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ABSTRACT 1 

Background and Objectives: Birthweight differences between kwashiorkor and marasmus 2 

suggest that intrauterine factors influence the development of these syndromes of malnutrition 3 

and may modulate risk of obesity through dietary intake.  We tested the hypotheses that the 4 

target protein intake in adulthood is associated with birthweight, and that protein leveraging to 5 

maintain this target protein intake would influence energy intake (EI) and body weight in adult 6 

survivors of malnutrition.  7 

Methodology: Sixty-three adult survivors of marasmus and kwashiorkor could freely compose a 8 

diet from foods containing 10, 15 and 25 percentage energy from protein (PEP; phase 1) for 3 9 

days. Participants were then randomized in phase 2 (5 days) to diets with PEP fixed at 10%, 15% 10 

or 25%.  11 

Results:  Self-selected PEP was similar in both groups. In the groups combined, selected PEP was 12 

14.7, which differed significantly (P<0.0001) from the null expectation (16.7%) of no selection. 13 

Self-selected PEP was inversely related to birthweight, the effect disappearing after adjusting for 14 

sex and current body weight. In phase 2, PEP correlated inversely with EI (P = 0.002) and 15 

weight change from phase 1 to 2 (P = 0.002). Protein intake increased with increasing PEP, but 16 

to a lesser extent than energy increased with decreasing PEP.  17 

Conclusions and implications:  Macronutrient intakes were not independently related to birth 18 

weight or diagnosis. In a free-choice situation (phase 1), subjects selected a dietary PEP 19 

significantly lower than random. Lower PEP diets induce increased energy and decreased protein 20 

intake, and are associated with weight gain. 21 

22 
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INTRODUCTION 23 

There is epidemiological and experimental evidence that developmental influences (maternal 24 

nutrition, fetal growth, birth size and postnatal nutrition) may modify appetite control and thus 25 

the risk of obesity later in life (1, 2).  In animals and humans, birthweight, a marker of in utero 26 

developmental experience, is associated with macronutrient selection and intake, as well as 27 

physical activity, later in life (3, 4, 5, 6, 7, 8, 9). Specifically, offspring who are small for genetic 28 

potential have increased caloric intake, decreased physical activity and a tendency to obesity and 29 

its comorbidities.  Exposure to undernutrition in utero as well as in early postnatal life has an 30 

especially potent combined developmental influence (10, 11, 12).  31 

Children who experience severe undernutrition develop one of two distinct clinical 32 

syndromes - oedematous (kwashiorkor and marasmic-kwashiorkor) or non-oedematous 33 

(marasmus). We have proposed that those who experienced poor intrauterine nutrition and were 34 

born small are more likely to develop the marasmus syndrome when exposed to sustained 35 

undernutrition (13, 14). Marasmic children are better able to sustain supplies of amino acids and 36 

lipid to maintain metabolic integrity during acute illness (13, 14), and are probably more 37 

susceptible to obesity later in life if exposed to a high-energy environment. On the other hand, 38 

children with a developmental history of adequate intrauterine nutrition and normal birthweight 39 

develop kwashiorkor when exposed to undernutrition in childhood. When acutely malnourished 40 

such children fail to sustain amino acid and lipid supply to their metabolic machinery and thus 41 

suffer impaired synthesis of protein and peptides and an energy shortage (15, 16, 17). This 42 

metabolic pattern may confer a lower risk of obesity later in life in a high energy environment 43 

than the marasmic phenotype. 44 
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 Whereas all three macronutrients exert some influence on total energy intake, protein is 45 

the most satiating and tightly regulated (18, 19, 20, 21).  Because protein appetite control is 46 

stronger than that for either fat or carbohydrate, when faced with unbalanced diets with different 47 

percentage of energy derived from protein (PEP) humans respond by prioritizing the absolute 48 

intake of protein towards a ‘target’ level at the expense of over-ingesting (on low PEP diets) or 49 

under-ingesting (on high PEP diets) fats and carbohydrate – an effect that has been called 50 

‘protein leverage’ (19, 22, 23). According to the Protein Leverage Hypothesis (PLH), the strong 51 

regulation of protein intake contributes to the obesity epidemic during nutrition transition when 52 

PEP is diluted by cheap, widely available fat and carbohydrate (19, 22, 23, 24, 25). A corollary 53 

of protein leverage is that individuals with a high protein target will be more susceptible to 54 

energy over-consumption and thus obesity than individuals with a low protein target, because for 55 

a given degree of dietary protein dilution meeting a higher protein target will necessitate a 56 

greater over-consumption of fat and carbohydrate (22, 25).  57 

We hypothesized that the protein target is related to severe acute malnutrition phenotype 58 

(SAM) and birthweight in survivors of SAM. In addition, we hypothesized that the magnitude of 59 

the change in total energy intake that occurs with a change in percent dietary protein energy 60 

(protein leveraging), to maintain protein intakes at protein target levels would be influenced by 61 

in utero and postnatal developmental experiences and thus to birthweight and SAM phenotype.  62 

  63 

METHODS 64 

 Study Participants. On the basis of the study by Gosby et al (18), using a test at the 5% level and 65 

an estimated sample size of 20 participants per protein group, we have 80% power to detect a 66 

difference in the daily energy consumption of 150 kcal.  67 
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Inclusion criteria were, males and females, aged 17 - 50 years and BMI 18- 41 kg.m2. 68 

Participants were excluded from the study if they were diabetic, hypertensive, pregnant, or 69 

currently taking appetite altering medication. In total, 63 participants agreed to participate and 70 

were recruited between June 2009 and June 2012 (see Figure 3 Supplemental data). Subjects 71 

provided written informed consent.  The study was approved by the Faculty of Medical Sciences 72 

Ethics Committee, University of the West Indies. All participants completed the 9-day study 73 

period by June 2012 and were included in the final analysis.  74 

Study subjects were recruited from among individuals who had experienced SAM in 75 

childhood and who had been rehabilitated on the metabolic ward of the Tropical Metabolism 76 

Research Unit (TMRU), University of the West Indies, Kingston, Jamaica. We reviewed the 77 

admission records for 1336 patients who had been admitted with SAM between 1963 and 1993.  78 

These patients were referred from clinics all over Jamaica as TMRU is the only dedicated 79 

nutritional rehabilitation center on the island. For each patient we extracted from the records 80 

clinical (age, gender, presence of oedema), anthropometric (weight and length at admission), and 81 

survival data as well as recalled birth weight.  Birthweights were recalled by the mother at the 82 

time of admission.  This has been shown to be highly correlated with recorded birth weight (26). 83 

During hospital admission 27 males and 20 females died (4.1%).  Survival was not associated 84 

with birthweight, nor did the difference between birthweights of patients with marasmus and 85 

kwashiorkor differ according to whether they died during hospital admission or not (27). Using 86 

the last known address and name of the parent, we traced 729 individuals in the community. Of 87 

these, 312 were available for recruitment, and a further 163 were unavailable to the study as a 88 

result of refusal (14), migration (53), illness (18), pregnancy (3) or death (75). The remaining 89 

688 members of the cohort have not been traced.  90 
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Study design 91 

All subjects were seen in single-sex pairs and stayed in a dedicated metabolic suite for 9 92 

consecutive days. Subjects arrived for the assigned study period with a completed 3-day food 93 

diary, for which they were asked to record their intake on two week days and on a week-end day. 94 

Participants were weighed daily.  95 

Measurements were conducted in two phases. During phase 1 (days 1 to 3- choice 96 

experiment) they ate freely at each meal-time from menus comprising  a combination of foods 97 

containing different percentages of energy as protein (PEP), set at 10%, 15% or 25% (26).  The 98 

aim of this phase was to establish the pattern of macronutrient selection in a situation where 99 

subjects could freely compose a diet by combining foods varying from 10% to 25% PEP. During 100 

phase 2 (days 4 to 8), pairs were randomly allocated to one of three groups each of which 101 

received menus comprised only of foods that contained 10%, 15% or 25% PEP (10%; n = 22, 102 

15%; n = 20 or 25%; n= 21).  In this phase, we aimed to test the extent to which PEP leveraged 103 

the intake of non-protein energy when subjects were confined to diets with PEP ranging from 104 

relatively low level (10%) to high (25%) PEP.  Participants were taken for a 1-hour supervised 105 

walk each day at 4 pm.   106 

Study Diet. Before the experiment started each individual was randomized to a PEP diet (10, 15 107 

or 25%) by a statistician who was blinded to diagnosis and nutritional status. For each 9 day trial 108 

(comprising phase 1 and phase 2), two individuals (1 marasmus; 1 kwashiorkor) were selected 109 

from those previously allocated to each of the diet treatment lists, so that 2 individuals (1 110 

marasmus; 1 kwashiorkor) participated in each 9 day repeat of the experiment. These persons 111 

were then contacted, informed about the objectives, methods, risks and benefits of the study and 112 

invited to participate. This pattern was repeated throughout the duration of the trial.  113 
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The design, manipulation and taste testing of the foods used are presented in detail 114 

elsewhere (28).  Briefly, thirty-one local recipes of 10 sweet and 21 savoury foods were selected. 115 

Each was modified into three recipes containing 10, 15 or 25% energy as protein through the 116 

addition of food ingredients, a protein mix and/or maltodextrin (Ross Nutrition). Carbohydrate 117 

was adjusted to be 60, 55 or 45% energy and dietary fat was kept constant at 30%.  Energy 118 

density (kJ/g) was held similar among the 10%, 15% and 25% PEP versions of each dish/recipe, 119 

but could differ among the different types of dishes.  Once designed, the PEP versions of each 120 

food/recipe were taste tested for the ability to determine the protein concentration of any dish 121 

due to appearance, smell or texture as well as for pleasantness (28). If taste testers were able to 122 

detect any difference, the recipes were adjusted while maintaining their assigned macronutrient 123 

content and retested until no difference was detected.    124 

Up to 11 foods were provided on each day during the 8-day period, giving participants 125 

both variety and choice at all times (see Table 1 supplemental data). During the first three days 126 

(phase 1), three menu items along with fruit, tea and vegetable salad were offered at breakfast, 127 

lunch and dinner to all the participants. These three menu items at each of these meal times 128 

included foods containing 10, 15 or 25 PEP.  If all three menu items were eaten equally (i.e. no 129 

discrimination), this would provide a diet with 16.7 PEP, whereas disproportionate intake of the 130 

10, 15 or 25 PEP foods would result in selected diet of lower or higher PEP, respectively. From 131 

days 4 to 8 (phase 2), these same daily food types were repeated every three days but the foods 132 

all contained 10 PEP in one group, 15 PEP in the second group and 25 PEP in the third group.   133 

Breakfast was provided at 8 am, lunch at 12:30 pm and dinner at 6 pm. During both 134 

phases snack items shown in table 1 were made freely available at all times. Participants had free 135 

access to any baked products that were first served at a meal and not completely consumed at 136 
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that meal.  The foods were served in weighed quantities in tared containers. Plates were of a 137 

single design and neutral (white) color. The same size, style and color plates were used for the 138 

10, 15 and 25 PEP version of each food.  Participants were offered optional foods including 100g 139 

fruit salad, and decaffeinated tea (8 ozs) sweetened with a fixed amount (22g) of brown sugar 140 

with breakfast, and 100g vegetable salad with lunch and dinner.  141 

 142 

Assessment of energy and macronutrient intake. The primary outcome measures were energy and 143 

macronutrient intake. The amount eaten was determined by weighing to the nearest gram using 144 

an electronic balance (OHAUS Corporation, Pine Brook New Jersey) each food item before 145 

consumption, then weighing any of the item that was not eaten. A three-day food diary 146 

completed prior to the 9 day test period was analysed for total energy, protein, carbohydrate and 147 

fat content  using the NUTRITIONIST Five (version 2.3, 2000, First Data Bank, San Bruno, CA) 148 

software.  149 

 150 

Body weight measurements. A secondary outcome measure was body weight. The weight of the 151 

subjects without shoes and in light clothing was measured daily to the nearest 0.1 kg using a 152 

Seca balance (Vogel & Halke, Hamburg).  Height was measured to the nearest 0.1 cm using a 153 

stadiometer (Invicta, London,UK). Weight gain was calculated from day 1 to 4 in phase 1 and 154 

from day 4 to 8 in phase 2.  155 

 156 

Statistical Analysis.   157 

Macronutrient intake in phase 1 was used to compare the protein target of the M and K groups.  158 

We tested for protein leveraging by comparing energy intake in phase 2 between the 10, 15 and 159 
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25 PEP treatment groups, rather than comparing for each subject intake in phase 1 (target intake) 160 

with intake in phase 2 (intake of fixed PEP). The reason for this is that the two phases of the 161 

experiment inevitably differed in important respects over-and-above the experimental 162 

manipulation (macronutrient selection vs. no-choice, respectively), that were not possible to 163 

control. For example, the initial novelty for subjects of being provided with free access to diverse 164 

foods in phase 1 would no longer apply in phase 2. Further, subjects entered phase 2 having 165 

spent the prior three days eating experimental diets ad-libitum whereas they had eaten their usual 166 

diets in the days prior to entering into phase 1. Of particular note, is the observation that subjects 167 

ate more during the first phase of the experiment compared with intake prior to the study, and 168 

gained weight (see Results), suggesting that they might not have been in metabolic equilibrium 169 

at the point of entering the study, although neither can we rule out the possibility that increased 170 

intakes were caused by a novelty effect. We used multiple linear regression analysis to study 171 

how the protein target and protein leveraging were associated with sex, birthweight, SAM 172 

phenotype and SAM admission measurements, current age, weight and height and the protein 173 

energy ratio of the diet in phase 2.  Sex, current age and weight were included in each model. 174 

Adjustment was done for the effect of clustering. To compare the PEP of the selected diet in 175 

phase 1 with a null value of 16.7 (equal intakes of 10, 15 and 25 PEP foods), for each subject 176 

observed PEP was subtracted from 16.7 and the difference variable tested against 0 using a one-177 

sample t-test.  178 

 179 

 180 

 181 

 182 
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RESULTS 183 

Design and subject characteristics.   184 

Table 1 shows subjects’ anthropometry measurements both as infants at admission with SAM 185 

and at the start of the feeding trial when they were adults.  Survivors of kwashiorkor were 186 

heavier at birth than survivors of marasmus (mean difference = 665g, 95% confidence interval 187 

(CI) 252 to 1078, p=0.002). There was no significant difference in height, weight or BMI 188 

between the adult survivors of kwashiorkor and marasmus (p > 0.1). 189 

 190 

Pre- study habitual diet 191 

The PEP of the pre-study habitual diet was estimated to be 15  3.1. Across all the participants, 192 

reported energy intake was 1904 884 kcal/day (31  16 kcal/kg/day).  Mean energy and protein 193 

intake in males was 1976 ± 881 kcal/day and 74 ± 36 g/day respectively; whereas mean energy 194 

and protein intake in females was 1874 ± 906 kcal/day and 71 ± 37 g/day. 195 

 196 

Phase 1: Choice experiment. The average energy intake by the participants during the study was 197 

2727.93 ± 13.24 kcal/ day and 43.64 ± 13.24 kcal/day/kg which was higher than their habitual 198 

intake (p <0.0010). Energy derived from protein for all subjects was 402 ± 114 kcal/ day and 6.4 199 

±1.9 kcal/day/ kg. Men consumed significantly more absolute protein and protein per kg body 200 

weight expressed as protein energy (468  126 kcal/day, 7.3  2.1 kcal/day/kg) than women (337 201 

 102 kcal/day, 5.6  1.7 kcal/day/kg).  Multiple regression analysis indicated that protein intake 202 

was 120 kcal/day higher in men than women (95% CI 65 to 174, p < 0.001) and 2.3 kcal/day 203 

greater per kg of weight (0.1 to 4.4, p=0.04), but was not further associated with subjects’ current 204 

age or anthropometry (height, body mass index, all p values > 0.19).  Protein intake was not 205 
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significantly greater in kwashiorkor survivors than in marasmus survivors (15 kcal/day, -41 to 206 

71, p = 0.60) nor was there a significant difference with birth weight (-39 to 41, p=0.97) between 207 

these groups. In achieving their higher protein target men consumed more total energy (Table 4), 208 

but the PEP did not differ from females (men: 14.66  0.86 and women 14.85 0.78).  The latter 209 

was not different from the habitual PEP for the males (14.75  2.3) and females (15.1.  3.6), but 210 

did differ significantly from the null value of 16.7, whether sexes were combined or tested 211 

separately (p<0.0001; Figure 1). The higher total energy intake in males was associated with 212 

higher current body weight, but was not associated with age, other measures of anthropometry 213 

(height, BMI) (not shown), the SAM phenotype, or the subsequent diet allocation (see Figure 2). 214 

Bivariate analysis shows a significant effect of birth weight on PEP; PEP in the diets consumed 215 

by participants fell by 0.36% per kg birthweight (0.04 to 0.69, p=0.03); the effect was lost after 216 

controlling for age, sex and weight (Table 3). Further adjustment for clustering did not 217 

significantly change these outcomes.  218 

Weight change:   Mean weight gain in the participants was 0.37 ± 1.02 kg/day (Figure 2). Table 219 

2 shows mean energy intake and weight change in phase 1 according to sex and SAM phenotype. 220 

Table 3 shows the results of regression models for weight change.  Mean weight change was 221 

1.05kg higher in men than women, but was not related to age, anthropometry, SAM phenotype, 222 

birth weight or subsequent diet allocation.  As expected, weight change was strongly associated 223 

with energy intake; with every 1000 kcal extra consumed per day during this 3 day period 224 

predicting an increase in weight of 0.66kg (95% CI 0.39 to 0.94, p<0.001). Similar values 225 

applied to men and women, and in survivors of marasmus and kwashiorkor.  Adjustment for 226 

energy intake reduced the difference in mean weight gain between men and women from 1.05kg 227 

to 0.40kg (-0.03 to 0.84, p=0.07). 228 
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Phase 2: No choice experiment 229 

Table 2 (Supplemental data) shows the allocation of the 63 subjects to the study diets with PEP 230 

of 10, 15 or 25% according to sex and SAM phenotype.  231 

Energy intake: Table 2 shows total energy intake in phase 2 according to sex and SAM 232 

phenotype. The regression models (Table 3) show that energy intake was higher in men than 233 

women and increased with current body weight, but was not associated with age, other measures 234 

of anthropometry (not shown), SAM phenotype or birth weight.  Importantly, there was a strong 235 

association with allocated diet (p for gradient across the three groups=0.002 see Figure 2) where 236 

total energy intake was inversely related to percent dietary protein. The gradient was similar in 237 

men and women, and in survivors of marasmus and kwashiorkor (p for interaction = 0.6 in both 238 

cases). 239 

Weight change:  Table 2 shows weight change in phase 2 according to sex and SAM phenotype.  240 

Table 3 shows the results of regression models for weight change.  Weight change was not 241 

associated with age, sex, weight, other measures of anthropometry, SAM phenotype or 242 

birthweight.  There was a strong association with allocated diet (p for gradient across the three 243 

groups=0.002, see Figure 2).  The gradient was similar in men and women, and in survivors of 244 

marasmus and kwashiorkor (p for interaction = 0.8 and 0.5 respectively).  However weight 245 

change was strongly linked to energy intake.  Every 1000 extra kcal consumed per day during 246 

phase 2 was associated with an increase in weight of 0.70kg in men (0.36 to 1.03, p<0.001) and 247 

of 0.74kg in women (0.45 to 1.04, p<0.001).  Furthermore, the gradient across the allocated diet 248 

groups was removed by controlling for energy intake (after adjustment, p for gradient across the 249 

three groups=0.3). Further adjustment for clustering did not significantly change these outcomes.  250 

 251 
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DISCUSSION 252 

 253 

Phase 1 254 

We expected birthweight and the significant differences in birthweight with childhood SAM 255 

syndrome (M & K) to influence primarily protein and, via protein leveraging, energy intake on 256 

PEP-imbalanced diet in adult survivors of SAM.  Although there was a significant difference in 257 

birthweight between diagnostic groups, there was no independent significant effect of childhood 258 

diagnosis of SAM (M & K) or birthweight on intake of protein and total energy, suggesting no 259 

effect on appetite control and satiety regulation in the participants.  260 

Survivors of kwashiorkor were heavier at birth than survivors of marasmus (mean 261 

difference = 665g). This difference is greater than shown by Forrester et al (2012), possibly 262 

because the present study (n = 63) is a small subset of the larger study group (n = 1336) and 263 

there is some overlap in birthweight between diagnoses as has been shown in the previous study. 264 

Bivariate analysis showed a significant effect of birthweight on PEP, but the effect was lost after 265 

controlling for age, sex and weight. This could be because the effect of birthweight is acting more 266 

strongly through its interaction with sex and body weight, because both sex and body weight 267 

were significantly related to protein intake and these are associated with birthweight.  268 

In the free-choice stage of our experiment (phase 1), men gained weight whereas the 269 

women lost weight during the same period. This may be attributed to the males consuming 270 

significantly more energy during the study (3156 ± 757 kcal/day) compared to their habitual 271 

intake (1976 ± 881 kcal/day ). The  women also consumed more energy but to a lesser extent 272 

(1874 ± 906 vs 2271 ± 689 kcal/day). This difference in intake and weight gain might also reflect 273 

different psychology affecting appetite and body image between the sexes.   274 
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Overall, based on the differences between intake and weight before and after the study, 275 

the question arises as to whether amounts of protein eaten during this phase of the experiment 276 

represent the normal protein target in a steady state. The protein target might be expected to be 277 

close to the normal protein requirement, but the intake in this phase (1.8 g/kg/day) is about twice 278 

the protein requirement in adults cited by the WHO (0.83 g/kg/day). On the other hand, recent 279 

evidence suggests that human protein requirements have been significantly under-estimated, with 280 

the true population safe intake for adult men being 1.2 g/kg/day (29). A recent analysis of 281 

compiled data from published experiments on human macronutrient regulation suggests that this 282 

is very close to the regulated protein intakes of subjects on a diet of 15% PEP (21). Significantly, 283 

PEP of 15 is similar to the diet of 14.76 ± 0.82 selected during free-choice in the present study, 284 

and to the habitual diets of the subjects in our study. It thus seems likely that the absolute protein 285 

intakes observed in phase 1 of our study are close to expected regulated intakes for a diet of 286 

approximately 15 PEP, and not greatly in excess of requirements. 287 

 The effect of birthweight on food and macronutrient intake has been shown in a number 288 

of studies. Two epidemiological studies in a cohort exposed to the Dutch famine during gestation 289 

observed that such an exposure was associated with an increased intake of fat in later life (6, 7). 290 

In a more recent study of participants in the Helsinki birth cohort, it was reported that small size 291 

at birth was associated with lower intake of carbohydrates and higher intake of fats (8). 292 

However, in that study a stronger association was observed between ponderal index at birth than 293 

between birthweight and adult life macronutrient intake. Moreover, in both the Dutch famine 294 

studies (6, 7) and the Helsinki birth cohort study (8) the habitual fat intake of the study 295 

population was much greater (34 E% and 36 E%) and carbohydrate intake much lower (44 E%) 296 

compared with our study. In addition, it has been proposed that aging may alter food intake and 297 
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food preferences, which could explain different findings between our study in which the age 298 

range was 17-56 years and the other studies which involved older adults. The lack of an effect of 299 

birthweight on intake in the present study could be related to metabolic differences associated 300 

with exposure to SAM as well as and social factors influencing intake and nutritional status. 301 

 302 

Phase 2 303 

In this phase of the study, we hypothesized that protein leveraging would be influenced by 304 

birthweight and SAM type. We expected to demonstrate protein leverage by an increase in 305 

energy intake as PEP decreases in order to satisfy the target protein as determined in phase 1.  306 

Similar to phase 1, energy intake was influenced by sex and weight but not by SAM phenotype 307 

or birthweight and we therefore combined the entire sample for analysis. A limitation is that at 308 

the start of phase 1, the participants might not have been in a stable metabolic state as seen from 309 

the difference in dietary intake prior to the study and the weight gain during the study.  This is a 310 

confounder that limits the testing of our hypothesis using phase 1 target intake as the reference 311 

against which to compare leveraged energy intakes in phase 2. We could, nonetheless, test for 312 

protein leverage by comparing energy intakes between dietary treatments within phase 2.   313 

 As predicted, energy intake was inversely proportional to dietary PEP, rising 314 

progressively as PEP fell from 25% to 10%. This finding is in agreement with a meta-analysis of 315 

38 ad libitum dietary trials which also reported a strong negative relationship between energy 316 

intake and percent dietary protein, most notably across the range from 10 to 25% protein (19).  In 317 

the present study, there was also an increase in weight of 0.72 kg for every 1000 kcal/day 318 

increase in energy consumed. This result supports the hypothesis that a nutritional environment 319 

which encourages dilution of dietary protein with fat and/or carbohydrate can promote increased 320 
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total energy intake and thus increase the risk of developing obesity. Many sources of such 321 

dilution exist in environments undergoing nutritional transition, where fat and carbohydrate are 322 

cheaper than protein (30); there is an increased reliance on processed foods which are often 323 

higher in fat and refined carbohydrate than unprocessed foods (24). 324 

 Gosby et al (18) also tested the PLH using macro-nutritionally disguised diets as in the 325 

present study, and found that lowering the percent protein of the diet from 15% to 10% resulted 326 

in higher total energy intake. They suggested that increased energy intake was not sufficient to 327 

maintain protein intake constant, indicating that protein leverage was incomplete.  In contrast to 328 

our study, Gosby et al (18) found that increasing protein from 15% to 25% did not alter energy 329 

intake. Differences in the design between the present study and that of Gosby et al. (18) were the 330 

number of subjects (n = 63 compared with n = 22), characteristics of the subjects (exposure vs no 331 

exposure to childhood malnutrition) and duration of the non-choice experimental periods (1 332 

period for 5 d compared with 3 non-consecutive periods for 4 d). Another recent study using 333 

non-disguised diets found reduced energy intake on 25% protein diet but no evidence of 334 

increased energy intake on a very low (5%) protein diet (31). At very low levels such as with 5% 335 

PEP, which is approximately equivalent to protein levels in white bread and lower than 336 

habitually eaten by any human society with food sufficiency, there can be reduced appetite in 337 

association with severe deficiencies in protein.    338 

In addition to total energy intake, PEP had a significant positive effect on protein intake, 339 

albeit to a lesser extent than PEP influenced energy intake, as previously observed by Gosby et 340 

al. (18) and in a secondary analysis of published trials from the literature (21). This pattern 341 

reflects the fact that the intake of non-protein energy is regulated to some extent (i.e. 342 

compensation for low non-protein energy on high PEP diets results in over-consumption of 343 
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protein), but is outweighed by stronger regulation of protein intake (21). In light of the evidence 344 

linking high protein intakes with poor metabolic health  (32, 33), this has significant implications 345 

for high-protein weight loss diets, and considered together with the excess energy intake 346 

observed on low PEP diets underscores the importance of dietary macronutrient balance (21) 347 

  348 

Limitations 349 

A potential limitation of this study is that subjects selected a higher total energy intake in phase 1 350 

compared with reported habitual energy intakes, and we cannot thus be certain of the extent to 351 

which this represented chronic energy shortage in their normal environment or the novelty of the 352 

experimental environment.  This does not, however, affect our demonstration of protein leverage 353 

in phase 2, which was indicated by the negative relationship between energy intakes and diets 354 

with fixed PEP of 10, 15 or 25%. Plausibly, it could however be relevant to the question of 355 

whether our experiment demonstrated bidirectional protein leverage (i.e. effective on diets both 356 

with higher and lower PEP than the target PEP), or unidirectional (i.e. only on high or low PEP 357 

diets). For example, if the observed self-selected PEP in phase 1 (14.7%) is representative of 358 

habitual PEP, then our results suggest bi-directional protein leverage, because in phase 2 subjects 359 

on 10% and 25% PEP diets ate more and less energy, respectively, than 15% PEP diets. 360 

However, if the selected PEP in phase 1 was an artefact due to subjects having entered the 361 

experiment in a state of metabolic imbalance, then the experiment might only have provided 362 

evidence for uni-directional leverage. If, for example, the true target PEP was 25%, then we 363 

would need to have included a treatment with PEP higher than 25% to conclude that protein 364 

leverage was effective on diets with surplus P, and if the true target PEP was 10% we would 365 

need to test diets with PEP <10% to demonstrate leverage on low-P diets. However, it seems 366 
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highly likely that the PEP of the selected diet (14.7%) was not affected by the prior 367 

circumstances of subjects, given that it did not differ significantly from the PEP of the reported 368 

habitual diet. Further, globally there are very few human societies with food sufficiency that eat 369 

a diet outside of the 10 – 25% PEP range. Another limitation is that body weight was measured 370 

by 3 persons, one of whom was not blinded to the dietary allocations or patient diagnosis. 371 

However training and certification in all measurements was provided at the start of the study, and 372 

inter observer reliability was assessed every four months.  373 

 374 

Conclusions 375 

There was no independent significant effect of childhood diagnosis of SAM (M & K) on the intake of 376 

protein and total energy, suggesting no effect on appetite control and satiety regulation in the participants. 377 

However low birthweight was associated with higher protein targeting, although the effect of birthweight 378 

may be mediated through body weight.  The inverse relationship between EI and PEP in phase 2 379 

demonstrates protein leverage, while the increase in protein intake with increasing PEP suggests 380 

that the strength of protein regulation did not entirely override regulation of carbohydrate and fat 381 

intake. Our results are strongly suggestive of bi-directional protein leverage – i.e. increased 382 

energy intake on diets with low PEP relative to the target as well as decreased energy intake on 383 

diets with high PEP relative to the target.  384 

It would be interesting to explore whether protein target varies across population with different 385 

intergenerational nutritional plane is a key question whose answer would illuminate obesity 386 

epidemics in population before and during the nutritional transition. However, as food insecurity 387 

might have a strong effect on appetite, it will be important to design experiments that assure 388 

metabolic stability while protein and protein leverage are being assessed. Similarly, the impact of 389 



19 
 

intrauterine nutritional exposures free of postnatal malnutrition needs to be elucidated; this has 390 

relevance to prematurity and intrauterine growth retardation especially a more complete 391 

understanding of the impact of feed composition on appetite later in life. 392 
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