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Covert manipulation of dietary fat and energy density:
effect on substrate flux and food intake in men eating
ad Iibitum13

R James Stubbs, Christopher G Harbron, Peter R Murgatrovd, and Andrew M Prentice

ABSTRACT This study assessed whether human food intake

is regulated by negative feedback, directly or indirectly, from

carbohydrate stores (glycogenostatic model). Six men were studied

on three occasions during 7 d of whole-body indirect calorimetry,

throughout which they had ad libitum access to one of three

covertly manipulated diets: low fat (20% of energy as fat, 67% of

energy as carbohydrate, and 13% of energy as protein; 4.80 kJ/g;

LF), medium fat (40% of energy as fat, 47% of energy as carbo-

hydrate, and 13% of energy as protein; 5.59 kJ/g; MF), on high fat

(60% of energy as fat, 27% of energy as carbohydrate, and 13% of

energy as protein; 7.04 kJ/g; HF). Energy intakes increased with

percent fat (F192 601 36.7; P < 0.001), producing average daily

balances of - 0.27, 0.77, and 2.58 Mi/d during the LF, MF, and

HF diets, respectively. Changes in carbohydrate stores were atten-

uated by autonegulatory changes in carbohydrate oxidation. Car-

bohydrate balance showed a negative relation to the subsequent

day’s energy balance � = 2.696; P = 0.0082) but explained only

5.5% of the variance. The relation for fat was positive (t = 5.245;

P < 0.()001), accounting for 19.9% of the variance (stepwise

regression). LF, lower-energy diets are more satiating than are

HF-higher-energy diets, but carbohydrate stores pen se did not

entirely account for the change that diet composition had on

energy intake. This study suggests that protein and carbohydrate

have potential to reduce subsequent energy intake whereas there

was no apparent reductive effect due to fat. A�n J Clin Nutr

1995;62:3i6-29.
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INTRODUCTION

Many workers have recently concluded that intenindividual

differences in the capacity to dispose of an excess energy

intake by adaptive thermogenesis are not primarily responsible

for differences in body-weight regulation, on for the increased

prevalence of obesity in Western society (1). Four recent

human overfeeding studies that measured the components of

energy balance found no experimental support for the concept

of adaptive thenmogenesis (2-5). Therefore, major changes in

energy balance are likely to be primarily due to differences in

the regulation of energy intake (6-8), together with alterations

in physical activity. The composition of the diet may be im-

pontant in influencing regulation of energy intake (7). The data

derived from diet-survey studies suggest a positive correlation

between energy intakes and body mass index (BMI, on wt/ht2)

(9, 10). Some studies suggest a correlation between dietary fat

intakes and percent body fat (9-15). Other studies have dem-

onstnated a nelation between reduced dietary fat intake and

reduced energy intake (16-19). The importance of dietary

macronutnients in bringing about different energy intakes has

been highlighted by several laboratory-based studies in hu-

mans. Most commonly, high-fat, high-energy density (HF-HE)

diets have been found to bring about hypenphagia relative to

low-fat, lower-energy density (LF-LE) diets (13, 17, 20-23).

To explain these phenomena, Flatt (7, 24) proposed an

elegant model of energy balance regulation. The model views

body-weight regulation as a dynamic equilibrium between diet

composition [represented by the food quotient (FQ)], the com-

position of the fuel mix being oxidized [represented by the

respiratory quotient (RQ)] and stoned, and the amount of en-

engy ingested. Flatt emphasizes that the body’s capacity to

store carbohydrate is approximately equal to the amount that is

oxidized pen day, whereas the storage capacity for fat is fan

greaten than that oxidized pen day. Although carbohydrate

oxidation is highly responsive to intake (25-27), the same is

not necessarily true for fat. On a mixed diet, excess energy in

the form of fat tends to promote fat storage, and this may

predispose people to obesity (25, 28). However, this can only

be so if macnonutnients have different effects on food intake.

In support of the glycogenostatic model for the regulation of

energy balance, Flatt observed a significant negative connela-

tion between a given day’s carbohydrate balance and the

change in the subsequent day’s energy intake in ad libitum

feeding of mice. The correlations between the previous day’s

fat and energy balance and change in food intake relative to the

previous day’s intake were significant and negative, but the

slope for carbohydnate was steepen (7, 24). Flatt argued that

these correlations amount to causation and are consistent with
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the concept of carbohydrate stores (ie, glycogen) acting as a

major lever that feeds back to influence day-to-day food intake

in rodents and in humans, although Flatt (personal communi-

cation, 1994) suspects that the time period for feedback to

occur in humans may be > 24 h. He suggested that, over time,

people tend to eat to maintain a given range of glycogen stores

and because HF diets displace carbohydrate as a proportion of

dietary energy, HF diets will promote hyperphagia.

Studies that have demonstrated a relative hyperphagia in

humans feeding on HF diets all give circumstantial support to

the concept of a glycogenostatic mechanism driving energy

intake (13, 20-23). However, none have mechanistically ex-

amined whether carbohydrate balance has a large negative

feedback effect on subsequent energy intake. It is not justified

to assume that people are eating to maintain a given range of

carbohydrate stones on some habitual level of intake (and hence

oxidation) simply on the basis of the hypenphagia observed on

HF diets. This is particularly the case in view ofthe fact that the

balance of some macronutrients (protein and carbohydrate) is

more tightly regulated than fat. To fully examine the glyco-

genostatic hypothesis, it is suggested here that measured

changes in macronutnient balances should be carried out in

relation to changes in energy balance.

Recent work (29) aimed at testing the above hypothesis has

suggested that manipulating carbohydrate stones by 153 ± 42

g relative to a control diet (2.45 ± 0.67 Mi) (absolute = - 47

compared with 106, respectively), while controlling energy

balance, did not affect the ad libitum energy intake of nine men

on a subsequent day relative to the control diet. Instead, can-

bohydnate balance was reestablished by directing more carbo-

hydrate toward storage, and maintaining high rates of fat oxi-

dation throughout the ad libitum day. This study questioned the

notion that carbohydrate balance exerts a negative feedback

effect on the subsequent day’s energy intake.

The present study was designed to examine the effects of

increasing dietary fat and energy density on the ad libitum

feeding behavior and substrate balance of six men during 7 d of

continuous whole-body indirect calorimetry. This allowed an

examination of the patterns of feeding behavior in relation to

covert changes in diet composition. Thus, it was possible to

assess whether, under the experimental conditions imposed,

subjects regulated energy intake by monitoring energy balance,

carbohydrate balance, fat balance, on none of these variables. It

was also possible to determine the strength of potential nega-

tive feedback from nutnient balance onto subsequent energy

balance.

SUBJECTS AND METHODS

Subjects and experimental protocol

Six healthy male volunteers with a mean (± SD) age of 41.8

± 10.63 y, weight of75.1 ± 4.18 kg, and height of 1.76 ± 0.02

m were recruited by advertisement. They were normal-weight,

nondepnessed, nontrained, healthy men who were not taking

any medication. They were given a medical examination before

beginning the study. The men were not informed of the true

purpose of the study, but were told that the study objective was

to examine the repeatability of substrate oxidation and storage

measurements in subjects eating identical diets ad libitum. The

study was approved by the Dunn Nutrition Unit Ethical Com-

mittee and subjects gave written consent.

Each subject was studied three times in 9-d experiments that

involved 170 h (7 d) of whole-body indirect calorimetry. This

long period in a relatively confined space was made possible by

the large respiration chamber, which allowed subjects to com-

fortably tolerate their experimental environment for long pen-

ods. Such considerations are important when ad libitum food

intake is being measured. The chamber is described in detail

elsewhere (30, 31).

On days 1 and 2 (the equilibration period) subjects were fed

a diet designed to match maintenance energy requirements,

estimated at 1.4 X basal metabolic rate (BMR). This may have

led to a slight underestimate of requirements in this group

because all were moderately active men whose likely free-

living energy expenditure would be closer to 1.6 X BMR.

Indeed, a couple of subjects reported feeling quite hungry

during these 2 d. Nevertheless, the dietary protocol was stan-

dardized for all subjects. The diet used in the equilibration

period comprised 47% of energy as carbohydrate, 40% as fat,

and 13% as protein, served in three isoenergetic meals. This

composition was identical to the medium-fat (MF) diet of this

experiment (Table 1). On day 3 of the protocol, subjects

entered the calorimeter at 0800, having previously emptied

their bladders. During the next 7 d in the calorimeter, they had

access to one of the three covertly manipulated diets described

in Table I . The macronutnient composition of each item of the

diet, the actual recipes, and the details of the 3-d notating menu

can be obtained by contacting the corresponding author.

Dietary energy density increased with percent fat. These diets

were referred to as LF (20% of energy as fat), MF (40% of

energy as fat), and HF (60% of energy as fat). The order of

diets was randomized among subjects.

Diets

Diets were fed as a 3-d rotating menu in which every item

was of the same composition but not of the same energy

density. This was done to better approximate, within each

dietary treatment, the situation encountered in real life. In the

calorimeter, food was brought to each subject on request. Food

was served within three meal-choice periods: 0800-1130

(breakfast), 1 130-1730 (lunch), and 1 730-2230 (supper).

Within this loose framework subjects determined their own

meal times. If the meal request was within 30 mm of

changeover time, then the next meal could be given. Subjects

could forego or request repeats of meals and eat as much on as

little of each as they wished. The diets were presented to the

subjects in excess, in the form of large casserole dishes that

TABLE 1
Macronutrient composition and energy density of the three manipulated

diets’

Low fat Medium fat High fat

Fat (% of energy) 19.97 ± 0.002 38.97 ± 0.27 58.70 ± 0.32

Carbohydrate

(% of energy) 67.00 ± 0.28 48.61 ± 0.50 29.39 ± 0.06

Protein (% of energy) 13.33 ± 0.22 12.51 ± 0.34 1 1.96 ± 1.02

Energy density (kJ/g) 4.80 ± 0.48 5.60 ± 0.58 70.40 ± 0.72

‘5 ± SEM; n = IS.
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typically contained 1.0 kg food. All food items were homoge-

neous and of a known composition, which was calculated from

food tables (32), and were presented in separate containers.

This allowed each item to be weighed before and after the meal

to the nearest 1 g. The energy content of each item of the diets

was checked by bomb calorimetry (Autobomb CBA-301 Se-

nies; Gallenkamp, Sussex, UK), which agreed with the food

tables to 1-2%. The subjects entirely determined the time,

frequency, and quantity of all meals and snacks by ordering

food on an intercom system. In this way, the size, frequency,

and composition of every meal was continuously monitored.

All subjects began on day 2 of the 3-d notating menu.

The daily routine followed by the subjects was as follows.

Subjects rose at 0800 and had 30 mm to prepare for the day

(wash, shave, dress, etc). Lights were turned off at 2300, with

30 mm to prepare for bed beforehand. Subjects cycled at 24.5

W for 30 mm from 1000 to 1030 and 1600 to 1630, to increase

the level of exercise to a level more similar to that encountered

during a relatively sedentary routine outside of the calorimeter.

Urine samples were collected every 3 h for Kjeldahl nitrogen

analysis.

In addition to the use of energy intake as an index of satiety,

a visual analogue rating form was completed by subjects every

hour, on the hour, to assess rated hunger, appetite, and fullness

and 15 mm after each meal to assess the palatability of the

food. These questionnaires followed the methodology of Blun-

dell (33) and Hill and Blundell (34).

Indirect calorimetry

Oxygen consumption and carbon dioxide production were

estimated by using the rapid-response calculations of Brown et

al (35). Energy expenditure was calculated from Weir’s equa-

tion (36). Substrate oxidation rates were calculated from oxy-

gen and carbon dioxide exchanges and urinary nitrogen excre-

tion by using the values of Livesey and Elia (37) for volumes

of oxygen consumed per oxidized gram of protein, fat, and

carbohydrate and the associated RQs. The calorimeter and its

general running were described elsewhere (30, 31). The gas

analyzers were calibrated before every run. The precision and

accuracy of the calorimeters were periodically checked by

using controlled infusions of pure 80% N2 and 20% CO2 and

were typically ± 0.09, ± 0.04 and ± 0.008 kJ/min over 0.5-,

1- and 24-h periods, respectively. The analytical precision of

30-mm measurements is ± 0.266 g for fat, 0.500 g for carbo-

hydrate, and 0.405 g for protein (38). The corresponding error

values over 24 h would be 9.5 g/d for fat (0.37 Mi) and 20 g/d

(0.32 Mi) for carbohydrate oxidation. If a subject were to

expend 9.6 MJ/d in the proportions assumed above, this would

produce an error of ± 8.5% of the true value for fat and

± 7.4% for carbohydrate. The estimates of errors for energy

expenditure are much lower, 1-2% (33, 38-40). The major

source of calorimetric error originates from calibration of cal-

onimeter ventilation rate, linearity of the carbon dioxide ana-

lyzers, and the composition of the carbon dioxide calibration

gas. These remained unchanged throughout the course of the

study and the same calorimeter was used for all runs. Addi-

tional errors may anise from the choice of calorimetric coeffi-

cients and the use of average gross-to-metabolizable conven-

sion factors. Thus, whereas errors in the calculation of substrate

balance plots may not be insignificant they would have been

primarily systematic and would have had little impact on the

relative comparison across diets.

Statistics

Analysis of variance was conducted on the intakes, oxida-

tions, and balances of energy, fat, carbohydrate, and protein for

the individual 24-h results from each subject by using the

GENSTAT 5 statistical program (Rothampstead Experimental

Station, Harpenden, UK). The analysis treated menu day, diet,

and subject as independent variables and the intake, oxidation,

and balance of energy, fat, carbohydrate, and protein as depen-

dent variables. In this context “subject” refers to interindividual

variation in response. Regression analysis was conducted on

individual 24-h results. Energy intake (dependent variable) was

regressed against the previous day’s balance of fat, carbohy-

drate, and protein.

Covert manipulation

The 3-d rotating menu was designed so that there would be

three versions of each dish, which corresponded to the three

macnonutrient manipulations. The success of the covert manip-

ulation was then tested by presenting the three versions at once

to members of the Dunn Clinical Nutrition Centre staff. They

were then told that one of the three was LF, MF, on HF and

asked to evaluate which was which. It was sometimes possible

to discern (‘�‘30% of occasions) under these conditions that the

HF diet seemed higher in fat. All diets were served to volun-

teers � 1 wk apart, and so a direct comparison by subjects was

never possible. None of the volunteers were aware that the

diets had been systematically manipulated. This was confirmed

by a poststudy interview with each volunteer. During the

course of the study, three volunteers made occasional com-

ments about the apparent freshness or lightness of an individual

dish, which was different for each subject. One volunteer

(subject 4) commented that his chicken and rice stew was more

greasy on one occasion (this was indeed a high-fat version).

They were asked about this after their study or studies. None of

these volunteers had ascribed these differences to the macro-

nutrient on energy contents of the diet. The covent manipulation

of the macronutnient content and energy density of the diets

appeared to be completely successful.

RESULTS

Intakes

Table 2 gives the mean 24-h intakes of energy and macro-

nutrients for the six subjects on the 7 d of each diet. Figure 1

shows that the weight of food eaten on each diet was virtually

identical and accumulated at a constant rate over time. The

mean daily food intakes were 2.10, 2.05, and 2.00 kg/d on the

LF, MF, and HF diets, respectively. Subjects differed from

each other significantly in the amount of food eaten (F15 � =

27.13; P < 0.001). This effect was therefore also apparent for

energy and macronutnients.

The simultaneous manipulation of the energy density and fat

content of the diet, inherent in the study design, led to a highly

significant response in energy intake (F12 601 = 43.36; P <

0.001) producing mean daily intakes of 9.03, 10.22, and 12.36

MJ/d on the LF, MF, and HF diets, respectively. There was a

significant day effect of the 3-d rotating menu on energy intake

Downloaded from https://academic.oup.com/ajcn/article-abstract/62/2/316/4651347
by Washington University, Law School Library user
on 23 May 2018



MACRONUTRIENT BALANCE AND APPETITE 319

0 r�1 C - O� - C 0 (F16 #{244}�] 3.75; P < 0.003). This was almost entirely due to a�-c� r�sr�
.�

� C C C C C © � N
C) e’�,a larger intake on day 3 of the menu relative to either of the other

+1 +1 +1 +1 +1 +1 +1 +1
Q� �1. �C 00 00 � - - N � 2 d (F11 601 15.82; P < 0.001). Because the composition of

-------= each diet was fixed, this day effect was appanent for each of the

macnonutnients and will not be discussed further. Mean energy
2cm m�nr�: N

� N ‘�1’ r”� N N � N - intake, on each diet increased cumulatively at a constant nate
.� �

�.., r�: (Figure 1), but the slope was different for each dietary manip-
.= +1 +1 +1 +1 +1 +1 +1 +1
C

.E “ � rn N � In t-. N N ulation. Within each dietary treatment, however, the rate ofrn �C � � ‘fl r� �_c�

�2 -� #{176}�r� rn r’� �1’ m m r’� cumulative energy intake was virtually constant. Because of
� this and because the macronutnient composition of each diet
C
�c ,n c� � � � �C � N was constant, the intake of each individual macnonutnient in-

� creased cumulatively at a constant rate for each diet. The� +1 +1 +1 +1 +1 +1 +1 +1LL,
o� o� C� 00 r- C� ‘i� �C �
N � C� In - N - N difference in rates between diets was greater for fat than for
� � �d � C� �d r- r-: carbohydrate (Figure 2), because the absolute difference in

Q� C� ‘ 00 tI’� 00 � - dietary energy from fat varied by threefold whereas the abso-
00 v� O� N 00 � ‘C �

>� � -� � � � - � � C� lute difference in energy derived from carbohydrate only varied
+1 +1 +1 +1 +1 +1 +1 +1 ‘1:

�) �c by twofold.
C

Lu �‘1: ,n 20� N �fl \� - ru� � Dietary treatment produced a very large effect on fat intake,

which averaged 1.86, 3.91, and 7.26 MJ/d on the LF, MF, and

z � � � � � � � HF diets, respectively (F12 � = 499; � < 0.001). This was due
© � © © � © � � - to both a graded increase in the amount of fat on the differentC.��

0� C� 00 N �C In C’ rn �C � diets and also to a graded increase in energy intake as the fat
content increased. Intensubject variation in response to the diets
was significant (F1106�1 2.55; P < 0.012), and subjects

5) � � - \C N ‘��) ‘�1’ tended to treat each diet differently for the same day of the�
�C � � � � � � C � �C menu (F112�)] 2.10; P 0.03). Indeed, diet-day and diet-
>�

.C +1 +1 +1 +1 +1 +1 +1 +1 .,�:

.� 00 fl � C’ Q� r- � N 0’S subject interactions were significant for intake, oxidation, and0 � c� r- � � oc
� (� .�: ,,; ,i: � � � �i: .� balances of energy and all macronutnients.

� Carbohydrate intake was not tightly regulated. Mean daily
C NN I�r-NNN
�. �r N r� N r’: N m - carbohydrate intakes were significantly different at 5.96, 4.92,

m and 3.62 MJ/d on the LF, MF, and HF diets, respectively
� +1 +1 +1 +1 +1 +1 +1 +1-.

t Sn 00 00 � 00 Sfl = N (F12 � 102.35; P < 0.001). Because protein was a fixed
� - C� r- - © r-�-a m �r r�s r’� � � m e’� proportion of the energy content of the diet, the variance in

.C
5)
a intake also followed the same trends as for energy. Thus,
5)

C � 00 N O\ � 00 N‘� >, -; � � � � � � � (n dietary manipulation produced a mean protein intake of 1.24,
�D 5) +1 +1 +1 +1 +1 +1 +1 +1 “Si 1.36, and 1.47 MJ/d on the LF, MF, and HF diets, respectively
N � � � - C-. tfl In N N

(F12,6�1 = 12.40; P < 0.001).
5) Lu �1. �C ru� C� r� ‘n © N�

Q\ © © � C C C C
.� The relation between the energy density of the food and the

� Sn N m �c C 0� Lfl m energy intakes of the subjects was examined by expressing the�0 CCCCCC
C C C C C C C C � average energy density of the three diets relative to the LF diet,

45 .�t 5)
.�, � +1 +1 +1 +1 +1 +1 +1 +1 � having taken account of the proportion in which the different
.� � Q\ �C �C C� �0 00 e’� �

Q ru� � r�i N� r�i foods were typically eaten. This gave ratios of 1.00, 1.14, and
.� 1.43 for the LF, MF, and HF diets, respectively. These ratios

.� � - Sf5 r- sn C C� r’� r- were then compared with the ratios of energy intakes on each
.� c�
� .� d � d � d � � � = diet, relative to the energy intake on the LF diet, to assess

.� .� +1 +1 +1 +1 +1 +1 +1 +1 � whether any compensation for the energy-density difference� 2 C N 00 0’ �“5 N r- �c
N�-Nmr�,C�,

�C � � ,� � � tr� � � (n sn during the three diets occurred. This gave ratios of 1.00, 1.13,�
C � and 1.37 for the LF, MF, and HF diets, respectively. Subjects
0 �I- C
U N 00 ‘-s C o� st� ti� r- si� had an energy intake that was almost directly proportional to
Cs CNC’-’-’CC
E � d � � � � � � � the energy density of the diet. Only during the HF diet was the

�0 � � +1 +1 +1 +1 +1 +1 rr; relative energy intake actually lower and only by some 5%.
C
a�
�0 N

5)
C

� N C C� Sn m � in Energy expenditure and substrate oxidation
� � � � N 1-’-m N

� � � � - � � � � � 0� Table 3 gives the mean 24-h energy expenditure and ma-
.� � +1 +1 +1 +1 +1 +1 +1 +1 �.� 00 N �‘ ‘n ‘n N � (�5 ‘0 cronutrtent oxidation rates for the six subjects during the 7 d of00 00 �fl N �C � N ©
.- r.: o� o� c� o� C� od o� � each diet. The main factor influencing energy expenditure was

4 1.0 intenindividual variation in metabolic body size (F15 #{244}t)I=
:�el N

� �O LU � +1 295.83 P < 0.001). Energy expenditure increased slightly as
� � - N r’� �t ‘n �C N �,, �
.,t� > +1 E-� � subjects overfed themselves with increasing fat content of the
� < diet (F126�1 = 48.79; P < 0.001). Mean daily energy expen-

Downloaded from https://academic.oup.com/ajcn/article-abstract/62/2/316/4651347
by Washington University, Law School Library user
on 23 May 2018



-0-- LF

-0-’ MF

-‘O’- HF
HF

MF

LF

320 STUBBS ET AL

100

90

80

70

:� 60

9

.�

.� 50

U. 40

30

20

10

0

Time (d) Time (d)

FIGURE 1. Mean (± SEM) cumulative food (kg wet wt) and energy intakes for the six men during the three dietary treatments: LF, low-fat diet; MF,

medium-fat diet; HF, high-fat diet.
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FIGURE 2. Mean (± SEM) cumulative carbohydrate and fat intakes for six men during the three dietary treatments: LF, low-fat diet; MF, medium-fat

diet; HF, high-fat diet.

ditune was 9.32, 9.43, and 9.77 MJ/d on the LF, MF, and HF

diets, respectively.

As fat intake increased (and carbohydrate intake correspond-

ingly decreased), when subjects switched from the LF to the

HF diet, fat oxidation increased (F12 bOJ = 693.18; P < 0.001).

Mean values were 2.72, 3.52, and 5.02 MJ/d on the LF, MF,

and HF diets, respectively. This is illustrated in Figure 3,

which shows the mean (± SEM) cumulative 24-h fat and

carbohydrate oxidation for the group on each of the diets. Fat

oxidation progressively decreased from days 1 to 7 of the study

on all diets (Table 3). This can be related to the increase in

glycogen stores and changes in carbohydrate metabolism that

occurred on each diet between days 1 and 7.
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An increase in the carbohydrate content of the diet increased

the rate of carbohydrate intake and hence oxidation (Figure 3),

giving values of 5.34, 4.56, and 3.47 MJ/d on the LF, MF, and

HF diets, respectively (Table 3). This effect was independent of

the amount of energy ingested. Carbohydrate oxidation pro-

gressively increased from days 1 to 7 of the study on all diets.

The increased carbohydrate oxidation and progressive suppres-

sion of fat oxidation on all three diets was probably due to the

interactions between the amounts of energy and macronutrients

ingested on the three diets. The continually high carbohydrate

intakes on the LF diet would probably have saturated canbo-

hydrate stores and led to increased oxidative disposal of car-

bohydrate, thus suppressing fat oxidation. This can be seen
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from the cumulative plots of carbohydrate oxidation (Figure 3)

and balance (Figure 4). During the HF diet, the high energy

intakes would have also led to an elevation of carbohydrate

stores, increased oxidative disposal of carbohydrate, and pro-

gressively suppressed fat oxidation. This was less pronounced

because of the smaller increase in carbohydrate stones on this

diet. The extent to which this effect occurred appears not to

have been influenced by energy balance, but primarily by

carbohydrate balance. This must be the case because the same

patterns occurred on all diets, but to an increasing degree as the

carbohydrate intake increased. These trends in substrate oxi-

dation may have also been enhanced by the fact that subjects

were probably in a mild degree of negative enengy balance on

the equilibration diet. Thus, at the beginning of the study rates

of fat oxidation would have been high. As subjects fed ad

libitum and carbohydrate stores increased, these relatively high

rates of fat oxidation would have been suppressed.

Protein oxidation was not significantly affected by diet. The

average daily protein oxidation rates were 1.26, 1.33, and 1.29

MJ/d on the LF, MF, and HF diets, respectively. However,

subjects differed significantly from one another in their protein

oxidation rates (F15�11 = 19.25; P < 0.001). Much of this

variation is probably due to differences in metabolic body size,

because dividing the 24-h protein oxidation by the 24-h energy

expenditure produced ratios of0.13, 0.13, 0.12, 0.16, 0A3, and

0.13 for subjects 1-6, respectively. The high ratio for subject 4

was due to the large amounts of protein (and energy) he

ingested and so oxidized.

Table 4 gives the mean 24-h energy and macronutnient

balances for the six men on the 7 d of each diet. Energy

expenditure was virtually constant from days 1 to 7 on each

diet, differing by 0.4 MJ/d between the LF and HF diets.

Energy intake increased with increasing percent fat and energy

density of the diet. Energy balance was therefore profoundly

affected by increasing dietary energy density in the form of fat.

Mean daily energy balance was - 0.27, 0.77, and 2.58 MJ/d on

the LF, MF, and HF diets, respectively (F12 � = 36.7; P <

0.001). Figure 5 illustrates how the dietary manipulation led to

a dramatic response in cumulative energy balance. Whereas all

subjects showed a relative hyperphagia in relation to increased

fat and energy contents of the diet, their absolute values for

energy balance varied considerably (F15 6(11 = 1 1.08; P <

0.001).

Fat balance (Figure 4) increased markedly with increased fat

and energy contents of the diet (F12 � = 176.59; P < 0.001).

The fat balances of the subjects differed markedly from each

other as a result of the three diets � = 34.43; P < 0.001).

Mean cumulative carbohydrate balance (Figure 4) decreased

[2�)l 3.78; P = 0.028) in response to decreased carbohy-

drate ingestion when subjects switched from the LF to the HF

diet. Average daily carbohydrate balance was 0.62, 0.35, and

0.15 MJ/d on the LF, MF, and HF diets, respectively. Interest-

ingly, the cumulative balance plots for carbohydrate given in

Figure 4 show a curvilinear trajectory. Intake accumulated at a

constant rate. This shows that for the group, carbohydrate

oxidation increased oven the first 4 d of the study, and was

maintained at a new, elevated level.

Protein balance was tightly regulated over the course of the

study and across dietary treatments, although there was a slight

tendency for protein balance to increase in parallel with the

positive energy balance during the HF diet. Analysis of van-
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FIGURE 3. Mean (± SEM) cumulative carbohydrate and fat oxidation for six men during the three dietary treatments: LF, low-fat diet; MF, medium-fat

diet; HF, high-fat diet.

10

5

3 4 5 6 7 2 3 4 5 6 7

2424

22

20

18

16

14

�. 12I �

-4

-6

-8

-10 . ‘ ‘ , , ,
0 1 2 3 4 5 6 7

Time (day.)

HF

MF

LF

Time (days)

322

FIGURE 4. Mean (± SEM) cumulative carbohydrate and fat balances for the six men during the three dietary treatments: LF, low-fat diet; MF,

medium-fat diet; HF, high-fat diet.
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ance of the 7-d cumulative energy balance showed large dif-

ferences between the three diets (F1, 11J = 80.51; P < 0.001),

with mean cumulative energy balances of - I .89 Mi for the LF

diet, 5.36 Mi for the MF diet, and 18.07 MJ for the HF diet;

SE = 1.13 Mi.

An analysis of variance of the cumulative carbohydrate

balance over the 7 d showed a significant difference between

diets (F1, 101 7.28; P = 0.01 1), with mean cumulative

carbohydrate balances of 4.32, 2.44, and 1.07 MJ (SE = 0.55)

for the LF, MF, and HF diets, respectively. Thus, the LF and

MF diets produced balances significantly different from zero,

whereas the cumulative balance for the HF diet was not sig-

nificant. Likewise, the cumulative balances for only the LF and

HF diets were significantly different from each other (z’10 =

3.81; P = 0.003). Thus, here was an unusual situation in which

a dietary manipulation had produced an inverse relation be-

tween carbohydrate balance and energy balance. Large positive

carbohydrate balances were found under conditions of slight

negative energy balance.

Body weights

There was a modest, graded increase in body weight of 0.2,

0.5, and 0.9 kg by day 7 on the LF, MF, and HF diets,

respectively. The LF diet induced an increase in weight of

nearly 0.5 kg by day 3, which decreased to a steady 0.2 kg after

day 4. This trend parallels the trend in cumulative carbohydrate

balance itself that occurred on each diet. Thus, subjects gained

0.2 kg on average, despite a slight negative energy balance.
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FIGURE 5. Mean (± SEM) cumulative energy balance for six men

during the three dietary treatments: LF, low-fat diet; MF, medium-fat diet;

HF, high-fat diet.

This gain in body weight is consistent with the water that is

retained in association with carbohydrate storage.

Subjective sensations of hunger, fullness, appetite,

pleasantness, and satisfaction of food

Mean subjective hunger was not affected by dietary treat-

ment, although there were diet-time interactions for rated hun-

ger (F[30, 1637] 1.87; P = 0.003). The mean value for each

diet was 27 (pooled SEM = 0.6). The greatest influence on

rated hunger was time (F[15, 16371 = 75.29; P < 0.001). Sub-

jective hunger was elevated at three main time points in the day

corresponding to the three main meal times at which subjects

most frequently requested food. These times were 0800-0900,

1200-1300, and 1800-1900. Another major source of variation

was the way in which subjects individually completed the

questionnaires. Subject-diet interactions were also significant

(P < 0.001) for each of the questions answered and shall not be

discussed further.

Diet significantly influenced rated fullness (F12, t673l =

11.41; P < 0.001). The mean rated fullness was 56, 56, and 60

mm for the LF, MF, and HF diets, respectively (pooled SEM =

0.6 mm). Time was also a major factor influencing rated

fullness (F[15, 16731 66.34; P < 0.001).

Dietary manipulation had a significant effect on desire to eat

(F[2, 16731 = 5.02; P = 0.007). The mean values for rated desire

to eat by diet were 24, 24, and 26 mm on the LF, MF, and HF

diets, respectively (pooled SEM = 0.5 mm). Time influenced

desire to eat in the same manner as did hunger (F115 16731 =

71.31; P < 0.001).

Although rated hunger did not show significant differences

across diets, the HF diet produced an elevated subjective sen-

sation of the desire to eat (F[2, 16731 2.74; P 0.008). The

mean values for dietary treatment were 28, 27, and 29 mm for

the LF, MF, and HF diets, respectively (jooled SEM = 05

0)

�0

-C
0)
Co
a)‘4-
0

-C

N

0)

-C

00

C

C
�0

�0
C)
0)

-�

C

0)
-C

4-

C
0)

C
C
0
C)

Co

C
Co

011

a)
C
0)

0
“C
0)
C)
C
Co

Co
.0
-C

� N

�

LU

00

+1

‘��

MACRONUTRIENT BALANCE AND APPETITE 323

Downloaded from https://academic.oup.com/ajcn/article-abstract/62/2/316/4651347
by Washington University, Law School Library user
on 23 May 2018



324 STUBBS ET AL

mm). These effects were, however, very small and may have

been quantitatively unimportant.

Diet also had significant effects on the subjectively rated

urge to eat (F12, 16731 10.87; P < 0.001). The mean values by

diet were 21, 22, and 24 mm on the LF, MF, and HF diets,

respectively (pooled SEM = 0.5 mm). Thoughts of food were

not influenced by diet but, as might be expected, were influ-

enced by time of day. Diet significantly affected rated pleas-

antness (F12 2671 12.71; P < 0.01). The mean rated pleas-

antness by diet was 81, 87, and 84 mm on the LF, MF, and HF

diets, respectively. Subjectively rated satisfaction was affected

by diet but not as greatly as was pleasantness (F12, 2701 = 3.72;

P = 0.025). The mean values for diet were 85, 88, and 86 mm

on the LF, MF, and HF diets, respectively (pooled SEM = 0.8).

DISCUSSION

Effect of manipulation of dietary fat and energy density

on energy balance

Simultaneously increasing the energy density and fat content

of the diet led to a dramatic response in energy intake. By day

7 the positive energy balance on the HF diet (+ 18.07 MJ) was

much greater than the negative energy balance on the LF diet

(- 1.89 Mi). It is possible that normal-weight people will

defend against a negative energy balance to a greater extent

than against a positive energy balance (41-44). Indeed, studies

that have examined the effects of LF diets on body-weight

change usually only report a modest decrease in energy balance

over time (18, 19), although Lissner et al (21) showed an

almost linear change in energy balance in response to altered

fat and energy contents of the diet over 2 wk. Alternatively, the

tendency toward a positive energy balance observed in this

study may have been due to the sedentary nature of the cab-

nimeter environment. This effect also occurred in the study

reported by Thomas et al (23).

It is clean from this result that energy intake per se was not

tightly regulated oven 7 d and was grossly perturbed by simul-

taneously altering the energy density and ratio of fat to carbo-

hydrate. This agrees with previous studies (13, 21-23). It is

also of interest to note that nutrient and energy intakes were

remarkably constant compared with those found in real life.

Subjects recording their food intakes by diary records typically

exhibit within-person CVs of 20-30% for energy intake. Table

5 gives the CVs for food and energy intakes for each subject on

TABLES
CVs (expressed as percentages) for food (kg/d) and energy intakes

(Mi/d) for each subject during each dietary treatment of the study

Low fat Mediu m fat High fat

Food Energy Food Energy Food Energy

intake intake intake intake intake intake

Subject (kg/d) (Mild) (kg/d) (Mild) (kgld) (MJId)

1 15 20 16 22 17 21

2 16 15 11 13 15 28

3 6 5 7 15 12 15

4 12 18 5 11 6 5

5 17 12 21 18 28 25

6 10 12 7 9 7 11

Averagei±SD 13±4 14±5 11±6 15±5 14±8 18±9

each diet. It can be seen that the within-person CVs in this

study were considerably lower than the 20-30% that is non-

mally found (45). This is not surprising because the range of

food items was considerably smaller than that which is avail-

able to free-living people.

Regulation of energy and fat balance

Over the course of the 7 d of each dietary manipulation,

subjects did not regulate energy or fat balance. Because the

negative energy balance was very modest during the LF diet,

the increase in energy intake induced by the HF diet was

considered to be particularly remarkable. Equally remarkable

was the dose response in energy intake and energy balance that

occurred in response to covent manipulation of diet composi-

tion. Ostensibly, these results support Flatt’s differential ston-

age capacity model (7). However, it should be remembered that

this experimental design, although relevant to every day life,

tends to favor the Flatt hypothesis. This is because hyperphagia

during the LF diet in this context would be more difficult than

during the HF diet. In order to consume the same amount of

energy as provided by the HF diet, subjects would have had to

eat 40% more food on a wet-weight basis. Because mean daily

food intake (wet weight) on the HF diet was ‘-a2.1 kg, this

would have amounted to an additional 0.8 kg food/d. Thus, a

critical question in relation to this and similar studies is not

why did subjects not consume more of the LF diet, but why did

subjects not consume less of the HF diet?

Because the energy density of the least-energy-dense diet

(the LF diet) was not unusually low, 4.8 kJ/g on average, a

primary conclusion of this study is that subjects do not com-

pensate for a covertly increased energy density derived from fat

when a fixed diet composition is given and, therefore, diet

selection is prohibited. This is an important point because other

short-term studies (41-43) found compensatory changes in

energy intake for covent manipulation of the energy density and

the macnonutnient content of a luncheon meal. However, in

those studies, subjects were subsequently able to freely select

from a wide range of familiar food items, after consumption of

a meal in which the energy and macronutnient contents had

been covertly manipulated. Diet selection may be of consider-

able importance in compensating for short-term energy and

macronutnient imbalances, although this does not appear to be

primarily due to any compensatory change in macronutnient

selection (41-43). Furthermore, there was little evidence of

macnonutnient-specific compensation in the studies of Foltin et

al (46), Rolls et al (47), Burley and Blundell (48), and Mattes

et al (43), when subjects had access to a variety of familiar food

items from which they could freely select. When familiar foods

are ingested, energetic compensation may rely on subtle effects

with a large learned component, and may not necessarily be

macronutnient specific. This component is, of course, absent on

a fixed-diet-composition regimen. Indeed, in the present study

learned effects were further controlled by randomizing the

order of diets.

Carbohydrate balance regulation

Carbohydrate intake was not tightly regulated across diets,

relative to the body’s capacity to stone it, because the mean

intake of carbohydrate was 1.7 times greater with the LF diet

than with the HF diet (5.96, 4.92, and 3.62 MJ/d on the LF,
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MF, and HF diets, respectively). Thus, subjects exhibited mean

intakes ranging from 373 (LF) to 225 g/d (HF). Cumulative

carbohydrate balance showed mean values of 4.32, 2.44, and

1.07 Mi by day 7 of each run. Thus, there was a fourfold

difference in carbohydrate balance between the HF and LF

diets. Although measurement errors for carbohydrate balances

may have been considerable, they would have been predomi-

nantly systematic and so the relative difference between diets

would have held. Thus, subjects did not apparently eat to

maintain a tight range of carbohydrate stones. Furthermore,

although there was an increased rate of carbohydrate oxidation

on all three diets from days 1 to 7, the rate of energy intake was

virtually constant within each diet. The increased rates of

carbohydrate oxidation due to increased carbohydrate intake

did not therefore decrease the rate of energy intake as the study

progressed, although this elevated rate of carbohydrate oxida-

tion may be associated with the lower energy intakes (ie,

greater satiety per unit of energy ingested) that occurred during

the LF diet.

Flatt’s glycogenostatic model (7) predicts that when feeding

ad libitum on a diet of a given composition, people will eat to

maintain a fixed range of carbohydrate stores. This suggests

that people will become hypenphagic on HF diets. Flatt argues

that in subjects consuming HF diets, fat ingested in excess of

energy requirements will tend not to be oxidized but stored

until the fat mass increases to an extent that the amount of

circulating free fatty acids increases. It is predicted that the

increased fat oxidation that ensues will lower the RQ to a value

similar to the FQ, and a new diet composition-energy balance

equilibrium will occur. Flatt also observes that the lower the

carbohydrate intake and stones, the higher the amount of fat

oxidation. As can be seen from the cumulative oxidation plots,

fat oxidation increased dramatically during the HF diet. Sub-

jects oxidized a total of 35.13, 24.62, and 19.04 Mi over 7 d on

the HF, MF, and LF diets, respectively. Thus, as carbohydrate

stores dropped during the HF diet relative to the other diets, fat

oxidation correspondingly increased and reached an amount

that was twice that on the LF diet. Gniffiths et al (49) recently

showed that in the short term, extremely HF-HE diets can

elevate fat oxidation and spare carbohydrate oxidation. Eight

fasted, normal men were given two separate meals on two

occasions. The first was a 4.26-MJ meal comprising 30%

carbohydrate, 69.5% fat, and 8% protein. The second was a

1.58-Mi meal made up of 81.6% carbohydrate, virtually no fat

(1 g), and 18.4% protein. In both meals carbohydrate was fixed

at 80 g (1.28 MJ). Oven the subsequent 6 h, energy expenditure

was very similar on both occasions. However, after the HF

meal fat oxidation was twice that after the LF-LE meal, which

was high in carbohydrate. Carbohydrate oxidation was come-

spondingly spared. Inhibition of glucose oxidation appeared to

have been due to higher circulating FFA concentrations pro-

duced by the HF meal. This is an example of a situation in

which fat intake can produce effects that reduce the postpnan-

dial rise in carbohydrate oxidation. Furthermore, it further

illustrates that macnonutrients physiologically interact at dif-

fenent levels of diet composition and energy intake to produce

different profiles of fuels in the substrate mixture being

oxidized.

Flatt’s model predicts that there will be an inverse relation

between carbohydrate balance and energy intake (7). In our

present study the highest energy intake occurred on the diet

with the lowest carbohydrate intake. However, as discussed

above, the experimental design tended to favor such a relation

because it would have been difficult for subjects to ingest

sufficient food on the LF diet to match the intakes on the HF

diet. The key question is whether the relation between prior

carbohydrate balance and subsequent energy intake is caus-

ative. Energy balance (dependent variable) was regressed

against the previous days balance of fat, carbohydrate, and

protein by using multiple-regression analysis on individual

daily values. Parenthetically, the use of energy intake as the

dependent variable produced a near-identical result because of

the constancy of energy expenditure. As predicted by Flatt, the

regression for fat suggested that for every megajoule of posi-

tive fat balance there was a 0.54-MJ positive energy balance on

the subsequent day (t = 5.245; P = 0.0001). The effect

accounted for 19.9% of the variance in the subsequent day’s

energy balance. Carbohydrate balance on the previous day

showed a negative relation with the subsequent day’s energy

balance. For every megajoule of increased carbohydrate stones,

the subject’s energy balance was 0.63 Mi less on the subse-

quent day (t = - 2.696; P = 0.0082). This effect accounted for

5.5% of the variance in energy balance. For every megajoule of

increased protein stones, the subject’s energy balance was

- 1.49 MJ less on the subsequent day (t = - 1.83; P = 0.071).

This model accounted for 27.8% of the variance. There are,

however, potential problems with these regressions when net

24-h nutrient balance is used. First, they do not account for the

change in physiological state of the subjects over time during

the study because they represent the intake minus the oxidation

of each macnonutnient for that particular day only. For example,

the average net 24-h balance of carbohydrate for day 7 of the

LF diet was - 0.47 MJ/d, whereas the actual or cumulative

carbohydrate balance for day 7 (accounting for changes in

carbohydrate balance on days 1-7) amounted to + 4.32 Mi.

Second, these regressions do not account for the large inter-

subject differences in dependent and independent variables.

For example, some subjects consistently tended to exhibit

larger balances than other subjects. Thus, regression of subse-

quent balance against today’s macnonutnient balance will create

spurious regression coefficients that may be more reflective of

intersubject variation than the actual phenomena under scm-

tiny. Third, in a similar manner these regressions may be driven

largely by differences between diets. For example, during the

HF diet both fat and energy balances will be consistently higher

than during the other two diets. Therefore, to fully observe

putative mechanisms underlying the change in energy balance

during the LF, MF, and HF diets, further regressions were

conducted by using the following model:

BALsrd Rsr + bF FABALrd -1

+ bc CABALsrd - I � b� PABALrd -1

where BALSr(/ �5 the energy balance of subject s on the dth day

of run r; Rsr is the mean balance of subject s on nun r;

FABALcrd_ 1� CABALsr(/_ I� and PABAL.O.r.CI_ t are the actual

(cumulative) fat, carbohydrate, and protein balances of subject

5 on the d- ith day of run r; and bF, b�, and b� are the

estimated regression coefficients. This model accounts for the

above considerations by removing the effects of subject and

diet and also by using actual (cumulative) nutrient balances.
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The regression of change in energy balance against cumula-

tive energy balance suggested that an increase in energy

balance on 1 d did not lead to a compensatory decrease in

energy balance on the subsequent day. When the same regres-

sion was performed for the macnonutnients there were signifi-

cant effects. For every megajoule of increased protein stores on

1 d there would tend to be a negative change in energy balance

on the subsequent day, amounting to - 2.12 Mi (a’ = -2.54, P

= 0.013); for carbohydrate this relation was also negative,

producing a change in the subsequent day’s energy balance of

- 0.79 MJ (t = -4.60, P < 0.001). There was a nonsignificant

positive relation for fat in this multiple regression of 0.06 Mi

(t = 0.75; P = 0.46). This model (ie, the combined effects of

fat, protein, and carbohydrate) accounted for 16.3% of the

variance previously unexplained by the subject and diet effects.

Use of the subsequent days’ absolute energy balance instead of

change in energy balance in the regressions yielded virtually

identical results. For every megajoule of increased protein

stones on 1 d there would tend to be a negative energy balance

on the subsequent day, amounting to - 0.87 MJ (t = -1.70,

P = 0.09); for carbohydrate this relation was also negative,

producing a change in the subsequent day’s energy balance of

- 0.38 MJ (t = -3.58, P < 0.001). The relation for fat was

positive, for every megajoule of increased fat stores on 1 d,

energy balance on the subsequent day would tend to increase

by 0.42 Mi (t = 0.87, P = 0.39). This model (ie, the combined

effects of fat, protein, and carbohydrate) accounted for 27.8%

of the variance not explained by the diet and subject effects.

These data suggest that under the conditions of this study

design, positive changes in protein and carbohydrate stores

(and attendant changes in their metabolism) have the potential

to exert negative feedback on the subsequent energy balance

via their potentially reductive effects on energy intake. Fat on

the other hand showed no tendency to exert negative feedback

on subsequent energy balance. The potential for carbohydrate

and protein to exert negative feedback on subsequent energy

intake or balance only explained a limited proportion of the

variance (-3% for protein and 10% for carbohydrate when

cumulative nutrient balances were used in the regressions). The

very small effect for protein is not surprising because protein

was a constant, small proportion of each diet. At larger protein

intakes the potential negative feedback onto energy intake

would presumably be amplified. These data suggest that the

macronutnients whose balance is most tightly regulated exert

suppressive effects on subsequent energy intake, whereas fat

(whose balance is not tightly regulated) does not exert such an

effect. Protein and carbohydrate balances were far more tightly

regulated on a quantitative basis than was fat balance. This

appears to have occurred at the expense of fat balance. This is

illustrated by the accelerated rate of carbohydrate oxidation and

the reciprocal decrease in the rate of fat oxidation from days 1

to 7 of all diets.

Of critical interest in this context is whether an HE-LF diet

(which is high in carbohydrate) would produce hyperphagia

over � 7 d, relative to LE-LF diets, LE-HF diets, and HE-HF

diets. Certainly, in a study by Ponikos et al (50), normal

subjects were hyperphagic on a “platter-style” control diet that

contained 55% carbohydrate and 31% fat. The mean daily

intake of the men on this diet was 15.18 Mild. However, these

diets were rather atypical and a substantial energy intake was

derived from high-carbohydrate drinks. Furthermore, those

diets were designed to prevent obese people from losing weight

under experimental conditions (51). When given to lean men

under the same conditions, the diets appear to have led to a

marked positive energy balance. It is therefore of interest

whether HE-LF diets would produce hyperphagia under con-

ditions similar to those in the present study.

There are alternative explanations for the hyperphagia ob-

served on HF diets. First, subjects may have oveneaten on the

HF diet because of its hedonic qualities. However, the highest

values for rated pleasantness were for the MF diets and al-

though the desire to eat and prospective consumption were

elevated on the HF diet compared with the other two diets,

these effects were very small indeed. It may be concluded that

part of the failure to regulate energy intake on the HF diet may

be related to sensory factors because indexes of appetite (desire

to eat and prospective consumption) were marginally elevated

on the HF diet whereas indexes of hunger (hunger and thoughts

of food) were, on average, unaffected by the dietary treatments.

If this were the case then the fat content of the HF diet may

have led to some degree of oversatiation or mild aversion,

reflected by the pleasantness ratings on that diet. This is sup-

ported by the fact that subjects felt significantly more full on

the HF diet compared with the other two diets. The alternative

explanation is that subjects rated as most pleasant the diet they

were most used to. Thus, although significant, the differences

in rated pleasantness were small, did not parallel differences in

energy intake, and may have been too subtle to exert much

influence on energy intake. These data may then be considered

in relation to the assertions of Ramirez et al (52), who argue

that palatability and energy intake are not necessarily highly

correlated.

Friedman and Stnicker (53) and Friedman and Ramirez (54)

on the other hand predict that factors favoring storage of

substrates promote hyperphagia and that factors promoting

their release generate hypophagia. HF-HE diets apparently

disturb the regulatory interactions of the enteroinsular axis

(55). Furthermore, voluntany hyperphagia during HF diets is

reported to be associated with moderate increases in neuropep-

tide Y concentrations in the panaventnicular nucleus and me-

duced concentrations in the lateral hypothalamus compared

with rats fed freely or on an LF diet (56). These effects may be

mechanistically involved in the hypemphagia seen on HF diets.

If so, these mechanisms may be very different for HE-LF diets.

Macronutnients hierarchically interact at different dietary

energy densities to determine rates of utilization and storage.

Specifically, a positive balance of protein will be disposed of

by oxidation more readily than an energetically equivalent

positive carbohydrate balance, which will be disposed of more

readily than a positive fat balance. Considering the work of

Friedman and Stricken (53) and Friedman and Ramirez (54),

Stubbs (57) recently proposed that substrates at the top of the

oxidative hierarchy, which are disposed of by obligatory oxi-

dation, may be associated with a stronger metabolic satiety

signal. Those most readily stored are possibly the least likely to

decrease subsequent energy intakes. He further suggests that

ingestion of any substrate in excess of the body’s capacity to

store or interconvert it may lead to rapid rates of obligatory

utilization and that this may be associated with a metabolic

satiety signal. Thus, if autoregulation of nutrient balance is

involved in the extent to which a given nutrient suppresses

subsequent energy intake, there should be a hierarchical rela-
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tion between nutrient oxidation and subsequent energy intake

such that, pen unit of energy, protein suppresses subsequent

intake to a greater extent than does carbohydrate, which has a

greaten effect than fat (57). To test this hypothesis, energy

intake (dependent variable) was regressed against the previous

day’s oxidation of fat, carbohydrate, and protein by using

multiple regression with the effects of subject and diet removed

as before, ic, fitting the model

Lr.d Rsr + bFFOX...�.d - I � b(’COXSrd - I � bPPOXSrd - I

where Ivr,j �S the intake of subject s on the dth day of run r; Rsr

is the mean intake of subject s on nun r; FOX�r,I i’ COX0rj i�

and POX4r,i_ i are the fat, carbohydrate, and protein oxidation

of subject s on the d- Ith day of nun r; and bF, b�, and b� are

the estimated regression coefficients. For every megajoule of

protein oxidation on 1 d there would tend to be a decrease in

energy intake on the subsequent day of 4.2 Mi (t = -3.38;

P = 0.001); for every megajoule of carbohydrate oxidation on

1 d there would tend to be a decrease in energy intake of 2.3 Mi

(t = -2.98; P = 0.004). Fat exerted a slightly smaller effect at

2.0 Mi (1 = -2.49; P = 0.014). This regression accounted for

13.4% ofthe variance in subsequent energy intake unaccounted

for by subject and diet effects. Thus, within the context of this

study, the metabolism of the macronutnients protein, carbohy-

drate, and fat appeared to exert a hierarchical, suppressive

effect on subsequent energy intake. The potential feedback

relation between nutrient balance and subsequent energy intake

observed in this study may therefore relate to feedback from

nutrient stores, via the extent to which those stores effect

nutrient metabolism or to some other (unmeasured) variables

that are themselves related to the change in protein, canbohy-

drate, and fat balances.

Overall regulation of substrate balance

The protein content of the diet was designed in such a way

as to represent the relatively small contribution (12-13%) to

total energy intake that it generally provides in the majority of

the world’s diets (58). The positive protein balance during the

HF diet paralleled energy balance. This positive nitrogen hal-

ance was presumably a result of the synthesis of the new tissues

associated with the deposition of excess energy. Thus, whereas

protein intake was considerably higher on this diet, protein

oxidation rates were very similar on all diets. The cumulative

balance plots for energy, fat, carbohydrate, and protein clearly

illustrate that regulation of carbohydrate balance was given

priority over that of fat balance. As the oxidative disposal of

carbohydrate increased, that of fat decreased and more was

diverted toward storage. However, of considerable interest are

the relative substrate imbalances that each of the diets gener-

ated. It must be remembered that in this context regulation of

substrate balance is dependent on both voluntary energy in-

takes and on regulation of substrate flux. By the 7th d of the LF

diet, subjects were in a negative energy balance of - I .89 Mi,

a negative fat balance of - 6.04 Mi, and a positive canbohy-

drate balance of 4.32 Mi. The 5.36-Mi positive energy

balance on day 7 of the MF diet was more evenly shared

between fat (+ 2.76 Mi) and carbohydrate (+ 2.44 MJ). On

day 7 the group receiving the HF diet had a 1.07-Mi positive

carbohydrate balance and a 15.69-Mi positive fat balance.

These data illustrate that the physiological response to the

feeding behavior had not achieved a steady state after 7 d.

Furthermore, the tightest physiological regulation of substrate

balance occurred during the MF diet. Thus, when the macro-

nutrient and energy density of normal foods was covertly

manipulated, subjects regulated macronutnient balances most

tightly at the diet composition they were most used to eating.

Regulation of energy balance did not necessarily parallel meg-

ulation of macmonutnient balance, as seen in the difference

between the LF and MF diets. When all three diets were

considered, carbohydrate balance was more tightly regulated

than was fat balance. However, on the basis of these data alone

it is not possible to conclude that carbohydrate balance per se

is the single major factor exerting negative feedback during ad

libitum day-to-day food intake. Other studies suggest that pro-

tein is also highly satiating (59, 60). These data can be con-

sidered in relation to the results of Stubbs et al (29), where

reciprocal manipulation of carbohydrate and fat, but not energy

balance, had no effect on the subsequent day’s ad lihitum

energy intake. However, carbohydrate and protein do appear to

exert suppressive effects on subsequent energy intake, which

may be related to autoregulatory changes in their oxidation, or

other unmeasured variables. Of considerable interest is the

apparent ease with which normal men can, without being aware

of it, feed themselves into a large positive energy balance while

consuming an HF diet. The fact that the dose response to the

dietary manipulation was in direct parallel with the energy

density of the diet supports diet survey and epidemiological

studies that show that an increase in percent body fat appears

to be related to an increased energy intake from dietary fat

(10-15).

The extent to which an HE-HF diet can produce a positive

energy balance in men feeding ad libitum, without any appar-

ent knowledge on their part, is however, quite remarkable.

Under the conditions of this study, carbohydrate and protein

balances did exhibit the potential to exert negative feedback on

energy intake and hence balance. It would appear that energy

balance may be influenced by many more factors than a simple

need to eat to maintain stable glycogen concentrations. Identi-

fication of the quantitative importance of changes in nutrient

balance and metabolism, in influencing appetite and energy

balance in humans, remains a considerable challenge for the

future. A

We are grateful to Marinos Elia. Bruce Bistrian. and Jean-Pierre Flatt for

useful discussions concerning the results. We also thank Elaine Collard for

preparing the experimental diets.

REFERENCES

I. Prentice AM, Stuhhs Ri, Sonko Bi, et al. Energy requirements and

energy storage. In: Kinney JM, Tucker FIN. eds. Energy metabolism:

tissue determinants and cellular corollaries. New York: Raven Press.

1992:211-8.

2. Ravussin E, Schutz Y, Acheson KJ, Dusmewt M. Bourquin L. iequier

E. Short-term mixed diet overfeeding man: no evidence for “luxus-

konsumption”. Am I Physiol l986;24:E47()-7.

3. Forbes GB, Brown MR. Weller SE. Lipinski BA. Deliberate overfeed-

ing in women and men: energy cost and composition of the weight

gain. Br I Nutr 1986:56:1-9.

4. Norgan NG. Durnin JVGA. The effect of weeks of overfeeding on the

body weight, body composition and energy metabolism of young men.

Am I CIin Nutr 1980;33:978-88.

Downloaded from https://academic.oup.com/ajcn/article-abstract/62/2/316/4651347
by Washington University, Law School Library user
on 23 May 2018



328 STUBBS ET AL

5. Diaz E, Prentice AM, Goldberg GR, Murgatroyd PR, Coward WA.
Metabolic response to experimental ovenfeeding in lean and over-

weight healthy volunteers. Am J Clin Nutr 1992;56:641-55.

6. Danforth E. Diet and obesity. Am J Clin Nutr 1985;41:1132-45.

7. Flatt JP. The difference in storage capacities for carbohydrate and for

fat, and its implications for the regulation of body weight. Ann N Y
Acad Sci 1987;499:104-23.

8. Prentice AM, Black AE, Murgatroyd PR, Goldberg GR, Coward WA.

Metabolism or appetite: questions of energy balance with particular

reference to obesity. I Hum Nutr Diet 1989;2:95-104.

9. Miller WC, Linderman AK, Wallace J, Niederpruem M. Diet compo-

sition, energy intake and exercise in relation to body fat in men and

women. Am J Clin Nutr 1990;52:426-30.

10. Diet, nutrition and the prevention of chronic diseases. World Health
Organ Tech Rep Sen 1990;797.

11. Dreon DM, Frey-Hewitt B, Ellseworth N, Williams PT, Terry RB,
Wood PD. Dietary fat: carbohydrate ratio and obesity in middle-aged

men. Am J CIin Nutr 1988;4:995-1000.
12. Romieu I, Willett WC, Stampfer Mi, et al. Energy intake and other

determinants of relative weight. Am J Clin Nutr 1988;47:406-12.

13. Tremblay A, Plourde G, Despres JP, Bouchard C. Impact of dietary fat

content and fat oxidation on energy intake in humans. Am J Clin Nutr
1989;49:799-805.

14. George V. Tremblay A, Despres JP, Le Blanc C, Bouchard C. Effects
of dietary fat content on total and regional adiposity in men and

women. Int J Obes 1990;14:1085-91.

15. Tucker LA, Kano Mi. Dietary fat and body fat: a multivariate study of

205 females. Am J Clin Nutr 1992;56:616-2.

16. Glueck Ci, Hastings MM, Allen C, et al. Sucrose polyester and covert

caloric dilution. Am I Clin Nutr 1982;35:1352-9.
17. Kendall A, Levitsky DA, Strupp BJ, Lissner L. Weight-loss on a low

fat diet: consequence of the impression of the control of food intake in

humans. Am J Clin Nutr 1991;53:l 124-9.
18. Prewitt TE, Schmeisser D, Bowen PE, et al. Changes in body weight,

body composition and energy intake in women fed high and low-fat

diets. Am i Clin Nutr 1991;54:304-10.

19. Sheppard L, Lianne AR, Kristal AR, Knushi LH. Weight loss in
women participating in a randomized trial of low fat diets. Am J Clin
Nutr 1991;54:821-8.

20. Duncan KH, Bacon JA, Weinsier RL. The effects of high and low

energy density diets on satiety, energy intake, and eating time of obese
and non obese subjects. Am J Clin Nutr 1987;46:886-92.

21. Lissner L, Levitsky DA, Strupp Bi, Kalkwarf Hi, Roe DA. Dietary fat

and the regulation of energy intake in human subjects. Am J Clin Nutr
1987;46:886-92.

22. Tremblay A, Lavallee N, Almeras N, Allard L, Despres JP, Bouchard

C. Nutritional determinants of the increase in energy intake associated

with a high-fat diet. Am I Clin Nutr 1991;53:1134-7.

23. Thomas CD, Peters JC, Reed GW, Abumrad NN, Sun Ming, Hill JO.

Nutrient balance and energy expenditure during ad libitum feeding of

high-fat and high-carbohydrate diets in humans. Am J Clin Nutr

1992;SS:934-42.

24. Flatt JP. Dietary fat, carbohydrate balance and weight maintenance:

effects of exercise. Am I Clin Nutr 1987;45:296-306.

25. Abbot WGH, Howard BV, Christin L, et al. Short-term energy bal-

ance: relationship with protein, carbohydrate and fat balances. Am J
Physiol 1988;255:E332-7.

26. Schutz Y, Acheson K), Jequier E. Twenty-four-hour energy expendi-

tune and thermogenesis: response to progressive carbohydrate over-

feeding in man. mt i Obes 1985;9(suppl 2):1 11-4.
27. Acheson Ki, Jequier E. Glycogen synthesis versus lipogenesis after

a 500 gram carbohydrate meal in man. Metabolism 1982;31:1234-

40.

28. Flatt JP, Ravussin E, Acheson Hi, iequier E. Effects of dietary fat on

postprandial substrate oxidation and on carbohydrate and fat balances.

i Clin Invest 1988;7:1019-24.

29. Stubbs Ri, Murgatroyd PR, Goldberg GR, Prentice AM. Carbohydrate

balance and the regulation of day-to-day food intake in humans. Am i

Clin Nutr 1993;57:897-903.

30. Murgatroyd PR. Proceedings report of an EC workshop. In: AJH van

Es, ed. Human energy metabolism. Wageningen, The Netherlands:

University of Wageningen, Euro-Nut, 1985;46-8. (Report no. 5.)

31. Murgatroyd PR, Davies HL, Prentice AM. Intra-individual variability

and measurement noise in estimates of energy expenditure by whole
body indirect calorimetry. Br i Nutr 1987;58:347-56.

32. Paul AA, Southgate DA, eds. McCance and Widdowson’s the com-

position of foods. 4th ed. London: Her Majesty’s Stationery Office,

1978.

33. Blundell iE. Hunger, appetite and satiety-constructs in search of

identities. In: Turner M, ed. Nutrition and lifestyles. London: Applied

Science Publishers, 1979:21-42.

34. Hill iU, Blundell iE. Nutrients and behaviour: research strategies for

the investigation of taste characteristics, food preferences, hunger

sensations and eating patterns in man. i Psychol Res 1982;17:

203-12.

35. Brown D, Cole Ti, Dauncey Mi, Marrs RW, Murgatroyd PR. Analysis
of gaseous exchange in open-circuit indirect calorimetry. Med Biol

Eng Comput 1984;21:338-48.

36. Weir JB de V. New methods for calculating metabolic rate with special

reference to protein metabolism. i Physiol 1949;109:1-9.

37. Livesey G, Elia M. Estimations of energy expenditure, net carbohy-

drate utilization calorimetry: evaluation of errors with special refer-

ence to the detailed composition of fuels. Am J CIin Nutr 1988;47:

608-28.

38. Murgatroyd PR, Sonko Bi, Wittekind A, Goldberg GR, Ceesay SM,

Prentice AM. Non-invasive techniques for assessing carbohydrate
flux: I. measurement of depletion by indirect calorimetry. Acta Physiol
Scand 1993;147:91-8.

39. McLean iA, Tobin G. Animal and human calorimetry. Cambridge,

UK: Cambridge University Press, 1987.
40. Bursztein 5, Elwyn DH, Askanazi i, Kinney iM. Energy metabolism

indirect calorimetry and nutrition. Baltimore: Williams and Wilkins,

1989.

41. Foltin RW, Fischman MW, Emurian CS, Rachlinski ii. Compensation

for caloric dilution in humans given unrestricted access to food in a
residential laboratory. Appetite 1988;10:13-24.

42. Caputo FA, Mattes RD. Human dietary responses to covert manipu-

lations of energy, fat and carbohydrate in a midday meal. Am I Clin

Nutr 1992;56:36-43.

43. Mattes RD, Pierce CB, Friedman MI. Daily caloric intake of normal

weight adults: responses to changes in dietary energy density of a

luncheon meal. Am i Clin Nutr 1988;48:214-9.

44. Lawton CL, Burley Vi, Wales iE, Blundell iE. Dietary fat and appetite

control in obese subjects: weak effects on satiation and satiety. Int J

Obes 1993;17:409-16.

45. Bingham SA, Gill C, Welch A, et al. Comparison of dietary assess-

ment methods in nutritional epidemiology: weighed records v. 24 h

recalls, food-frequency questionnaires and estimated diet records. Br i

Nutr l994;72:619-43.

46. Foltin RW, Rolls Bi, Moran TH, Kelly TH, McNelis AL, Fischman
MW. Caloric, but not macronutnient, compensation by humans for

required eating occasions with meals and snacks varying in fat and

carbohydrate. Am i Clin Nutr 1992;SS:331-42.

47. Rolls Bi, Pirragha PA, Jones MB, Peters JC. Effects of olestra on non

caloric fat substitute on daily energy and fat intakes. Am I Clin Nutr

1992;56:84-92.

48. Burley Vi, Blundell JE. Evaluation of the action of a non-absorbable

fat on appetite and energy intake in lean healthy males. In: Aillard G,

ed. Obesity in Europe 91. London: John Libbey and Company, Ltd.

1992:63-S.

49. Griffiths A), Humphreys SM, Clark ML, Fielding BE, Frayn KN.
Immediate metabolic availability of dietary fat in combination with

carbohydrate. Am J Clin Nutr 1994;59:53-9.

SO. Porikos KP, Hesser MP, Van Itallie TB. Caloric regulation in normal

Downloaded from https://academic.oup.com/ajcn/article-abstract/62/2/316/4651347
by Washington University, Law School Library user
on 23 May 2018



MACRONUTRIENT BALANCE AND APPETITE 329

weight men maintained on a palatable diet of conventional foods.

Physiol Behav 1982;29:293-300.

51. Ponikos KY, Booth G, Van Itallie TB. Effect ofcovert nutritive dilution

on the spontaneous food intake of obese individuals: a pilot study. Am
I CIin Nutr 1978;30:1638-44.

52. Ramirez J, Tordoff M, Friedman MI. Dietary hyperphagia and obesity:

what causes them? Physiol Behav 1989;45:163-8.

53. Friedman MI, Stricken EM. The physiological psychology of hunger:
a physiological perspective. Psychol Rev 1976;83:409-31.

54. Friedman MI, Ramirez I. Relationship of fat metabolism to food
intake. Am J Clin Nutr 1985;42:1093-8.

55. Morgan LM, Flatt PR, Marks V. Nutrient regulation of the enteroin-

sular axis and insulin secretion. Nutr Res Rev 1988;1:79-97.

56. Beck B, Stnicker-Kongrad A, Burlet A, Nicolas J-P, Burlet C. Influ-

ence of diet composition on food intake and hypothalamic neuropep-

tide Y (NPY) in the rat. Neuropeptides 1990;17:197-203.

57. Stubbs Ri. Macronutrients, appetite and energy balance in humans.

PhD thesis. University of Cambridge, UK, 1993.

58. FAO/WHO/UNU. Energy and protein requirements. WHO Tech Rep
Ser 1985;724.

59. DeCastro JM. Macronutnient relationships with meal patterns and
mood in the spontaneous feeding behaviour of humans. Physiol Behav

1987;39:561-9.

60. Hill Al, Blundell JE. Macronutrients and satiety: the effects of a
high-protein or high-carbohydrate meal on subjective motivation to eat

and food preferences. Nutr Behav 1986;3:133-44.

Downloaded from https://academic.oup.com/ajcn/article-abstract/62/2/316/4651347
by Washington University, Law School Library user
on 23 May 2018




