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Influence of adiposity (genetic or hormonal)
on the metabolism of amino acids

and nutritional responses
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2 INRA, Recherches Porcines, 35590 Saint-Gilles, France

Summary &horbar; The data published on the modifications of amino-acid metabolism associated with vari-
ations of obesity from genetic or hormonal origin have been reviewed. In the first part monogenic
models of mice and rats are described. Obesity in humans is analysed in the second part. Lastly,
non-ruminant genotypes or hormone-treated ones (chickens and pigs) are reviewed in the third part.
Although different mechanisms are probably at the origin of these differences, many similarities can be
drawn. Obesity is always associated with: 1) less efficient utilization of dietary amino acid; 2) a high con-
centration of branched-chain amino acids in plasma; 3) a deviation of carbon from amino acid towards
gluconeogenis and lipogenesis; and 4) a less pronounced sensitivity to amino-acid imbalance in the diet.

amino acid / obesity / genetics / pig / poultry

Résumé &horbar; Influence de l’adiposité (génétique ou hormonale) sur le métabolisme des acides ami-
nés et réponses nutritionnelles. Les travaux relatifs aux modifications du métabolisme des acides
aminés associées aux variations de degré d’adiposité d’origine génétique ou hormonale ont été revus.
Ces résultats concernent soit les modèles monogéniques murins (1re partie), soit les obésités humaines,
de l’origine génétique desquelles on n’est pas toujours assuré (2e partie), soit, enfin, les espèces dites
de rente, essentiellement porc et poulet (3e partie). Bien que des mécanismes différents soient pro-
bablement à l’origine de ces différences d’engraissement selon les espèces, un certain nombre d’ana-
logies peuvent être constatées. L’adiposité importante est associée à une mauvaise efficacité de l’uti-
lisation métabolique des acides aminés alimentaires, à une élévation des teneurs plasmatiques en acides
aminés à chaîne ramifiée, à une déviation d’une partie du carbone des acides aminés vers la néo-
glucogenèse et la lipogenèse et, enfin, à une moindre sensibilité aux déséquilibres des profils d’acides
aminés du régime.

acides aminés l obésité / génétique l porc / poulet



INTRODUCTION

Many papers have been published on
metabolic and hormonal changes induced
by genetic obesity in laboratory animals,
farm species and humans. Most deal with
glucose and lipid metabolism. Very few
experiments have been performed on modi-
fications of amino-acid metabolism due to
excessive or reduced adiposity. This paper
is intended to review this specific aspect,
which may lead to important consequences
on the nutrition of these species. Results
from different species are presented suc-
cessively, since observed obesities come
likely from different origin.

Much information has been published for
obese rodents (rats and mice) which are
extensively used in laboratory studies. Since
these are monogenic obesities we may
assume that understanding the mechanisms
involved should be easier than in polygenic
obesities. These models are presented in
the first part.

Fewer papers have been published on
obesities of humans. However, amino-acid
metabolism was frequently investigated in
these types of obesities, although they were
perhaps not always entirely of genetic origin.
Moreover they frequently concern adults.
This situation is slightly different from stud-
ies on growing rodents or growing farm ani-
mals, which are considered in the third part
of this review.

Geneticists have developed models of
leanness in farm animals, mainly pigs and
chickens, since low adiposity provides many
advantages in animal production: reduced
costs of feeding, better carcass quality and
many other associated responses.

For pigs there are mixed experiments
performed on lines selected for low- or high-
adiposity and other experiments on the
effects of hormonal treatments that modify
adiposity.

RODENT MODELS OF OBESITY

Several studies performed on Zucher rats
showed that the obese rat exhibits a lower

protein deposition (Radcliffe and Webster
1976; Lobley etal, 1978; Radcliffe and Web-
ster 1978). This difference is associated
with a lower protein efficiency. When regres-
sion lines between protein gain and protein
consumption are calculated for the obese
genotype and its normal counterpart, the
obese rat needs more protein to insure a
protein gain similar to or slightly lower than
that of the normal rat (Chu et al, 1978; Rad-
cliffe and Webster, 1978; Clearly and Vas-
selli, 1981 ). Similar conclusions were drawn
by Lin et al (1977) from their experiments
on ob/ob mice.

Some authors also noted that the plasma
concentration of several amino acids were

significantly different between obese and
normal rodents. In most experiments levels
of branched-chain amino acids (BCAA) were
higher in obese genotypes (table I). Differ-
ences are sometimes given for other amino
acids such as glucose-forming amino acids.
Yamini et al (1991 ) observed that alanine
and arginine are found at lower concentra-
tions in obese LA/N-cp rats.

Total or muscular proteogenesis and pro-
teolysis were measured in several experi-
ments using 14C-labelled amino acids (table
II). In most experiments proteinogenesis
was reduced and proteolysis was frequently
higher in obese rodents. This last difference
is proposed as the origin of higher levels of
BCAA in plasma.

Other modifications of biochemical reac-
tions were observed (table III). Transport of
amino acids in muscles in vitro is impaired
(Lemarchand and Freychet 1980), which
could account for the reduction of proteo-
genesis in obese genotype. Liver transam-
inase activities are enhanced in parallel in
the liver (Yamini et al, 1991) delivering more
carbon chains which are used for fatty acid





or glucose synthesis (Dunn and Hartsook,
1980).

Simultaneous experiments were per-
formed to study amino-acid metabolism and
hormonal modifications induced by obesity.
Insulin is more active in lipogenesis than in
proteinogenesis in Zucker rats which have
been previously treated with alloxan (Chan
et al, 1982; Stolz an Martin, 1982). Accord-
ing to these last authors hyperinsulinism is
not necessary to induce obesity in the
Zucker rat; moderate injections of insulin in
streptozotocin-treated rats led to a larger
increase of lipid deposition and a lower pro-
tein gain in the obese genotype. Similarly
Sharghill et al (1984), using ob/ob mice,
showed that muscular proteinogenesis is
reduced in the obese genotype and that it is
insensitive to insulin. The antiproteolytic
effect of IGF-I disappeared in the Zucker
rat compared with its normal counterpart
(Jacob ef al, 1992), which parallels the
antiproteolytic effect of insulin. Different con-
clusions were drawn from experiments per-
formed on gold-thioglucose-induced obesi-
ties in mice. In this case both

proteinogenesis and proteolysis seemed to
be reduced in muscles of obese animals

(Monier et al, 1983; Augert et al, 1986).
Integrative interpretation of all these

observations is not easy, since feed con-

sumption of obese individuals is always
larger than that of the normal, and, as a con-
sequence, amino-acid intake is also higher.
We cannot conclude whether hepatic
transamination and gluconeogenesis, and
the deviation of carbon from amino acid to

lipogenesis is a consequence of the larger
protein intake or a primary mechanism
induced by obesity and its abnormal hor-
monal balance. However, it seems that both
proteogenesis and proteolysis are modified
by insulin (and IGF-1 ) resistance. However
some discrepancies are to be noted
between genetic and gold-thioglucose-
induced obesities and between in vivo and
in vitro studies.

Nutritional consequences have been
studied by some authors. Radcliffe and
Webster (1978) found that the obese Zucker
rat tended to increase its feed consumption
as protein content increased up to 30%
casein, instead of 15% for the normal rat.
This could probably be a consequence of
the reduced efficiency of amino-acid utili-
sation by the obese genotype, suggesting
that systematic deamination of amino acids
is one of the primary metabolic mechanism
involved by obesity.

Tews and Harper (1982) observed that
ob/ob mice are more sensitive to threonine

deficiency than normal mice. A similar obser-
vation was made by Radcliffe (1977) using
the Zucker rat and lysine deficiency. The
obese rat was less sensitive to lysine defi-
ciency (10% gluten) and also less sensitive
to lysine excess (10% gluten + 4% lysine).

Again, interpretation of these observa-
tions is not easy since both genotypes did
not ingest the same amounts of dietary
amino acids. The obese genotypes may
consume larger amounts of amino acids
and, as a consequence, they are able to
cover their requirements for essential amino
acids. Excesses of other amino acids are
then used for glyconeogenesis and lipo-
genesis.

HUMAN OBESITIES

There are many published papers on mod-
ifications of amino-acid metabolism induced

by obesity in humans. However, 2 problems
lead to difficulties of interpretation of these
observations: 1) we are never sure that the
obesities are of genetic origin; and 2) many
experiments have been performed on adult
individuals with constant protein pools as
compared to growing animals. However
interesting comparisons can be made. A
recent review by Caballero (1987) summa-
rized more than 70 papers published on this
topic.



As in obese rodents, some changes in
plasma amino-acid concentrations are
observed in human obesities (table IV). The
more constant modification concerns

BCAAS, which are found in larger amounts
in obese human beings. Caballero et al
(1988) found a lower tryptophan to large
neutral amino-acid ratio in plasma from
obese patients. They proposed that this
ratio, which reflects a low concentration of
tryptophan in plasma, may influence appetite
via neuroendocrine processes involving the
neuro-transmitter serotonin. Metabolic devi-
ation by diminishing the tryptophan avail-
able for serotonin synthesis and its release
in the brain, may induce an hyperphagic
behaviour (appetite for carbohydrates) lead-
ing to obesity. Similar changes of the ratio
between tryptophan and large neutral amino
acids were observed by Chee et al (1981 a)
between lean and obese mice.

Several studies were undertaken in order
to look at the metabolic and hormonal

changes which may have been associated
with obesity (table V). Felig et al (1974)
showed that BCAA, aromatic amino acids
(phenylalanine and tyrosine), threonine, ala-
nine and sulphur amino acids are found in
higher concentrations in the plasma of
obese humans. These changes are thought
to be the consequences of increased mus-
cle proteolysis. Liver uptake of alanine and
lactate are enhanced by 50 to 160% in
obese human beings. Berger et al (1978)
observed a negative correlation between
insulin efficiency and plasma concentrations
of BCAA. Diabetic humans exhibit larger
concentrations than controls. On the con-

trary, insulinoma induced significantly lower
BCAA concentrations in plasma. Forlani et
al (1984) used the clamp methodology
(insulin + glucose), to conclude that the
decrease of plasma BCAA induced by
insulin perfusion (Fukagawa ef al, 1986) is
much less pronounced in obese humans
than in controls; these authors suggested
that insulin resistance impairs glucose and



BCAA utilisation by muscle to the same
extent. A recent study by Jensen and Hay-
mond (1991) confirms that proteolysis is
increased in moderate obesity. These
authors distinguished upper-body obesity
from lower-body obesity in women. Basal
flux of leucine, measured by infusion of 14C-
leucine was significantly higher in obese
women, although no significant differences
were found for plasma concentration of
leucine in these cases of moderate obesity.
Insulin reduced the leucine flux and a-

ketoisocaproate flux more efficiently in nor-
mal than in obese women. The upper-body
obese seemed to be more resistant to
insulin. Lastly these authors associated this
higher resistance to insulin to a lower num-
ber of insulin receptors in muscles of upper-
body obese women.

We have disregarded in this review many
papers published on caloric restriction in
obese humans and its consequences on

nitrogen balance. All these studies were
undertaken on obese humans without con-
trols. Moreover, they are not easy to interpret
since they involve energy metabolism and
protein metabolism in conditions of nega-
tive energy balance.

From the published work discussed, we
may conclude that some similarities can be
found with monogenic obesities of rodents:
elevated plasma levels of BCAA in the
obese; increased muscle proteolysis due to
insulin resistance; and probably reduced
proteinogenesis and an enhanced use of
amino acids for neoglucogenesis.

FARM ANIMALS

Different models of lean or obese animals
have been developed for animal production
purposes. In pigs and chickens, there are
several comparisons either of lean geno-
types to control genotypes, or lean to obese
genotypes but rarely on obese to control
genotypes. Moreover in the last 5 years sev-

eral papers have been published on the
consequences of hormone-induced lean-
ness on amino-acid metabolism in pigs. We
shall consider studies performed on this lat-
ter species first and then those published
on chickens.

As regards rodents, pig obesity induces
a lower lean mass (Cote and Wangsness,
1978). Conversely, selection for leanness
or hormone-treatment (growth hormone or
beta-agonist) increases lean body mass and
muscle proportion.

The protein requirements of a lean and a
control line of pigs have already been inves-
tigated (Davey and Morgan, 1969; Davey,
1976; Bereskin and Davey, 1978). These
authors all confirmed that lean genotypes
require diets containing a higher proportion
of protein. Even if growth rate or lean body
mass of the control line was increased by
a high-protein diet, this increase was always
more pronounced in lean pigs. As shown in
table VI feed consumptions of the geno-
types were not very different. However dis-
tributions between lipid and protein in the
carcass were always very different between
genotypes. From this study it seems that in
the lean genotype the protein utilisation is
similar or superior to that of the obese geno-
type. Similarly, muscle gain was more sig-
nificantly increased by the high-protein diet
or by supplementation of the control diet by
lysine and methionine in lean pigs than in
controls (Bereskin and Davey, 1978). There
are several published papers which are less
easy to interpret as the pigs were energy-
restricted.

Several hormonal treatments have been

developed recently to reduce adiposity in
pigs. Two kinds of hormones or analogues
were used: beta-agonist or growth hormone
obtained by genetic engineering, porcine
samatotropin (p-ST). Ractopamine is a beta-
agonist, which can reduce lipid gain and
increase protein gain. Mitchell et al (1990)
compared 2 protein levels combined with
or without supplementation by ractopamine.



The beta-agonist effect on feed conversion
and protein gain was more pronounced in
pigs selected on the high-protein diet than in
those selected on a low-protein diet.

Many more papers have been published
for growth hormone treatments (p-ST). P-
ST treatment increases growth rate, lean
body mass gain; it reduces feed intake and

lipid gain and improves feed conversion.
Several recent experiments have studied
interactions between this induced leanness

and the utilisation of dietary protein. Caperna
et al (1990) observed that growth rate is
increased by dietary protein content but this
effect was more pronounced when piglets
were treated with p-ST. Maximum growth
rate was reached using approximately 19%
protein in diet for controls rather than 23%
for treated pigs. Feed conversion was better
in pST-treated animals than in controls. Pro-

tein gain was always superior in treated pigs
whatever the dietary protein concentration,
but the beneficial effect of increasing the
protein level on lean body mass gain was
more pronounced in treated animal. When
protein gain is plotted against protein intake,
as shown in figure 1, the slopes of regres-
sion lines were very different suggesting a
more efficient utilisation of dietary amino
acids by the lean pigs. Lastly, as protein
concentration increased in the diet, fat depo-
sition was reduced in both groups but this
effect was more pronounced in p-ST-treated
pigs.

Campbell et al (1991) found that maxi-
mum protein gain is higher in p-ST-treated
pigs. Protein gain was improved by increas-
ing protein intake. Lastly p-ST-treated pigs
required more protein to reach their maxi-
mum potential of protein deposition.

Similar conclusions can be drawn from
the studies of Smith and Kasson (1991 ) and
Quiniou et al (1993). Somatotropin treat-
ment enhanced growth rate and muscle pro-
portion, and decreased fat thickness and
feed consumption. This effect became more
significant as dietary protein content was
increased from 14-18 and 20%.

Several recent observations have been
made regarding the metabolic effect of p-ST.
Firstly p-ST reduced the plasma concen-
tration of BCAA in pigs (Goodband et al,



1993), which is in accordance with the pos-
itive correlation between obesity and BCAA
concentration in plasma found in rodents
and humans. p-ST treatment also decreased
uremia and increased plasma glucose
(Goodband et al, 1993) whatever the dietary
lysine concentration, and the adipose tis-
sue of p-ST-treated pigs became resistant to
insulin. Consequently plasma insulin and
glucose were increased.

Dietary protein utilisation was further
investigated by Noblet et al (1992) and the
linear regressions between protein gain and
protein intake were significantly different
between control and treated groups (fig 2).
The efficiency of protein retention was 41 %
in the p-ST-treated group and 30% in con-
trols. Moreover, at any protein intake, protein
retention of lean pigs was superior to that
of control pigs. This reflects (as does uremia)
a more efficient utilisation of dietary amino
acids and, as a consequence, lower nitrogen
losses from lean pigs (Quiniou etal, 1993).
Whatever the dietary protein content (15.7 or
18.6%), p-ST reduced nitrogen excretion in
both absolute and relative values (table VII).
In this experiment p-ST increased amino-
acid retention (in castrated males between
50 and 100 kg) by 35% and decreased nitro-
gen excretion by 25%. Similar observations
were made by Seve et al (1993). Further-
more, these latter authors studied the effects
of the hormone on proteinogenesis and pro-

teolysis using 13C-valine injected into the
jugular vein. The fractional synthesis rate
of muscle proteins was enhanced by p-ST;
the increase was higher for the high protein
level than for the low protein diet (+24 vs
+16%). Enhancement of the fractional syn-
thesis rate of liver protein was also
enhanced by p-ST, but to a lower extent (+
16%). The increase in protein gain was
mainly due to increased proteogenesis, as
protein degradation did not seem to be
affected. As shown in many other studies,
plasma glucose concentration was higher
in lean pigs than in controls. p-ST increased
insulin concentration in the plasma of pigs
just after valine injection. Circulating IGF-I
was found at higher concentration in treated
animals whatever the protein level.

Leanness induced in pigs either by
genetic means or by hormonal treatment
increases lean body mass, muscle propor-
tion and protein requirement expressed as
protein concentration in the diet. However,
it also increases protein retention at a given
protein intake, at least below or at the
requirement level. Lean pigs use dietary
amino acids more efficiently. This seems to
be due to enhanced proteogenesis. As a
consequence, nitrogen excretion (and ure-
mia) are lowered in lean pigs (Seve et al,
1993).

Lean lines of chickens have been
selected since 1980, either by direct selec-
tion using abdominal fat as the selection
trait or by indirect selection using feed effi-
ciency or plasma VLDL (Leclercq and White-
head, 1988).

Comparisons between lean, control and
obese chickens resulted in many similar
conclusions. Muscle proportions were
always significantly higher in the lean geno-
type than in the control or in the obese
(Ricard and Touraille, 1988). Partition
between fat gain and protein gain was sig-
nificaltly different, even at similar feed energy
or protein intakes (McLeod and Geraert,
1988). As shown in table VIII, the ratio



between protein gain and protein intake was
always superior in the lean genotype, sug-
gesting a more efficient use of dietary amino
acid. Moreover, it was observed that the
French lean line exhibits a higher feather
proportion that the fat line (Leclercq and
Guy, 1991; Geraert et al, 1993; Leclercq et
al, 1993) which could be interpreted as a
metabolic trend towards protein synthesis.
As a consequence, nitrogen excretion is
reduced in the lean genotype, whatever the
dietary protein content (Geraert et al, 1990).

The comparative sensitivity of fat and
lean chickens to protein concentration in
the diet is controversial. Leclercq (1983)
observed that the lean chickens were more
sensitive to protein deficiency when dietary
protein content was reduced by replacing
soybean meal by maize; this resulted in

modifying the amino acid (principally essen-
tial amino acid) composition. This was not
observed when the amino-acid composition
was kept constant by diluting a well-bal-
anced protein with a protein-free diet
(Leclercq and Guy, 1991) (fig 3). These
results were confirmed by recent experi-
ments on comparative sensitivity to sulphur
amino acid, lysine or arginine deficiency,
which were much more pronounced in lean
chickens (Leclercq ef al, 1993; Leclercq et
al, 1994). However, when weight gain was
plotted against protein intake or amino-acid
intake, both genotypes were on the same
linear or curvilinear regression lines. This
suggests that the effect of protein imbal-
ance is partly due to a specific effect on
appetite in the lean genotype which would
be more sensitive to essential amino-acid



imbalance. Different behaviour of fat and
lean lines were previously observed for pro-
tein. When they had a free choice between
a high- (26.9% crude protein) and a low-
protein diet (14.5% CP), lean chickens ate a
significantly larger amount of the high-protein
ration than the fat chickens.

Regressions between protein gain and
protein intake have been measured several
times (Leclercq, 1983; Geraert et al, 1990;
Leclercq and Guy, 1991 The slope of the
regression line p-ST-treated pigs was higher
in the lean genotype and, at any given pro-
tein intake, protein retention was higher in
the lean chickens. Similarly when protein
gain was plotted against methionine, lysine
or arginine intake (at least before the
requirement is reached) at any given amino-
acid intake protein gain was higher in the
lean line. This suggests a more efficient
metabolic utilisation of these amino acids
in the lean line than the fat line.

The mechanisms involved in these
metabolic differences are not well under-
stood. Very consistent and significant dif-
ferences were found in plasma amino acids
at the fed state; these are summarized in

figure 4. Fat chickens exhibited higher con-
centrations of sulphur amino acids, BCAA
and lower concentration of several non-

essential amino acids (alanine, glutamic
acid, glutamine) and histidine (which is
catabolised into glutamic acid) (Pesti et al,
1994). Larger concentrations of BCAA in
fat chickens can be compared with those in
obese rodents or humans. Lower concen-
trations of non-essential amino acids may
be similar to observations in rodent or
human obesity, which induce enhanced util-
isation of carbon from amino acids to

neoglucogenesis or lipogenesis. The last
hypothesis was investigated by Geraert etal
(1986) who observed in vivothat more car-
bon from alanine was incorporated into fatty
acids in the fat chickens.

CONCLUSIONS

Several similarities can be drawn from dif-
ferent models of fatness or leanness. Firstly
protein gain or lean body mass is impaired
in the obese genotype. This seems due in
most cases to changes of proteogenesis
rather than modification of proteolysis, even
though proteolysis seems to be increased in
mammal obesities, as a consequence of
insulin resistance. Indeed several authors

suggest that insulin and IGF-I exert a strong
effect on proteolysis by decreasing it. The



efficiency of insulin action seems to be
impaired in most obesities leading to
enhanced amino-acid (mainly BCAA)
release by muscles. Further experiments
are needed on different models of obesity to
better understand the relative role of differ-

ent tissues or organs (liver, muscles) in
amino-acid turnover according to obesities.

What is sure is that efficiency of protein
and amino-acid metabolism is clearly dif-
ferent between obese and lean genotypes.
Obese animals are less able to synthesize
their protein from dietary amino acids. This
conclusion is well-established in farm ani-

mals (pigs and chickens). It is less clear in

rodent obesities since feed consumption,
and, as a consequence, protein consump-
tion is much higher in the obese genotype.
However work by Radcliffe and Webster
(1978) suggests that, as in farm animals,
obese rats require more dietary protein to
synthesize body protein, even at low con-
centrations of dietary protein. If this conclu-

sion is confirmed, it could be hypothesized
that deviation of amino-acid metabolism,

probably in the liver, is one of the first direct
consequences of the primary cause of obe-
sity, instead of a consequence of increased
feed consumption.
We cannot exclude specific differences

between obese and lean animals for sen-
sitivities of appetite to amino-acid balance or
dietary protein concentration as suggested
by observations in Zucker rats (Chee et al,
1981 b; Castonguay et al, 1982) or fat chick-
ens.

Nevertheless the number of papers pub-
lished on the relationship between amino-
acid metabolism and obesity are scarce.
Further research would be necessary to
know the exact mechanisms involved in the
deviation of amino acids from proteogenesis
towards lipogenesis. Moreover we do not
know if all amino acids are affected to the
same extent, if genetic changes are located
at the level of amino-acid transport or amino
acid.

This could have practical consequences
on the amino-acid requirements of obese
or lean genotypes.
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