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Purpose of review

To highlight the underexposed but important role of protein in

food intake and body weight regulation.

Recent findings

Protein plays a key role in food intake regulation through satiety

related to diet-induced thermogenesis. Protein also plays a key

role in body weight regulation through its effect on

thermogenesis and body composition. A high percentage of

energy from dietary protein limits body weight (re)gain through

its satiety and energy inefficiency related to the change in body

composition.

Summary

Protein is more satiating than carbohydrate and fat in the short

term, over 24 h and in the long term. Thermogenesis plays a

role in this satiety effect, but the role of satiety hormones still

needs to be elucidated. On the short-term ‘fast’ proteins are

more satiating than ‘slow’ proteins, and animal protein induces

a higher thermogenesis than vegetable protein. In the longer

term the higher postabsorptive satiety and thermogenesis are

sustained irrespective of the protein source. High-protein diets

affect body weight loss positively only under ad-libitum energy

intake conditions, implying also a decreased energy intake.

Body composition and metabolic profile are improved.

Additional protein consumption results in a significantly lower

body weight regain after weight loss, due to body composition,

satiety, thermogenesis, and energy inefficiency, while the

metabolic profile improves. Implications from these findings are:

for practice, recommendations for increasing the percentage of

energy from protein while reducing energy intake; for clinical

research, assessment of the paradox of increasing the

percentage energy from a highly satiating macronutrient; of the

potential roles of protein in a negative and positive energy

balance; assessment of possibilities of replacing dietary protein

by effective amino acids or peptides that may show a similar

impact on body weight regulation.
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Introduction
Since obesity, with its comorbidities such as the metabolic

syndrome and cardiovascular diseases, is one of the major

biomedical problems of the last few decades, efficient,

effective and satisfying treatments are necessary. The

system of body weight regulation, however, shows a high

degree of redundancy, that is when one pathway is

modulated, another one appears at least partly as a

compensator or replacer [1]. Therefore, it is of significance

to find a possible treatment that affects different short and

long-term mechanisms. We hypothesize that elevated

protein intake may serve this purpose because of its

contribution to storage of fat free mass [2], its low energy

efficiency during overfeeding [3,4], and its increased

satiety effect despite similar energy intake [5]. The ‘Stock

hypothesis’ states that during overfeeding a relatively

high percentage of energy as protein might have a limiting

effect on body weight gain in humans through an energy

inefficiency effect [3,4]. I suggest that this may also be

applicable during weight regain. The low energy effi-

ciency may be partly due to the composition of the body

mass regained; fat free mass makes the cost of energy

storage high [6]. The third part of the hypothesis is based

upon our observation of a sustained higher satiety over

24 h during a high-protein diet without significant

differences in energy intake [5], which may facilitate a

low energy intake during weight maintenance.

The first part of this review deals with the relationship

between the satiating and thermogenic effects of

protein. The second part highlights the effect of high-

protein diets on body weight loss. The third part deals

with a high-protein diet and the effect on maintenance

of body weight after weight loss.

Protein plays a key role in food intake
regulation through satiety and diet-induced
thermogenesis
Tuning energy intake to energy expenditure is realized

by interaction of a variety of factors that control the

actual food intake and meal pattern. Hunger, satiety and

sensory signals are the main regulatory factors of meal

size, meal frequency, and food selection.
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On considering different satiating efficacies of the

macronutrients protein, carbohydrate and fat, a hierarchy

has been reported with protein as themost satiating and fat

as the least satiating [5,7,8.–10.]. At the same time, a

priority is shown with respect to the magnitude of the rate

at which these macronutrients are metabolized [5,8.,10.].

A possible relationship between perception of satiety and

metabolic rate with different macronutrient compositions

was assessed in a controlled situation over 24 h in a

respiration chamber. The volunteers were fed to energy

balance andwere provided with an activity protocol, which

was the same on each day. They ingested predetermined,

identical amounts of energy and volume from similar foods

(with respect to organoleptic characteristics) at identical

times in a fully controlled situation: a high-protein/high-

carbohydrate diet (protein/carbohydrate/fat, percentage of

energy 30/60/10) and a high-fat diet (protein/carbohydrate/

fat, percentage of energy10/30/60). Throughout the day, in

between meals, satiety and fullness were significantly

higher on the high-protein/high-carbohydrate diet, than on

the high-fat diet, while hunger, appetite, desire to eat, and

estimated quantity to eat were significantly lower. Satiety

was not only higher in the postprandial state during the

high-protein/high-carbohydrate diet, it was also higher

during the high-protein/high-carbohydrate meals, and

hunger was lower compared with the high-fat meal.

Moreover, a higher Diet-induced Energy Expenditure

(DEE) was observed with a high-protein/high-carbohy-

drate diet compared with the DEE with a high-fat diet.

Satiety was positively related to 24 h DEE. The

theoretical basis of this relationship between satiety and

DEE may be that increased energy expenditure at rest

implies an increased oxygen consumption and an increase

in body temperature which may be translated into satiety

feelings [5]. This idea is derived from observations of

higher satiety scores under limited oxygen availability

conditions, as observed at high altitude [11] and in chronic

obstructive pulmonary disease patients [11].

Thus when volunteers, in this case, lean women, ingest

identical amounts of energy and volume in identical meal

patterns and similar meal compositions, a difference in the

satiety level due to a high-protein/high-carbohydrate diet

versus a high-fat diet was related to a difference in the 24 h

DEEcomponent of energy expenditure.Higher satiety on

a high-protein diet under similar energy intake conditions

was also shown in the longer term during a weight

maintenance/weight regain period [12,13]. This sup-

ported the improved weight maintenance in overweight

to moderately obese men and women who consumed 18%

of energy intake as protein after 7.5+2.0% body weight

loss over 4 weeks compared with their counterparts who

consumed 15% of energy intake as protein [12,13].

Observations like these may be partly dependent on the

source of protein, in that animal (pork meat) protein has

been shown to produce a 2% higher energy expenditure

than vegetable protein in soy [14]. Under longer term

conditions, however, a variety of sources of protein

intake are always present.

Also, in the short term, evidence for differences in short-

term satiety between protein from different sources, for

example whey and casein, has been presented. The

digestion and absorption of whey and casein differ in

that casein, unlike whey, coagulates in the stomach due

to its precipitation by gastric acid [15]. As a result, overall

gastric emptying time for casein appears to be longer and

a smaller postprandial increase in plasma amino acids was

observed compared with the noncoagulating whey

protein.

Postprandial satiety appeared to be larger after a whey

preload than after a casein preload, related to increased

concentrations of amino acids in the blood together with

stronger elevation of both cholecystokinin and glucagon-

like peptide-1 [9.,16].

In rats, protein was also shown to be more potent than

carbohydrate for reducing appetite, in a dose-dependent

manner. The animals were more satiated by protein when

the proportion was 35–50% than by carbohydrate. At least

1 day was necessary, however, before a significant

decrease in the energy intake following the protein loads

was observed; thus the animals had to learn the

postingestive effects of the loads before the response

stabilized. The authors conclude that the larger the

proportion of protein in the food, the larger the satiating

effect, but the quality of protein did not seem to play a

significant role [17 .]. The same group showed that a high-

protein diet enhances satiety without conditioned taste

aversion in the rat [18.]. Another effect of the high-protein

diet was related to macronutrient choice, in that Wistar

rats which were allowed to self-select macronutrients from

weaning to maturity chose a high-protein, high-lipid diet.

Moreover, insulinemia was lower in both male and female

self-selecting rats. The high-protein/high-fat diet chosen

by the self-selecting rats could be linked to the prevention

of age-related insulin resistance [19 .].

In conclusion, most of the papers show evidence for

protein being more satiating than carbohydrate and fat in

the short term, over 24 h and in the long term, which is

unlikely to be due to taste aversion. Thermogenesis

plays a role in the satiety effect, but the role of satiety

hormones still needs to be elucidated more clearly. Small

short-term postprandial differences were shown due to

the source of the protein – ‘fast’ proteins being more

satiating than ‘slow’ proteins, and animal protein

inducing a higher energy expenditure than vegetable

protein. In the longer term, however, the higher

postabsorptive satiety and thermogenesis were sus-
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tained, with high-protein diets consisting of a variety of

proteins from the usual different sources [5,12,13,20,21,

22..,23..].

Changes in body weight and body
composition during a high-protein diet for
weight loss
High-protein diets have been administered during weight

loss as well as during body weight regain. Skov et al. [20]
compared a high-protein diet with a control diet in order

to evaluate weight loss over 27 weeks when energy intake

is ad libitum. The effects of 25% versus 12% energy intake

from protein (25% protein, 45% carbohydrate, 30% fat

versus 12% protein, 58% carbohydrate, 30% fat) on

weight loss in obese subjects (body mass index = 30) was

examined. It was found that weight loss (8.9 versus

5.1 kg) and fat loss (7.6 versus 4.3 kg) were significantly

higher in the high-protein group due to a lower energy

intake (5.0 versus 6.2 MJ/day); P50.05. Also, Dumesnil et
al. [21] found a favourable effect of a high-protein diet on

body weight during ad libitum feeding. The low-glycemic

index/low-fat/high-protein diet resulted in a spontaneous

decrease in energy intake of 25% compared with a high-

carbohydrate/low-fat diet (8.8 versus 11.7 MJ/day) in the

ad-libitum situation, and the metabolic profile had

considerably improved. Body weight loss was 2.3 kg over

6 days compared with no weight loss on the high-

carbohydrate diet. In comparison with an iso-energetic

high-carbohydrate diet, however, there was no significant

difference in body weight loss [21]. Laymen et al. [22..]

found an improved body composition due to a reduced

ratio of dietary carbohydrate to protein and improved

blood lipid profiles during weight loss in adult women.

Weight loss on the high-protein diet, however, was not

different from the control group, probably due to lack of

difference in energy intake [22 ..].

In a 6-month randomized trial comparing the effects of a

very low carbohydrate diet and a calorie-restricted low-

fat diet on body weight and cardiovascular risk factors in

healthy women [23 ..], it appeared that the very low

carbohydrate diet group lost more weight (8.5 versus

3.9 kg; P50.001) and more body fat (4.8 versus 2.0 kg;

P50.01) than the low-fat group. On closer inspection of

the data, the low-carbohydrate group increased the

percentage energy from protein from 16% to 28%, while

the low-fat group increased this percentage from 15% to

18%. I suggest that the greater body weight loss may be

due to the high-protein component in that diet. Also the

lean body mass was reduced relatively less and the fat

mass relatively more on the low-carbohydrate/high-

protein diet [23 ..]. Taken together, body weight loss

on a high-protein diet appears to be greater under ad-

libitum energy intake conditions, leading to decreased

energy intake [20,23 ..], suggesting that in addition to

metabolic effects of protein on body weight loss, energy

intake plays a role. Under iso-energetical conditions no

statistically significant difference in body weight loss was

shown between the high-protein and the high-carbohy-

drate diet. Most studies showed an improved body

composition and metabolic profile on a high-protein diet.

Changes in body weight and body
composition during a high-protein diet for
weight maintenance
Until now, only two studies have reported observations

on maintenance of body weight with a high-protein diet

after body weight loss. It was shown that overweight to

moderately obese men and women who consumed 18%

of energy intake as protein regained less weight (1 kg)

during the 3 months after 7.5+2.0% body weight loss

over 4 weeks compared with their counterparts who

consumed 15% of energy intake as protein and regained

2 kg. The result was not due to possible differences in

dietary restraint or in physical activity between the high-

protein and the control group, indicating a metabolic

effect of protein [12,13]. Body composition of the body

mass regained was more favorable in the additional-

protein group, that is there was no regain of fat mass but

only of fat free mass, resulting in a lower percentage of

body fat. A similar result was found after 6 months of

weight maintenance [13]. Leptin concentrations from

fasting blood samples increased significantly slower

during weight regain in the additional-protein group,

and only in the control group was the increase in leptin

related to the increase in fat mass. Moreover, metabolic

risk characteristics were reduced in the additional-

protein group [12]. Energy efficiency (kg body mass

regain/energy intake) was significantly lower in the

additional-protein group. The observation with respect

to energy efficiency during weight regain is comparable

to the ‘Stock hypothesis’ described for weight gain [3,4].

Satiety was higher on the high-protein diet, while there

was no indication for a difference in energy intake [12].

Taken together, evidence for our combination hypoth-

esis for weight maintenance was shown in that increased

protein intake sustained weight maintenance by (1)

favoring regain of fat free mass at the cost of fat mass at a

similar physical activity level, (2) reducing the energy

efficiency with respect to the body mass regained, and

(3) increasing satiety [2–5].

Thus the studies on weight maintenance after weight

loss show that additional protein consumption resulted in

a significantly lower body weight regain, only consisting

of fat free mass, related to increased satiety and

decreased energy efficiency. In addition, an improve-

ment in the metabolic profile was shown.

Conclusion
The role of protein in body weight regulation in

comparison to other macronutrients, especially in com-
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parison to carbohydrate, consists of different aspects,

including satiety, thermogenesis, energy efficiency and

body composition. These aspects are partly related to

each other.

First of all, protein appears to increase satiety and

therefore sustains reduced energy-intake diets, prefer-

ably under ad-libitum conditions. Under such conditions

in energy balance as well as in a negative energy balance,

protein appears to reduce energy intake. The highly

satiating effect of protein has been observed postpran-

dially as well as postabsorptively. Postprandially the type

and source of protein may be of importance, but

postabsorptively the satiating effect is still present with

varying types and sources. The background of the

satiating effect still needs to be further elucidated.

Thermogenesis as well as satiety hormones appear to

play a role.

Second, high-protein diets appear to imply high thermo-

genesis, with satiety being related to this. Animal protein

showed a higher thermogenesis than vegetable protein.

In the longer term this high thermogenesis contributes

to the low energy efficiency of protein.

Third, under conditions of body weight regain (while

aiming for weight maintenance), a high-protein diet

shows reduced energy efficiency related to a different

body composition of the body weight regained in favor

of fat free mass.

Fourth, during body weight loss, as well as during weight

regain, a high-protein diet preserves or increases fat free

mass and reduces fat mass, as well as improving the

metabolic profile.
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