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Key points

e Under free choice conditions, animal models, mainly rats, choose protein intake levels

far in excess of what is required to maintain the body's protein pool.

e The mechanisms for controlling protein intake are partly independent of those
controlling energy intake. This can lead to conflicts and induce excessive calorie intake

when the protein content of the diet is too low.

e [t has been suggested that rats seek to establish a high protein-to-carbohydrate ratio (0.6-

0.8) in their diet because this ratio would induce metabolic benefits.

e The protein leverage hypothesis suggests that, when protein intake is just below
requirements, the mechanisms that control protein intake are strong enough to induce

an increase in food intake and weight gain.
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Summary

The protein requirement is generally defined as the amount necessary to maintain the body's
protein pool. However, under free choice conditions, animal models often ingest more protein
than required for nitrogen balance (10%-15%). This behavior possibly reflects the search for a
high protein-to-carbohydrate ratio (0.6-0.8), inducing metabolic benefits. This indicates that in
addition to protein homeostasis, dietary proteins are also involved in energy homeostasis. The
mechanisms controlling protein and energy intake are partly independent and in specific
conditions, there may be a conflict between the two. Protein density in the human diet has
decreased ~2% since the 1970s and, according to the protein leverage hypothesis, this decrease

may be responsible for the increase in energy intake and prevalence of obesity observed today.
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Introduction

Nutrient requirements are determined primarily by impetus for protein deposition in the
growing rat, maintenance of the body protein pool in adults, and partitioning of nutrients
between protein accretion, fat reserves and energy production (1). The purpose of this review
is, based on data from the literature acquired on animal models, to assess whether even limited
decreases in the quantity and quality of protein intake can disrupt energy regulation, and in
particular increase food consumption and weight gain. Finally, we will discuss the hypothesis
of the protein leverage effect (2), or “protein leverage hypothesis”, which proposes that the
satisfaction of the protein intake is important enough to significantly impact energy regulation
and that, even a small decrease in the level of protein intake can induce a significant

hyperphagia and eventually lead to overweight.

Proteins in food intake control mechanisms

The elegance and success of Mayer’s glucostatic hypothesis (3) focused research attention on
the role played by carbohydrates and incidentally lipids (4) in the control of food intake, despite
early observations by Mellinkof & al. (5) that the circulating levels of amino acids had a
significant effect on food intake. The particular attention paid to the roles played by
carbohydrates and fats is linked to the important changes in our diet, especially during the
second half of the 20th century. These transitions have particularly affected the quantity and
quality of carbohydrates and fats in our diet at the same time as the prevalence of obesity
increased. The researchers have thus actively worked to describe precisely the mechanisms
involved in the perception of the quantity and quality of carbohydrates and fats. At the same
time, the possibility that changes in protein intake, in quantity or quality, may have contributed
to the development of obesity has been largely ignored, and this quite logically due to the fact
that amino acids provide on average only 10-20% of energy intake, and that this percentage has
remained stable over time (FAOSTAT database. 2002 [WWW document]. URL
http://faostat.fao.org/faostat/collections). In addition, proteins are not considered as a source of
energy reserve per se, even if the body proteins of the various tissues are quickly mobilized
during fasting and able to ensure the production of glucose for several days without any major

alteration of physiological functions.

Nevertheless, since the 1960s, many studies have focused on the mechanisms of recognition by
the body of the quantity and quality of protein intake (6, 7, 8), mostly without taking into

account interactions with fats and carbohydrates. The aim of these studies was to determine for



humans the minimum protein requirements and their possible variations depending on different
physiological, physio-pathological, and environmental situations. In animal models, it was very
early demonstrated that amino acids derived from protein digestion send specific signaling to
the brain at sites only partially differentiated from the sites of carbohydrate and fat intake
recognition, and could possibly interfere with each other (9). Finally, some behavioral studies
have suggested the presence of significant interactions between the mechanisms of control of
dietary intake by carbohydrates and proteins leading some authors, including us, to suggest that
animals would optimize the proteins-carbohydrates (PC) ratio in their diet rather than the

proteins-energy (PE) ratio (10, 11, 12, 13, 14, 15).

The progressive understanding of the mechanisms controlling food intake led to the recognition
of a specific control of protein intake, but which interacts significantly with the control of
energy intake. This separation-interaction can lead to conflicts in certain nutritional situations,
where the regulations of protein and energy intake are no longer compatible. The question then
arose of which mechanism prevails over the other or more pragmatically how the compromise

is established between the satisfaction of protein intake and that of energy intake.

Proteins in protein and energy homeostasis

To provide the essential amino acids for the renewal and growth of the body protein pool, a
minimum protein intake is required, resulting in a recommended intake of 0.83 g/kg/day for the

general population, corresponding in most cases to a PE ratio of 10-15%.

Almost all the amino acids supplied by the diet are oxidized, either during the postprandial
period (about 20% of the ingested amino acids are oxidized), or at the end of the processes of
proteosynthesis and oxidation of amino acids. After being disaminated in the liver, the carbon
skeletons enter the catabolic pathways where they are oxidized either directly or indirectly via
gluconeogenesis (16), and participate in the production of energy in the same way as

carbohydrates and lipids.

The level of spontaneous protein intake is high, regulated and adapted to environmental and

physiological constraints: contribution of free choice experiments

The role of proteins in energy metabolism is all the more important as the level of spontaneous
protein intake is high and defended. Indeed, many studies have analyzed the spontaneous
dietary intake of the rat in conditions of free choice, i.e. when they can select their level of
protein intake independently from the intake of carbohydrates and lipids. Most of these studies

reported protein intake levels above those required to maintain nitrogen balance (17, 18, 19,



20). In a study reported in 1974 (18), Musten & al. observed that rats under free choice
conditions ingested an average of 30% of their energy in the form of proteins, while 10-15%
are sufficient in rats to ensure nitrogen balance. This level of protein is increased if the protein
source is diluted by a non-nutritive element (18, 21 ) or is increased if protein requirements are
increased by physiological needs such as lactation to ensure milk synthesis (22, 23). When the
relative protein requirements are reduced, because the energy requirements are increased not
those of proteins, rats maintain a constant level of protein intake and specifically increase their
carbohydrate and fat intakes. This is particularly the case during feeding after a period of food
restriction (24), or when the animals are housed in a cold environment that increases the cost
of thermoregulation, a process which, in rodents, depends mainly on the oxidation of
carbohydrates and lipids in the brown adipose tissue (18, 25 ). The response to exercise is more
complex. Studies in rats show that, depending on the type of exercise and its intensity, the rat
can increase the intake of either carbohydrates or fats (26), but in almost all situations, they
maintain constant and even slightly increase protein intake whereas amino acids poorly
participate as energy substrates during muscular effort. This response is probably related to the
fact that the metabolic effects induced in post-exercise period, can change the protein

requirements more than the exercise itself (27, 28, 29).

The influence of the variation of other macronutrients compared to proteins was very early
demonstrated in free choice experiments. Indeed, it has been shown that the PE ratio selected
by rats was generally lower when the lipid intakes were high (30). In 1981 and 1982, studies
reported that when the lipid content of the protein-free diet was increased, the selected PE ratio
decreased in lean and obese mice (on average from 30 to 35% up to 15 to 20%) (31, 32). Our
group also reported that male Wistar rats with a choice between a pure protein diet and either a
high-carbohydrate protein-free diet or a high-fat protein-free diet, respectively selected a PE
ratio of 40% (20) or only 28% (33). In 1979, Kratz and Levitsky reported that when sucrose
was offered to self-selecting rats, they consumed it immediately in large quantities, and the PE
ratio was temporarily reduced from 37% to 28%, but quickly restored because the rats decreased
selectively intake of the protein-free diet containing sucrose (34). At the same time, rats fed a
composite diet could not reduce the consumption of carbohydrates and lipids independently of
that of proteins, and maintained a high intake of the composite diet to maintain protein intake.
Under free choice condition, the possibility of separating the control of energy and protein
intake limited the overconsumption of calories and weight gain when the palatability of the diet

was increased by sucrose.



The variations of protein intake as a function of age show that young growing rats do not select
diets with higher protein contents than adult rats. The most general trend observed is rather a
preference for high-fat diets just after weaning, then an increase in protein preference that
reaches a maximum at puberty and then continues, or only slowly decreases (19, 35, 36). In
older rats, there is often both a loss of lean body mass and a spontaneous decrease in protein
intake (19, 36) which would be linked to alterations in the mechanisms controlling food intake

(37, 38).

Finally, in rat models of obesity, early studies suggested that a specific appetite for protein
would motivate hyperphagia because protein synthesis was less effective (39). Subsequent
studies have shown that in free choice conditions, obese rats selected a lower PE ratio than
healthy animals. However, because they had a much higher total dietary intake, in absolute
terms, the amount of protein ingested was equivalent to that measured in healthy rats (40).
Measurements of protein synthesis finally converged to indicate that there is in fact no protein

synthesis defect in most animal models of obesity (8, 41).
The energy supply by proteins

In an attempt to understand why animals ingest seemingly much more protein than they need,
several researchers have hypothesized that a high protein content in the diet may be motivated
by the search for an optimal PC ratio. In favor of this hypothesis, it is observed that animals
ingesting a high-fat diet generally consume less protein than rats ingesting a high-carbohydrate
diet (32), and several studies have shown that by doing so, rats do tend to maintain a relatively
constant PC ratio (31, 33). The majority of studies reported PE ratios in a range of 25-35% and
PC ratios in a range of 0.6-0.8, including in obesity models (42).

Thus, we may wonder why the PC ratio is defended at such a high value knowing that, in the
human diet as well as in the established diets for laboratory rats, the PC ratio is rather in the
order of 0.2-0.3. One hypothesis is that a high PC ratio would be a way to reduce the dependence
of the metabolism on insulin, and ultimately reduce the incidence of co-morbidity factors such
as insulin resistance and obesity (43). Indeed, under conditions where the carbohydrate content
of the diet is high (low PC ratio), the body must adapt to consume and/or store large amounts
of glucose, a process that strongly depends on insulin. When carbohydrate intake is reduced, in
particular in favor of proteins (high PC ratio), more glucose is produced from the catabolism of
dietary amino acids and their conversion to glucose via gluconeogenesis in liver. This mode of
glucose production may have metabolic benefits such as a better regulation of blood glucose

levels (44, 45). In 2003, Layman & al. (12) showed in humans that a dietary PC ratio of 1 during



a calorie restriction diet, led to more weight and fat loss, and a greater decrease in plasma
triglycerides and in the triglyceride/HDL cholesterol ratio. The same type of diet fed to rats in
2011 (14) demonstrated comparable results and showed improvement of the insulin response
to eating a meal. In the same study, the expression levels of the Akt and P70-S6 Kinase 1 genes
in muscle and adipose tissue revealed an increase in insulin sensitivity in the muscle and a
decrease in glucose uptake by adipose tissue. Finally, in rats it was also shown that a very high

protein diet (PE=50%; PC=1.2) for 6 months reduced food intake and weight gain (46).

Several studies have looked for a central control mechanism of the PC ratio, in particular
through the evolution of blood tryptophan concentrations and their consequences on serotonin
synthesis at the central level. However, to date, no evidence of such a relationship has been

found (47, 48, 49).

The influence of the level of protein intake on the regulation of weight and

body composition
Increasing the protein content of the diet only marginally alters the energy balance

In response to ingestion of a high-protein diet, the protein component of dietary intake control
appears to be reduced, and dietary intake is primarily controlled by the energy component of
the diet (8, 50). In the rat model, an increase in protein content of the diet appears to have only
moderate effects on food intake, but these effects can last for several months (46, 51). It was
also observed that the rat adjusts rapidly and accurately its diet intake in response to the dilution
of the dietary protein to maintain its level of protein intake, but it reacts only slowly and
incompletely to an increase in the protein concentration in its diet (52). Our laboratory has
conducted several studies on the responses to high-protein diets in animal models. The response
to these diets indicates that there is a rapid adaptation of metabolic pathways in the liver
allowing deamination of amino acids and production of carbonaceous skeletons, as well as
mechanisms for renal elimination of urea resulting from hepatic catabolism of amino acids (16,
51, 53). These adaptive processes make it possible to manage a very high protein content in the

diet, up to 50% and even beyond (54), and to regulate the energy balance normally.

In overweight subjects, it has been proposed that a low-calorie high-protein diet is more
effective than an unmodified diet, in particular by reducing hunger, by limiting the loss of lean
mass, and by limiting weight recovery during refeeding (55). However, studies in animals and
humans do not confirm this hypothesis. In rats that were made obese and then submitted to a

40% caloric restriction, weight loss was the same when the diet had a regular or a high protein



content (56). In obese subjects following a moderate energy restriction (about 1600 kcal/day),
a daily supplementation of 30g of protein did not reduce the loss of lean mass, which accounted
for about 20% of total weight loss (57). After bariatric surgery, subjects receiving a protein
supplementation of 10 to 15 g/day for 6 months lost as much as lean mass than control subjects
who received isocaloric supplement but the loss of lean body mass was similar in both groups
(58). In a Sacks study carried out for two years in obese subjects following a weight loss diet,
with groups differing in macronutrient composition, the subjects lost and regained as much
weight and fat with high protein diets (59). These results suggest that it is the intensity of the

restriction that prevails over the composition and the protein content of the diet.

In ad libitum situation, high-protein diets can be effective at preventing weight gain by reducing
the feeling of hunger. One of the most frequently proposed hypotheses is that a high-protein
diet provides large amounts of circulating and temporarily stored amino acids that can be
catabolized through hepatic gluconeogenesis (53, 60, 61). According to this hypothesis, blood
glucose levels in rats after a night of fasting are usually slightly higher in those fed a high
protein diet than in those fed a normal protein diet (14, 62). However, this hypothesis was
advanced (63) and contradicted by the same authors (64). We also showed that after a meal, the
participation of dietary proteins in gluconeogenesis is very low (65). In a context of energy
restriction, a high-protein diet could partially preserve protein homeostasis and avoid adding a
negative protein balance to the negative energy balance. However, supplementation studies in
humans show that an additional protein intake does not completely counteract this effect. As
well as described by Dulloo & al. (66), during total or partial refeeding, a high-protein diet can
also prevent that a too large fraction of energy from being directed towards the reconstitution

of lipid reserves.
Decreased protein content has immediate and strong effects on body composition

When dietary protein intake drops below the levels necessary to ensure the renewal of body
proteins, we observe major effects on the control of food intake and on body composition. In
the young rat, growth remains very constant for protein intakes greater than 20%, but decreases
rapidly when the protein content of the diet is decreased (67, 68). In adult rats, Du & al. (69)
showed a significant decrease in protein gain relative to the protein intake level as soon as the
PE ratio fell below 12.5%. This occurred in conjunction with an increase in body fat
accumulation relative to that of proteins, leading to a gradual increase in body fat content. This
result has been observed in many other studies, and in our laboratory, we recently reported

similar results on the mouse model (70). We also observed that low-protein diets increased the



level of activity in mice, a phenomenon also reported in rats (71), and increased the energy cost
of activity. Combined, these two phenomena induce significant increases in total energy
expenditure that almost compensate hyperphagia and limit fat gain. Other studies have also
reported increases in energy expenditure related to an increase in dietary thermogenesis

supported by an activation of the activity of the brown adipose tissue (72, 73, 74, 75).

In rats, the increase in energy intake is observed only within a fairly narrow range of protein
restriction, immediately below the levels required to maintain the nitrogen balance, i.e. around
8-12% protein in the diet (9, 69, 76). Some authors suggested that animals would sacrifice
energy regulation and increase energy intake to ensure protein homeostasis, and that this
response would be maximized when the level of protein intake is just below requirements (18,
77), i.e. in conditions where an increase in protein intake can successfully restore nitrogen

balance.

The influence of protein quality

The quality of a protein is defined as its ability to provide enough of the essential amino acids
that are not synthesized by the body, in order to ensure the renewal of the body protein pool. In
general, animal-based proteins (egg, milk, meat and fish) have a good balance of essential
amino acids. Plant-based proteins have, for the most part, insufficient levels of a few essential
amino acids, primarily lysine in cereals and oilseeds, and to some extend methionine in legumes,
which makes them less metabolically effective. Protein levels in plants are also generally lower
than in animal sources. Thus, even by combining the ingestion of cereals and legumes, a relative
deficiency in some essential amino acids may commonly persists. In response, when it has the
opportunity, and if the deficiency is not too acute, the animal can be expected to ingest more
plant-based proteins to ensure a sufficient intake of limiting amino acid. We were able to verify
this hypothesis on a mouse model (70) where we observed that the metabolic and behavioral
responses to protein restriction were stronger with soy protein (methionine deficient) than with
casein (78). It was also observed that self-selecting rats fed a plant-based protein had to select
a higher PE ratio to maintain a weight gain similar as those fed with a protein that was not
deficient in essential amino acids (79, 80, 81). For example, Musten & al. showed that self-
selecting rats ingested on average 40% of their energy intake in the form of wheat protein
(gluten), deficient in lysine, against 30% with casein (18). A few years later, Kishi & al. (82)

reported similar results and calculated that in their study as well as in the Musten & al. study,



the increase in protein intake induced by the low nutritional values of the plant proteins matched

that required to preserve the intake of essential amino acids.

The leverage effect of proteins, myth or reality?

The protein leverage hypothesis suggests that a decrease in the protein content in the diet has
the potential to induce an increase in food intake, and eventually a significant increase in weight
gain and fat mass. It was theorized by Simpson and Raubenheimer in 2005 (2), on the ground
of numerous experimental data on insect and rodents models (83), and recently updated (84).
In addition, the concept is not completely new since in 1981, Emmans (85) proposed that to
understand the control mechanisms of food intake, it was better to consider that, rather than
eating to obtain energy, individuals eat to optimize the intake of their most limiting food
resource. In 1993, Webster (1) already defended the idea that the mechanisms controlling

protein intake could become predominant.

In the reasoning mode of Simpson and Raubenheimer, it is because proteins represent only a
small part of the energy intake (~15%) that small variations in the protein content of the diet
are likely to have significant effects on the control of food intake and regulation of energy
balance. The authors describe how, between 1970 and 2010, the increase in the availability of
palatable and inexpensive foods rich in fats and sugars have reduced the protein content of the
food from 14% to 12.5% in the USA. According to their model, if the level of protein intake is
precisely regulated, a decrease from 14% to 12.5% in the protein content of the diet requires to
increase food intake by 14% to maintain a constant level of protein intake (2, 84) (See Figure
1). This necessarily implies an increase in weight if compensatory mechanisms, such as
physical activity, are not put in place. According to the authors, such a risk is amplified because
the ultra-processed Western diet is energetically dense and humans have has an ancestral
tendency to look for very palatable fatty and sweet foods (86). The experiments carried out in
humans by the authors of this hypothesis (87, 88, 89), and by other teams (90, 91), tend to
confirm that the leverage effect of proteins affects the control of food intake (evolution from
the black point to the gray point in Figure 1). However other studies report more mixed results
(92, 93) in which it appears that the control of food intake by proteins may be quite strongly
constrained by the mechanisms controlling energy intake (evolution from the black point to the
white point in Figure 1). Other studies have shown that the level of protein intake is very
constant in different social groups and that in these groups the protein content in the diet is

inversely correlated with the energy ingested (94), thus suggesting that energy intake is



increased to maintain protein intake constant. The fact that the diet has evolved towards ultra-
processed foods therefore seems to favor a decrease in the level of protein intake, and an
increase in food intake and obesity (95). Finally, the authors of the hypothesis recently analyzed
a large number of studies in humans and showed that a reinterpretation of these studies reveals

a very pronounced protein leverage effect (84, 96).

Despite the interest for this hypothesis and the accumulation of results that suggest its validity,
including very recent studies (97, 98), there is at this time, no formal demonstration of a causal
relationship between the increase in obesity prevalence and the decrease in the dietary protein
content. Many confounding effects, such as the sugar and fat content, palatability, energy
density, vitamins and minerals contents, n-6/n-3 ratio in fats, and physical activity levels are
also likely to play a role on the actual prevalence of obesity. In an article published in 2019,
Hall (91) showed that even a very dominant protein leverage effect could explain only 2/3 of
the weight gain observed in the USA since 1970, which confirms that other parameters are
certainly involved. Indeed, as discussed above, experiments to restrict the level of protein intake
in animal models never induced significant increases adiposity levels because a decrease in
dietary protein content appears to increase energy expenditure, which offset the increase in food
intake (78). Measurements of energy expenditure must also be done in human to check whether
this type of adaptation is also occurring. Despite these limitations, the protein leverage
hypothesis must be considered seriously in a context where, for utterly defensible reasons of
sustainable development and reasoned agriculture, the nutritional policies propose a reduction
in the level of protein intake and partial replacement of animal-based proteins by plant-based

proteins.

Conclusion

Amino acids provided by dietary proteins participate effectively in the control of dietary intake,
first via specific signals that allows the body to estimate the quantity and balance of amino acids
provided by the diet. The main response to this type of signal is to direct the individual's
behavior towards the search for foods richer in protein or containing the limiting amino acid(s)
in order to rebalance his intake. Amino acids then act as energetic substrates, in the same way

as carbohydrates and lipids, and ensure that intake levels match energy expenditure levels.

Experimental evidence suggests that conflicts between the mechanisms that control protein and
energy intake levels are resolved in favor of the energy regulation mechanisms. Excess protein

intake does not really pose a problem of regulation, because amino acids are quickly integrated



into the catabolic pathways and used as energy substrates instead of carbohydrates and lipids
whose levels in the food are necessarily reduced. To some extent, it even seems that in rats, a
high intake level (30-50%) may have rather favorable effects on weight and body fat, probably

because a high PC ratio allows for less insulin-dependent energy regulation.

A drop in protein intake levels below the requirements of the nitrogen balance quickly creates
problems in maintaining lean body mass. No experiments have reported increases in dietary
intake sufficient to compensate substantially for the deficit in amino acid intake. However, there
appears to be a narrow window, at the lower limit of protein requirements (close to current
feeding conditions in westernized societies), in which limited but continuous increases in

dietary intake can develop to correct, at least partially, the amino acid intake deficit.

Knowing that the development of obesity is caused by the daily addition of very small errors
between energy inputs and outputs, the leverage effect of proteins, even if it is limited by the
mechanisms of energy regulation, could induce a small increase in food intake, which in long
term would induce significant weight variations. Should this hypothesis be confirmed, it would
have to be taken into account in the evaluation of the effects of the dietary transition towards a
decrease in protein consumption. Although the majority of the experimental results reported in
this review have been obtained in laboratory rodents which, due to their small size, high
metabolism and continuous growth, probably have protein requirements and regulatory
mechanisms that may differ at the margin from those prevailing in humans, the most recent
experimental and epidemiological data in humans are largely consistent with the experimental

results obtained in these models.



References

1. Webster AJ. Energy partitioning, tissue growth and appetite control. Proc Nutr Soc.
1993;52(1):69-76. Epub 1993/02/01.

2. Simpson SJ, Raubenheimer D. Obesity: the protein leverage hypothesis. Obes Rev.
2005;6(2):133-42. Epub 2005/04/20.

3. Mayer J. Regulation of energy intake and the body weight: the glucostatic theory and
the lipostatic hypothesis. Ann N'Y Acad Sci. 1955;63(1):15-43. Epub 1955/07/15.

4, Le Magnen J, Devos M, Gaudilliere JP, Louis-Sylvestre J, Tallon S. Role of a lipostatic
mechanism in regulation by feeding of energy balance in rats. J Comp Physiol Psychol.
1973;84(1):1-23. Epub 1973/07/01.

5. Mellinkoff SM, Frankland M, Boyle D, Greipel M. Relationship between serum amino
acid concentration and fluctuations in appetite. J Appl Physiol. 1956;8(5):535-8. Epub
1956/03/01.

6. Morrison CD, Reed SD, Henagan TM. Homeostatic regulation of protein intake: in
search of a mechanism. Am J Physiol Regul Integr Comp Physiol. 2012;302(8):R917-28. Epub
2012/02/10.

7. Morrison CD, Xi X, White CL, Ye J, Martin RJ. Amino acids inhibit Agrp gene
expression via an mTOR-dependent mechanism. Am J Physiol Endocrinol Metab.
2007;293(1):E165-71. Epub 2007/03/22.

8. Davidenko O, Darcel N, Fromentin G, Tome D. Control of protein and energy intake -
brain mechanisms. Eur J Clin Nutr. 2013;67(5):455-61. Epub 2013/05/03.

0. White BD, He B, Dean RG, Martin RJ. Low protein diets increase neuropeptide Y gene
expression in the basomedial hypothalamus of rats. J Nutr. 1994;124(8):1152-60. Epub
1994/08/01.

10. Theall CL, Wurtman JJ, Wurtman RJ. Self-selection and regulation of protein:
carbohydrate ratio in foods adult rats eat. J Nutr. 1984;114(4):711-8. 8: Jackson AA. Human
protein requirement: po...[PMID: 11177217]Related Articles, Links.

11. Kim SH, Mauron J, Gleason R, Wurtman R. Selection of carbohydrate to protein ratio
and correlations with weight gain and body fat in rats allowed three dietary choices. Int J Vitam
Nutr Res. 1991;61(2):166-79. Epub 1991/01/01.

12. Layman DK, Boileau RA, Erickson DJ, Painter JE, Shiue H, Sather C, et al. A reduced
ratio of dietary carbohydrate to protein improves body composition and blood lipid profiles
during weight loss in adult women. J Nutr. 2003;133(2):411-7.

13. Klaus S. Increasing the protein:carbohydrate ratio in a high-fat diet delays the
development of adiposity and improves glucose homeostasis in mice. J Nutr.
2005;135(8):1854-8.

14.  Devkota S, Layman DK. Increased ratio of dietary carbohydrate to protein shifts the
focus of metabolic signaling from skeletal muscle to adipose. Nutrition & metabolism.
2011;8(1):13.

15. Chalvon-Demersay T, Even PC, Chaumontet C, Piedcoq J, Viollet B, Gaudichon C, et
al. Modifying the Dietary Carbohydrate-to-Protein Ratio Alters the Postprandial Macronutrient
Oxidation Pattern in Liver of AMPK-Deficient Mice. The Journal of nutrition.
2017;147(9):1669-76.

16. Stepien M, Azzout-Marniche D, Even PC, Khodorova N, Fromentin G, Tome D, et al.
Adaptation to a high protein diet progressively increases the postprandial accumulation of



carbon skeletons from dietary amino acids in rats. Am J Physiol Regul Integr Comp Physiol.
2016:ajpregu 00040 2016. Epub 2016/09/02.

17.  Pol G, den Hartog C. The dependence on protein quality of the protein to calorie ratio
in a freely selected diet and the usefulness of giving protein and calories separately in protein
evaluation experiments. Br J Nutr. 1966;20(4):649-61. Epub 1966/01/01.

18.  Musten B, Peace D, Anderson GH. Food intake regulation in the weanling rat: self-
selection of protein and energy. J Nutr. 1974;104(5):563-72. Epub 1974/05/01.

19.  Leibowitz SF, Lucas DJ, Leibowitz KL, Jhanwar YS. Developmental patterns of
macronutrient intake in female and male rats from weaning to maturity. Physiol Behav.
1991;50(6):1167-74. Epub 1991/12/01.

20. Makarios-Lahham L, Roseau SM, Fromentin G, Tome D, Even PC. Rats free to select
between pure protein and a fat-carbohydrate mix ingest high-protein mixed meals during the
dark period and protein meals during the light period. J Nutr. 2004;134(3):618-24.

21.  Rozin P. Are carbohydrate and protein intakes separately regulated. ] Comp Physiol
Psychol. 1968;65(1):23-9. Epub 1968/02/01.

22.  Leshner Al Siegel HI, Collier G. Dietary self-selection by pregnant and lactating rats.
Physiol Behav. 1972;8(1):151-4. Epub 1972/01/01.

23. Cohen LR, Woodside BC. Self-selection of protein during pregnancy and lactation in
rats. Appetite. 1989;12(2):119-36. Epub 1989/04/01.

24. Schutz HG, Pilgrim FJ. Changes in the self-selection pattern for purified dietary
components by rats after starvation. J Comp Physiol Psychol. 1954;47(6):444-9. Epub
1954/12/01.

25.  Leshner Al Collier GH, Squibb RL. Dietary self-selection at cold temperatures. Physiol
Behav. 1971;6(1):1-3. Epub 1971/01/01.

26. Brooks GA, Mercier J. Balance of carbohydrate and lipid utilization during exercise:
the "crossover" concept. J Appl Physiol. 1994;76(6):2253-61.

217. Tagliaferro AR, Dobbin S, Curi R, Leighton B, Meeker LD, Newsholme EA. Effects of
diet and exercise on the in vivo rates of the triglyceride-fatty acid cycle in adipose tissue and
muscle of the rat. Int J Obes. 1990;14(11):957-71. Epub 1990/11/01.

28. Weltman A, Weltman JY, Schurrer R, Evans WS, Veldhuis JD, Rogol AD. Endurance
training amplifies the pulsatile release of growth hormone: effects of training intensity. J Appl
Physiol (1985). 1992;72(6):2188-96. Epub 1992/06/01.

29.  Hood DA, Terjung RL. Amino acid metabolism during exercise and following
endurance training. Sports Med. 1990;9(1):23-35. Epub 1990/01/01.

30.  Richter CP, Holt LE, Barelare B. Nutritional requirements for normal growth and
reproduction in rats studied by the self-selection method. American Journal of Physiology.
1938;122(3):734-44.

31. Chee KM, Romsos DR, Bergen WG. Effect of dietary fat on protein intake regulation
in young obese and lean mice. J Nutr. 1981;111(4):668-77. Epub 1981/04/01.

32. Romsos DR, Chee KM, Bergen WG. Protein intake regulation in adult obese (ob/ob)
and lean mice: effects of nonprotein energy source and of supplemental tryptophan. J Nutr.
1982;112(3):505-13. Epub 1982/03/01.

33, Azzout-Marniche D, Chalvon-Demersay T, Pimentel G, Chaumontet C, Nadkarni NA,
Piedcoq J, et al. Obesity-prone high-fat-fed rats reduce caloric intake and adiposity and gain
more fat-free mass when allowed to self-select protein from carbohydrate:fat intake. Am J
Physiol Regul Integr Comp Physiol. 2016;310(11):R1169-76. Epub 2016/04/01.



34, Kratz CM, Levitsky DA. Dietary obesity: differential effects with self-selection and
composite diet feeding techniques. Physiol Behav. 1979;22(2):245-9. Epub 1979/02/01.

35. McArthur RA, Blundell JE. Effects of age and feeding regimen on protein and
carbohydrate self-selection. Appetite. 1982;3(2):153-62. Epub 1982/06/01.

36. Jean C, Fromentin G, Tome D, Larue-Achagiotis C. Wistar rats allowed to self-select
macronutrients from weaning to maturity choose a high-protein, high-lipid diet. Physiol Behav.
2002;76(1):65-73.

37.  Boghossian S, Alliot J. A moderate swimming exercise regularly performed throughout
the life induces age and sex-related modifications in adaptive macronutrients choice. Mech
Ageing Dev. 2000;120(1-3):95-109. Epub 2000/11/23.

38.  Boghossian S, Veyrat-Durebex C, Alliot J. Age-related changes in adaptive
macronutrient intake in swimming male and female Lou rats. Physiol Behav. 2000;69(3):231-
8. Epub 2000/06/28.

39.  Radcliffe JD, Webster AJ. Regulation of food intake during growth in fatty and lean
female Zucker rats given diets of different protein content. Br J Nutr. 1976;36(3):457-69.

40. Anderson GH, Leprohon C, Chambers JW, Coscina DV. Intact regulation of protein
intake during the development of hypothalamic or genetic obesity in rats. Physiol Behav.
1979;23(4):751-5. Epub 1979/10/01.

41. Chee KM, Romsos DR, Bergen WG, Leveille GA. Protein intake regulation and
nitrogen retention in young obese and lean mice. J Nutr. 1981;111(1):58-67. Epub 1981/01/01.
42.  Mayer J, Dickie MM, Bates MW, Vitale JJ. Free selection of nutrients by hereditarily
obese mice. Science. 1951;113(2948):745-6. Epub 1951/06/29.

43.  Parker B, Noakes M, Luscombe N, Clifton P. Effect of a high-protein, high-
monounsaturated fat weight loss diet on glycemic control and lipid levels in type 2 diabetes.
Diabetes Care. 2002;25(3):425-30. Epub 2002/03/05.

44. Farnsworth E, Luscombe ND, Noakes M, Wittert G, Argyiou E, Clifton PM. Effect of
a high-protein, energy-restricted diet on body composition, glycemic control, and lipid
concentrations in overweight and obese hyperinsulinemic men and women. Am J Clin Nutr.
2003;78(1):31-9. Epub 2003/06/21.

45. Blouet C, Mariotti F, Azzout-Marniche D, Bos C, Mathe V, Tome D, et al. The reduced
energy intake of rats fed a high-protein low-carbohydrate diet explains the lower fat deposition,
but macronutrient substitution accounts for the improved glycemic control. J Nutr.
2006;136(7):1849-54.

46. Lacroix M, Gaudichon C, Martin A, Morens C, Mathe V, Tome D, et al. A long-term
high-protein diet markedly reduces adipose tissue without major side effects in Wistar male rats.
Am J Physiol Regul Integr Comp Physiol. 2004;287(4):R934-42.

47.  Ashley DV, Coscina DV, Anderson GH. Selective decrease in protein intake following
brain serotonin depletion. Life Sci. 1979;24(11):973-84. Epub 1979/03/12.

48. Thibault L, Mok E, Nagai K, Wong CY. Serotonin infusion in the SCN reduces casein
ingestion in rats. Physiol Behav. 1999;68(1-2):37-45. Epub 2000/01/08.

49.  Peters JC, Harper AE. Acute effects of dietary protein on food intake, tissue amino acids,
and brain serotonin. Am J Physiol. 1987;252(5 Pt 2):R902-14.

50. Faipoux R, Tome D, Gougis S, Darcel N, Fromentin G. Proteins activate satiety-related
neuronal pathways in the brainstem and hypothalamus of rats. J Nutr. 2008;138(6):1172-8.

51. Jean C, Rome S, Mathe V, Huneau JF, Aattouri N, Fromentin G, et al. Metabolic
evidence for adaptation to a high protein diet in rats. J Nutr. 2001;131(1):91-8.



52. Booth DA. Food intake compensation for increase or decrease in the protein content of
the diet. Behav Biol. 1974;12(1):31-40. Epub 1974/09/01.

53.  Azzout B, Chanez M, Bois-Joyeux B, Peret J. Gluconeogenesis from dihydroxyacetone
in rat hepatocytes during the shift from a low protein, high carbohydrate to a high protein,
carbohydrate-free diet. J Nutr. 1984;114(11):2167-78. Epub 1984/11/01.

54. L'Heureux-Bouron D, Tome D, Bensaid A, Morens C, Gaudichon C, Fromentin G. A
very high 70%-protein diet does not induce conditioned taste aversion in rats. J Nutr.
2004;134(6):1512-5. Epub 2004/06/03.

55.  Westerterp-Plantenga MS. Protein intake and energy balance. Regul Pept. 2008;149(1-
3):67-9.

56. Chevalier L, Bos C, Azzout-Marniche D, Fromentin G, Mosoni L, Hafnaoui N, et al.
Energy restriction only slightly influences protein metabolism in obese rats, whatever the level
of protein and its source in the diet. International journal of obesity (2005). 2013;37(2):263-71.
Epub 2012/02/22.

57.  Adechian S, Balage M, Remond D, Migne C, Quignard-Boulange A, Marset-Baglieri
A, et al. Protein feeding pattern, casein feeding, or milk-soluble protein feeding did not change
the evolution of body composition during a short-term weight loss program. Am J Physiol
Endocrinol Metab. 2012;303(8):E973-82. Epub 2012/08/17.

58. Schollenberger AE, Karschin J, Meile T, Kuper MA, Konigsrainer A, Bischoff SC.
Impact of protein supplementation after bariatric surgery: A randomized controlled double-
blind pilot study. Nutrition. 2016;32(2):186-92. Epub 2015/12/23.

59. Sacks FM, Bray GA, Carey VJ, Smith SR, Ryan DH, Anton SD, et al. Comparison of
weight-loss diets with different compositions of fat, protein, and carbohydrates. N Engl J Med.
2009;360(9):859-73. Epub 2009/02/28.

60.  Peret J, Chanez M, Cota J, Macaire 1. Effects of quantity and quality of dietary protein
and variation in certain enzyme activities on glucose metabolism in the rat. J Nutr.
1975;105(12):1525-34. Epub 1975/12/01.

61. Azzout-Marniche D, Gaudichon C, Blouet C, Bos C, Mathe V, Huneau JF, et al. Liver
glyconeogenesis: a pathway to cope with postprandial amino acid excess in high-protein fed
rats? Am J Physiol Regul Integr Comp Physiol. 2007;292(4):R1400-7.

62.  Rossetti L, Rothman DL, DeFronzo RA, Shulman GI. Effect of dietary protein on in
vivo insulin action and liver glycogen repletion. Am J Physiol. 1989;257(2 Pt 1):E212-9. Epub
1989/08/01.

63.  Veldhorst MA, Westerterp-Plantenga MS, Westerterp KR. Gluconeogenesis and energy
expenditure after a high-protein, carbohydrate-free diet. Am J Clin Nutr. 2009;90(3):519-26.
Epub 2009/07/31.

64.  Veldhorst MA, Westerterp KR, Westerterp-Plantenga MS. Gluconeogenesis and
protein-induced satiety. Br J Nutr. 2012;107(4):595-600. Epub 2011/07/20.

65. Fromentin C, Tome D, Nau F, Flet L, Luengo C, Azzout-Marniche D, et al. Dietary
proteins contribute little to glucose production, even under optimal gluconeogenic conditions
in healthy humans. Diabetes. 2013;62(5):1435-42. Epub 2013/01/01.

66.  Dulloo AG, Girardier L. Adaptive changes in energy expenditure during refeeding
following low-calorie intake: evidence for a specific metabolic component favoring fat storage.
Am J Clin Nutr. 1990;52(3):415-20.

67. Hegsted DM, Neff R. Efficiency of protein utilization in young rats at various levels of
intake. J Nutr. 1970;100(10):1173-9. Epub 1970/10/01.



68. Hartsook EW, Hershberger TV, Nee JC. Effects of dietary protein content and ratio of
fat to carbohydrate calories on energy metabolism and body composition of growing rats. J
Nutr. 1973;103(2):167-78. Epub 1973/02/01.

69.  Du F, Higginbotham DA, White BD. Food Intake, Energy Balance and Serum Leptin
Concentrations in Rats Fed Low-Protein Diets. J Nutr. 2000;130(3):514-21.

70. Blais A, Chaumontet C, Azzout-Marniche D, Piedcoq J, Fromentin G, Gaudichon C, et
al. Low-protein diet-induced hyperphagia and adiposity are modulated through interactions
involving thermoregulation, motor activity, and protein quality in mice. Am J Physiol
Endocrinol Metab. 2018;314(2):E139-E51. Epub 2017/11/16.

71. Beaton JR, Feleki V, Stevenson JA. Activity and Patterns of Rats Fed a Low-Protein
Diet and the Effects of Subsequent Food Deprivation. Can J Physiol Pharmacol. 1964;42:705-
18. Epub 1964/11/01.

72.  Zhao XQ, Jorgensen H, Gabert VM, Eggum BO. Energy metabolism and protein
balance in growing rats housed in 18 degree C or 28 degree C environments and fed different
levels of dietary protein. J Nutr. 1996;126(8):2036-43. Epub 1996/08/01.

73. Swick RW, Gribskov CL. The effect of dietary protein levels on diet-induced
thermogenesis in the rat. J Nutr. 1983;113(11):2289-94.

74.  Rothwell NJ, Stock MJ. Influence of carbohydrate and fat intake on diet-induced
thermogenesis and brown fat activity in rats fed low protein diets. J Nutr. 1987;117(10):1721-
6. Epub 1987/10/01.

75. Even PC, Bertin E, Gangnerau MN, Roseau S, Tome D, Portha B. Energy restriction
with protein restriction increases basal metabolism and meal-induced thermogenesis in rats.
Am J Physiol Regul Integr Comp Physiol. 2003;284(3):R751-9.

76. Specter SE, Hamilton JS, Stern JS, Horwitz BA. Chronic protein restriction does not
alter energetic efficiency or brown adipose tissue thermogenic capacity in genetically obese
(fa/fa) Zucker rats. J Nutr. 1995;125(8):2183-93. Epub 1995/08/01.

77.  White BD, Porter MH, Martin RJ. Protein selection, food intake, and body composition
in response to the amount of dietary protein. Physiol Behav. 2000;69(4-5):383-9. Epub
2000/07/29.

78. Chaumontet C, Azzout-Marniche D, Blais A, Piedcoq J, Tome D, Gaudichon C, et al.
Low protein and methionine, high starch diets increase energy intake and expenditure, increase
FGF21, decrease IGF-1, and has little effect on adiposity in mice. Am J Physiol Regul Integr
Comp Physiol. 2019. Epub 2019/02/09.

79.  Hrupka BJ, Lin Y, Gietzen DW, Rogers QR. Lysine deficiency alters diet selection
without depressing food intake in rats. J Nutr. 1999;129(2):424-30. Epub 1999/02/20.

80.  Cieslak DG, Benevenga NJ. The effect of amino acid excess on utilization by the rat of
the limiting amino acid--lysine. J Nutr. 1984;114(10):1863-70. Epub 1984/10/01.

81. Tanphaichitr V, Zaklama MS, Broquist HP. Dietary lysine and carnitine: relation to
growth and fatty livers in rats. J Nutr. 1976;106(1):111-7. Epub 1976/01/01.

82. Kishi K, Rikimaru K, Matsumoto Y, Shizuka F, Inoue G. Constancy of net protein
intake in rats on self-selection regimen with proteins of various qualities. The Japanese journal
of physiology. 1982;32(6):959-70. Epub 1982/01/01.

83.  Raubenheimer D, Simpson SJ. Integrative models of nutrient balancing: application to
insects and vertebrates. Nutr Res Rev. 1997;10(1):151-79. Epub 1997/01/01.
84. Raubenheimer D, Simpson SJ. Protein Leverage: Theoretical Foundations and Ten

Points of Clarification. Obesity (Silver Spring, Md. 2019;27(8):1225-38. Epub 2019/07/25.



85. Emmans GC. A model of the growth and feed intake of ad libitum fed animals,
particularly poultry. In: Hillyer GM, Whittemore CT, Gunn RG, editors. Computers in animal
production: Br. Soc. Anim. Prod. Occas.; 1981. p. 103-10.

86. Cordain L, Miller JB, Eaton SB, Mann N, Holt SH, Speth JD. Plant-animal subsistence
ratios and macronutrient energy estimations in worldwide hunter-gatherer diets. Am J Clin Nutr.
2000;71(3):682-92.

87. Simpson SJ, Batley R, Raubenheimer D. Geometric analysis of macronutrient intake in
humans: the power of protein? Appetite. 2003;41(2):123-40. Epub 2003/10/11.
88. Sorensen A, Mayntz D, Raubenheimer D, Simpson SJ. Protein-leverage in mice: the

geometry of macronutrient balancing and consequences for fat deposition. Obesity (Silver
Spring, Md. 2008;16(3):566-71.

89. Gosby AK, Conigrave AD, Lau NS, Iglesias MA, Hall RM, Jebb SA, et al. Testing
protein leverage in lean humans: a randomised controlled experimental study. PloS one.
2011;6(10):¢25929. Epub 2011/10/25.

90. Saner C, Tassoni D, Harcourt BE, Kao KT, Alexander EJ, McCallum Z, et al. Evidence
for Protein Leverage in Children and Adolescents with Obesity. Obesity (Silver Spring, Md.
2020;28(4):822-9. Epub 2020/03/08.

91.  Hall KD. The Potential Role of Protein Leverage in the US Obesity Epidemic. Obesity
(Silver Spring, Md. 2019;27(8):1222-4. Epub 2019/05/17.

92.  Martens EA, Lemmens SG, Westerterp-Plantenga MS. Protein leverage affects energy
intake of high-protein diets in humans. Am J Clin Nutr. 2013;97(1):86-93. Epub 2012/12/12.
93. Martens EA, Tan SY, Dunlop MV, Mattes RD, Westerterp-Plantenga MS. Protein
leverage effects of beef protein on energy intake in humans. Am J Clin Nutr. 2014;99(6):1397-
406. Epub 2014/04/25.

94, Bekelman TA, Santamaria-Ulloa C, Dufour DL, Marin-Arias L, Dengo AL. Using the
protein leverage hypothesis to understand socioeconomic variation in obesity. Am J Hum Biol.
2017;29(3). Epub 2017/01/26.

95. Martinez Steele E, Raubenheimer D, Simpson SJ, Baraldi LG, Monteiro CA. Ultra-
processed foods, protein leverage and energy intake in the USA. Public health nutrition.
2018;21(1):114-24. Epub 2017/10/17.

96. Gosby AK, Conigrave AD, Raubenheimer D, Simpson SJ. Protein leverage and energy
intake. Obes Rev. 2014;15(3):183-91. Epub 2014/03/05.

97. Simpson SJ, Raubenheimer D. The power of protein. Am J Clin Nutr. 2020;112(1):6-7.
Epub 2020/04/28.

98. Lieberman HR, Fulgoni VL, Agarwal S, Pasiakos SM, Berryman CE. Protein intake is
more stable than carbohydrate or fat intake across various US demographic groups and
international populations. Am J Clin Nutr. 2020;112(1):180-6. Epub 2020/04/17.



Figure 1: Representation of the "Protein leverage" concept

. Optimal level of protein intake (by energy)
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The figure derived from the model proposed by Simpson and Raubenheimer represents the level
of protein intake vs. the level of carbohydrate and lipid intake according to the protein content
of the diet, i.e. in this example 14% vs. 12.5% (n.b. the scales are not respected for more
visibility of the mechanism). If we consider a 14% protein level in the diet as optimum in
humans, the protein, carbohydrate and lipid intake levels that are established on this diet are
optimum (black point). If the level of protein intake is defended at the expense of the level of
carbohydrate and lipid intake, the decrease in the protein content of the diet from 14% to 12.5%
will force to consume more carbohydrates and lipids (~+14%) to maintain the optimal level of
protein intake (evolution from black point to grey point). If, on the contrary, energy regulation
predominates, the intake of carbohydrates, lipids and proteins will slide along the iso-energetic
slope, the total food intake will remain constant and the level of protein intake will decrease in
proportion to the decrease in protein content in the diet (evolution of the food intake from the
black point to the white point).



