free mass, adipose tissue), and
various diseases (catabolic, hypermetabolic). For ex-
ample, the rate of protein turnover is known to de-
crease with age in humans, particularly in muscles. The
changes in body composition (in particular a fall in
fat-free mass and muscle mass) with aging may explain
the fall in protein turnover observed [6]. However,
whether there is a decrease or not, depends upon how
the results are expressed, in absolute value or per unit
fat-free mass. Let’s take the example of obesity in
children. Whole-body nitrogen flux, protein synthesis,
and protein breakdown were measured postprandially
over 9 hours from N abundance in urinary ammonia
by using a single oral dose of *N-glycine [7]. Abso-
lute rates of protein synthesis and breakdown were
significantly greater in obese children than in control
children (208 +24 compared with 137 +14 g/day and
149+20 compared with 89+13 g/day, respectively).
Obesity in prepubertal children was associated with
an absolute increase in whole-body protein turnover,
which contributed to explain the greater energy ex-
penditure in obese children than in control children,
when expressed in absolute values. However when
expressed per kilogram of body weight, all values were
lower in the obese children.

Exogenous factors include the nutritional status in
terms of protein and energy [8], anabolic substances,
prolonged exercise, and recovery from malnutrition
or “regrowth” in adults. During endurance exercise
there is an increase in the utilization of protein as a
metabolic fuel (i.e. increased urea excretion) and
the net rate of whole body protein is depressed [9].
Note that daily rates of protein turnover are rather
insensitive to protein intake over a wide range of
intakes [10].

Energy-protein interaction of
whole body protein synthesis and
breakdown

Comprehensive reviews showing the complexity of
protein-energy interaction has been published [11,12].
Energy and protein (amino acid) metabolism inter-
acts at various levels, including both molecular and
cellular: a step-change in energy intake will result in
a change in net protein utilization, the magnitude of
which will depend upon the magnitude of dislocation
and the host condition (nutritional status). For ex-
ample a drop in total energy intake (keeping protein
intake constant), as encountered during a weight-loss
diet, will give rise to an increase in protein needs,
since there is an increase in body protein loss due to
enhanced protein oxidation [13]. If a reduced energy
intake results in an acute negative nitrogen balance,
carbohydrates and fat are nitrogen-sparing to about
the same extent. However, their mechanisms of ac-
tion (hormones, substrate competition) are different.

There are a number of energy-dependent processes
associated with protein and amino acid metabolism:
a. protein synthesis (and breakdown) in particular
activation of amino acids, and the formation of pep-
tide bonds during the elongation of the peptides (see
below); b. r-RNA and t-RNA turnovers; c. amino
acid transport; d. ion pumps and channels; e. signal
transduction and protein translocation; f. the glucose-
alanine cycle and; g. urea synthesis (see further).

In summary, the high rate of protein synthesis costs
energy primarily because it requires ATP for the syn-
thesis of peptide bonds connecting amino acids togeth-
er, but other concomitant biochemical processes also
cost energy. In addition, the energetic cost of protein
degradation, generally neglected, is not zero, although
the exact cost related to this process remains unknown.

An estimate of this cost has been made either from
a biochemical unidirectional approach, using stoichio-
metric calculations. Alternatively it can be assessed
from in vivo human studies, by relating the resting
energy expenditure of the subject to its rate of whole-
body protein synthesis measured simultaneously. Both
approaches yield different values: the former (static, in
vitro) yielding lower values than the latter (dynamic,
in vivo).

Estimate based on stoichiometric calculations in-
dicate that at least 4 ATP equivalents are required in
order to bind one Mole of amino acids together for
the biosynthesis of polypeptides, and consequently
to produce specific proteins. If this estimate includes
the active transport of amino acid into cells + mRNA
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synthesis, a total value of about 1 kcal/g of protein
synthesized is found. This accounts for 25 % of the
metabolizable energy value of exogenous protein
(4 kcal/g). Assuming a whole-body protein synthesis
of 250 to 350 g/day in an average adult, this indicates
that 250 to 350 kcal/day of heat are produced in the
intermediary metabolism because of this relatively
inefficient process.

Invivo, estimates based on the relationship between
whole-body protein synthesis and resting energy ex-
penditure, suggest that, in adults, the contribution of
protein turnover is roughly 20 % of the resting energy
expenditure in adults; i.e. about 300 kcal/day [14,15].
This proportion can increase to 30 % in fast-growing
premature babies [3].

What is the fate of exogenous
(food-derived) amino acids?

Amino acids (AAs) derived from the hydrolysis of

food protein, reach a highly active intracellular amino

acid pool, a metabolic pool limited in size and not

expandable, from which they can follow 3 major path-

ways:

1. AAs can be used for the synthesis of new endog-
enous proteins and other biological substances

2. AAs can be irremediably oxidized by the body,
yielding urea (+ ammonia) and carbon dioxide
(CO,) as terminal end-products (see process of
ureagenesis) and,

3. AAs can be converted into other compounds (see
process of gluconeogenesis).

A schematic diagram showing these key metabolic
processes that occur in the liver, i.e. elimination of
nitrogen from the body and endogenous production
of glucose when its availability is low, is shown in
Figure 2. Catabolism of AAs by the liver is mainly
regulated, on a short-term basis, by substrate availabil-
ity from exogenous supply (i.e. food) or endogenous
mobilization in the post-absorptive state, i.e. from
protein breakdown.

In summary, protein and amino acids ingested in
excess of those needed for biosynthesis cannot be
stored, in contrast to fatty acids and glucose, nor are
they excreted as such (aminoaciduria is negligible in
healthy subjects) without prior transformation. This
is explained by limited size of the intracellular free
amino acid pool, which cannot be much expanded. In
other words, in adulthood, protein cannot be stored in
body tissue by just increasing the amount of exogenous

protein...and staying in bed. The surplus of amino
acids is used as metabolic fuel and is oxidized, unlike
glucose and fatty acids substrates, which are stored in
the liver (+ muscles) and adipose tissue, respectively.
In contrast, enhancing physical exercise in chronic
conditions, particularly strength exercises, can lead to
an increase in skeletal muscle protein storage.

The production of urea by the liver:
ureagenesis

All animals, from flatworms to mammals, have the
genetic capacity to synthesize urea and therefore have
a functional urea cycle [16]. The complete cycle is
present in the liver of terrestrial vertebrates, and in
man it represents the sole mechanism for ammonia
disposal [17]. Embryological development of the urea
cycle in mammalian fetal liver therefore permits use of
amino acids as new sources of energy to meet oxidative
demands for continuing growth.

Urea is a water-soluble substance produced by the
liver, and removed from the blood by the kidneys. The
role of urea is not only as a carrier of waste nitrogen.
Being practically neutral, urea is a safe vehicle for the
body to both transport and excrete excess nitrogen.
Being highly soluble in water and easily distributed
within the body by simple diffusion (no active trans-
port across membranes required), the urea synthe-
sized in the liver is distributed and diluted in a very
large body pool considered almost equivalent to total
body water (about 45 liters of intracellular + extracel-
lular water in a 70-kg man).

The liver produces urea in the so-called urea cycle
as a “waste” end product of the metabolism of pro-
tein. Urea is found dissolved in blood (from 2.5 to
7.5 mmol/L) and is excreted by the kidney as a compo-
nent of urine, primarily as a function of dietary protein
intake: the higher the protein intake, the higher the
urea production, and vice versa. The handling of urea
by the kidneys is a vital part of human metabolism.
Urea serves an important role in the metabolism of
nitrogen-containing compounds. It is the main nitro-
gen-containing substance in the urine in man (about
85 % of total N), the remaining being ammonia and
creatinine, the latter being derived from endogenous,
non-enzymatic creatine precursor in muscles.

A large excess of protein (2-3 g/kg body weight/
day, i.e. more than 2 to 3 times the basic recommen-
dations) modestly increases blood urea nitrogen but
largely increases total urinary urea excretion (and
urea in sweat along with sodium chloride and water).
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The biosynthesis of urea requires ATP: less than
20 % of the energy derived from the metabolism of
amino acids is required for ureagenesis [17]. This
partly explains (in addition to the cost of whole-body
protein turnover) the high thermogenic effect of pro-
tein ingestion.

Finally, note the role of the microflora (microbiota)
in the lower hind gut (colon), which should not be
neglected. It is called the “urea salvage” pathway [18].
There is a non-negligible degree of urea recycling by
bacterial hydrolysis in the colon, which allows some
N to be recovered in the amino acid pool, and subse-
quently retransformed into amino acids in the liver.
The potential of this de novo synthesis of amino acid
from urea recycling is quantitatively small but still
remains an accepted phenomenon [19].

The endogenous de novo production
of glucose: gluconeogenesis

Gluconeogenesis serves as an alternative source of
glucose when endogenous supplies are limited (in
size and rate of availability) or when exogenous sup-
ply of carbohydrates is too low or absent. It is also
influenced by the nature and level of dietary intakes:
a fasting diet and a low-carbohydrate diet (less than
100 g/day) stimulate this process, whereas a high-
carbohydrate diet (hyperenergetic or not) blunts
gluconeogenesis.

Note that from a biochemical point of view, the
gluconeogenesis pathway is not simply a reversal of the
glycolytic pathway: the irreversible steps of glycolysis
are bypassed. Thanks to the tight enzymatic control
in the glycolysis and gluconeogenesis pathways, these
two processes are regulated to prevent them from be-
ing simultaneously activated, since this would result in
a waste of energy (ATP); this is also known as “futile
cycle.” The physiological conditions stimulating the
gluconeogenesis pathway also simultaneously inhibit
the glycolytic pathway, and vice versa, indicating that
these pathways are controlled in a reciprocal fashion
[20].

Although glycolysis occurs universally, gluconeo-
genesis is confined to the liver and kidney. The key
hormone regulating the metabolic transformation of
amino acids into glucose in the liver and kidney, i.e.
gluconeogenesis, is glucagon. Another hormone (cor-
tisol) also plays an important role.

The role of glucagon (which has an opposing meta-
bolic effect to insulin) largely concerns glucose me-
tabolism:

It stimulates gluconeogenesis i.e. de novo glucose
synthesis, simultaneously inhibiting glycolysisi.e. deg-
radation of glucose in the intermediary metabolism.

It enhances glycogen breakdown, whereas glycogen
synthesis is inhibited and, as a result,

It allows the release of free glucose into the circula-
tion to maintain glycemia.

It has also an effect on ureagenesis: hyperglucago-
nemia in normal man induces mild nitrogen losses by
stimulation of hepatic ureagenesis.

The process of gluconeogenesis ultimately leads to
a mobilization of muscle tissue to produce glucose.
Fortunately, other precursor substrates are involved in
this gluconeogenesis process, namely glycerol, which
comes from the breakdown of fat (under the condition
of accelerated lipolysis), and also a very important
intermediate substrate viz. lactate, which is produced
at alow rate in resting post-absorptive conditions, and
at a high rate during intense exercise.

Figure 2 shows the importance of the liver as a
central metabolic carrefour, where the above meta-
bolic processes (ureagenesis and gluconeogenesis)
take place.

The energy cost of gluconeogenesis still remains
a matter of debate. A recent study investigated in
healthy humans the extent to which a high-protein
(carbohydrate-free) diet increases gluconeogenesis
and whether this can explain the increase in energy
expenditure [21]. The increase in resting energy ex-
penditure was found to be significantly related to the
increase in gluconeogenesis. Forty-two percent of the
increase in energy expenditure after the high-protein
diet was explained by an increase in gluconeogenesis.
The energy cost of gluconeogenesis was estimated to
be 33 % of the energy value of the produced glucose.

Exogenous
Amino acids

Figure 2: Ureagenesis, gluconeogenesis, and amino acid
oxidation in the liver. Oxidation of amino acids is incom-
plete and leads mainly to urea, in addition to CO, and H,O.
Urea is water soluble with residual energy (2.5 kcal/g) and
is excreted in urine.
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rate of protein oxidation, which primarily
depends on protein intake, the process of
protein transformation, and the excretion of

Conclusions

A simplified schematic diagram of overall protein me-
tabolism, which includes the three processes discussed
above, is shown in Figure 3. The key component of
the metabolism of protein is without any doubt protein
turnover, which allows moderating total protein needs
and minimizing protein losses. Adequate day-to-day ex-
ogenous protein/amino acid supply will “feed” the small
free amino acid pool and allows replacing amino acids
which have not been reutilized via the recycling process.

Protein turnover is not a futile cycle. Life depends
upon the export of nitrogenous compounds (urea
and ammonia) from the body, both being excreted in
urine. Amino acids from muscles can be mobilized to
produce glucose in situations where glucose is scarce,
maintaining plasma glucose levels, although at the
expense of muscle proteolysis.

Finally one final consideration to highlight is the
capacity of the organism to adapt to different intakes
of proteins, resulting in rapid changes in N excretion
and protein turnover as seen in chronically malnour-
ished individuals [8].
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