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Abstract

This study investigated the hypothesis that the voluntary feed intake in fish is regulated by diet-induced differences in

oxygen use. Four diets were prepared with a similar digestible protein:digestible energy ratio (18 mg/kJ), but which

differed in the composition of nonprotein energy source. This replacement of fat (F) by starch (S) was intended to create a

diet-induced difference in oxygen use (per unit of feed): diets F30-S70, F50-S50, F65-S35, and F80-S20 with digestible fat

providing 28, 49, 65, and 81% of the nonprotein digestible energy (NPDE), respectively. Each diet was fed to satiation to

triplicate groups of 20 rainbow trout for 6 wk. As expected, diet-induced oxygen use decreased linearly (R2 = 0.89;

P < 0.001) with increasing NPDE as fat. The digestible and metabolizable energy intakes of trout slightly increased with

increasing NPDE as fat (i.e., decreasing starch content) (R2 = 0.30, P = 0.08; and R2 = 0.34, P = 0.05, respectively). Oxygen

consumption of trout fed to satiation declined with increasing dietary NPDE as fat (R2 = 0.48; P = 0.01). The inverse

relation between digestible energy intake of trout and the diet-induced oxygen use (R2 = 0.33; P = 0.05) suggests

a possible role of diet-induced oxygen use in feed intake regulation as shown by the replacement of dietary fat by

starch. J. Nutr. 143: 781–787, 2013.

Introduction

In fish, factors influencing feed intake is extensively documented,
but the underlying mechanism that regulates feed intake has
been less intensively studied compared with mammals (1). It has
often been suggested that fish, like other animals, adjust their
voluntary feed intake according to the digestible energy content
of the diet in order to meet a predefined energy requirement (2–
4). However, recent findings in rainbow trout (5–10) and other
teleosts (6,11,12) contradict the notion that feed intake is
adjusted to have a constant digestible energy intake (DEI)6.
Similarly, the demand for a target lean growth or protein
deposition rather than for a predefined energy requirement has

been proposed to regulate feed intake in fish (8,10,13,14).
However, several other fish studies did not show an equal
protein deposition with satiation feeding (e.g., 7,11). The diet-
induced difference in the voluntary intake levels observed in
various fish species (7,9,15–17) might be related to the type and
level of dietary nonprotein digestible energy (NPDE) source
(starch vs. fat) as suggested in mammals [for review, see (18).
The mechanism by which the NPDE source affects voluntary
feed intake in fish has been, so far, little explored. In terrestrial
animals, dietary starch and fat exert their effects on feed intake
via feedback mechanisms mediated by circulating glucose (19)
(glucostatic regulation) and body fat store (20) (lipostatic
regulation), respectively. These chemostatic control mechanisms
of feed intake show inconsistent outcomes in fish (7,11).
Alternatively, the thermostatic regulation of feed intake in
homeotherms proposes the intake to be controlled by the
animal�s need for body heat and its ability to dissipate the extra
heat to the environment generated as a by-product of food
processing (21,22). As such, the concept of thermostatic control
and its more recent revision, ‘‘heat dissipation limit theory (23),’’
in the feed intake regulation of fish is debatable because of its
ectothermic nature. Besides, in homeotherms under thermoneu-
tral conditions, differences in diet-induced thermogenesis are
suggested to be involved in the regulation of food intake (24,25).
As such, the heat produced by food processing in animals varies
with the dietary macronutrient (protein, fat, and starch)

1 Supported by Wageningen University under the INRA-Wageningen University

platform for sustainable aquaculture, Wageningen, The Netherlands. The aquatic

metabolic unit used in this study was cofunded by The Netherlands Organization

for Scientific Research (code 805-34.025).
2 Author disclosures: S. Saravanan, I. Geurden, A. C. Figueiredo-Silva, S.

Kaushik, J. Verreth, and J. W. Schrama, no conflicts of interest.
3 Supplemental Table 1 is available from the ‘‘Online Supporting Material’’ link in

the online posting of the article and from the same link in the online table of

contents at http://jn.nutrition.org.

* To whom correspondence should be addressed. E-mail: johan.schrama@wur.

nl.

6 Abbreviations used: DEI, digestible energy intake; DM, dry matter; F30-S70,

F50-S50, F65-S35, and F80-S20, diet with digestible fat providing 28, 49, 65, and

81% of the nonprotein digestible energy, respectively; NPDE, nonprotein

digestible energy.

ã 2013 American Society for Nutrition.

Manuscript received December 7, 2012. Initial review completed January 23, 2013. Revision accepted March 15, 2013. 781
First published online April 24, 2013; doi:10.3945/jn.112.173062.

D
ow

nloaded from
 https://academ

ic.oup.com
/jn/article/143/6/781/4571697 by guest on 21 August 2022



composition (26), which implies a difference in the diet-induced
oxygen use (per unit of feed). Further, the basic biochemical
processes of oxidative nutrient metabolism are analogous
between homeotherms and poikilotherms (endotherms and
ectotherms). An enhanced oxidative metabolism over the long
term has been suggested to impart putative negative effects (e.g.,
the buildup of reactive oxygen species) on the animal (27,28). In
view of the above findings, we previously proposed a role of
oxygen consumption in the control of voluntary feed intake in
Nile tilapia fed diets highly varying in macronutrient composi-
tion (11). In that study, Nile tilapia linearly adjusted the feed
intake (DEI) depending on the diet-induced differences in
oxygen use and, moreover, had a similar oxygen consumption
in some of the diet groups, which suggests that perhaps
physiological factors related to oxygen consumption constrained
the feed intake.

The present study was designed to test the role of diet-
induced differences in oxygen use (O2 per unit of feed) on the
voluntary feed intake in rainbow trout. To this end, the feed
intake (DEI) and oxygen consumption were monitored in
rainbow trout fed to apparent satiation with diets contrasting
in the percentage of NPDE source (starch vs. fat) and with a
similar digestible protein:digestible energy ratio. The contrast in
fat and starch was expected to create a difference in diet-induced
oxygen use. In addition, growth, body composition, nutrient
partitioning (nitrogen, fat, and energy balance), and postpran-
dial nutrient (plasma glucose and TGs) concentrations were
observed to evaluate their involvement in the regulation of feed
intake in rainbow trout.

Materials and Methods

The study was conducted at De Haar vissen, Wageningen University

in accordance with the Dutch law on experimental animals and as
approved by the Ethical Committee ofWageningen University for animal

experiments.

Diets. Four diets, with the aim to have a similar digestible protein:
digestible energy ratio (;18 mg/kJ) and contrasting in the percentage of

nonprotein energy source (starch vs. fat) were formulated by replacing

an iso-energetic (iso-digestible energy) amount of 2 test ingredients:

gelatinized maize starch compared with rapeseed oil. The test ingredients

were exchanged with the assumption that the digestible energy value of

12.5 g maize starch (87% apparent digestibility coefficient) is equal to

that of 5.0 g rapeseed oil (95% apparent digestibility coefficient). To the
basal ingredient composition (62.5%), different ratios of the test

ingredients (maize starch vs. rapeseed oil) were added. These test

ingredients were exchanged iso-energetically to create contrasts in

percentage of nonprotein energy (F, fat vs. S, starch) (Supplemental Table

1): Diet F30-S70, 0% rapeseed oil + 37.5% maize starch; Diet F50-S50,

5% rapeseed oil + 25% maize starch; Diet F65-S35, 10% rapeseed oil +

12.5% maize starch; and Diet F80-S20, 15% rapeseed oil + 0% maize

starch. Due to the difference in energy content (kJ/g) between rapeseed
oil and maize starch, an incomplete mass balance of 92.5, 85.0, and

77.5%, respectively occurred to diet F50-S50, F65-S35, and F80-S20. To

complete the mass balance to 100%, the amount of both the basal and
test ingredients were adjusted in those diets in an equal proportion

without affecting the target digestible protein: digestible energy ratio and

contrast in nonprotein energy type. Diamol (acid insoluble ash) was

added as inert marker to measure the digestibility. The ingredient
mixture were extruded (Clextral BC45, twin screw extruder) through

a 3-mm die, dried (70�C for 3 h), vacuum coated with oils, and stored at

4�C (Research Diet Service). The analyzed gross and digestible nutrient

content of the diets are shown in Table 1. The observed digestible
protein:digestible energy ratio of diets varied from 18 to 19.8 mg/kJ. The

percent fat in the NPDE was 28% in diet F30-S70, 49% in diet F50-S50,

65% in diet F65-S35, and 81% in diet F80-S20.

Fish, housing conditions, and feeding. At the start of the experiment,

240 unfed (feed-deprived for ;36 h) juvenile rainbow trout (Onco-
rhynchus mykiss; supplied by Forrel BV) were individually weighed
(under sedation; 2-phenoxy ethanol, 0.25 mL/L water) and randomly

distributed among the 12 metabolic tanks (20 fish/tank). Each tank was

assigned randomly to 1 of the 4 experimental diets, forming triplicates

per diet. The details of the aquatic metabolism unit are described
elsewhere (11); in brief, the entire unit was connected to a recirculating

aquaculture systemwith the facilities to collect fish feces andmeasure the

oxygen consumption. Throughout the experiment, the environmental/

water quality parameters (means 6 SDs) were maintained in optimal
conditions for rainbow trout: photoperiod, 12 light:12 dark h; water

volume, 150 L/tank; water flow, 7 L/min; water temperature, 13.7 6
0.1�C; pH, 7.42 6 0.2; dissolved oxygen of water at the tank inlet, 10.3
6 0.3 mg/L; conductivity, 2.96 0.2 mS/cm; nitrite, <0.15 mg nitrogen/L;

nitrate, <250 mg nitrogen/L; and total ammonia nitrogen, <0.5 mg

nitrogen/L. The fish were hand fed with their respective diets twice daily

to apparent satiation for 1 h (0900 to 1000 and 1600 to 1700 h). Feed
given and uneaten pellets were calculated and registered at each feeding.

TABLE 1 Analyzed nutrient content of the experimental diets1

Diets

F30-S70 F50-S50 F65-S35 F80-S20

DM, g/kg 947 948 959 954

Crude protein (nitrogen x 6.25), g/kg DM 336 363 397 431

Crude fat, g/kg DM 71 133 198 283

Starch, g/kg DM 493 402 285 164

Ash, g/kg DM 60 64 70 71

Gross energy, kJ/g DM 19.9 21.4 23.1 25.1

Digestible protein,2 g/kg DM 317 344 377 411

Digestible fat,2 g/kg DM 61 123 186 267

Digestible total carbohydrate,2 g/kg DM 354 298 229 146

Digestible energy,2 kJ/g DM 16.0 18.1 20.3 22.9

NPD, kJ/g DM 8.5 10.0 11.3 13.0

Digestible protein:digestible energy ratio, mg/kJ 19.8 19.0 18.6 18.0

Fat as NPD, % 28 49 65 81

1 DM, dry matter; F, fat; F30-S70, F50-S50, F65-S35, and F80-S20, diet with fat providing 28, 49, 65, and 81% of the nonprotein digestible

energy, respectively; NPD, nonprotein digestible energy; S, starch.
2 Calculated as product of respective nutrient/energy content in feed and their measured percentage apparent digestibility.
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Sampling and measurements. At the start of Expt., 20 fish were

killed (2-phenoxy ethanol, 1.5 mL/L water) and stored at220�C for the

analysis of the initial whole body composition. The entire experiment
lasted for 7 wk; during the first 6-wk period (nutrient balance period),

feed intake, growth, digestibility, oxygen consumption, and final body

composition were determined. After 1 wk of the recovery period (end of

7 wk), blood samples were collected. Fish feces were collected using swirl
separator as previously described (11) and stored at220�C until further

analysis. Fromwk 2 onwards, the water was automatically sampled for a

duration of 5 min from the common inlet and outlet of each tank and

flushed over the oxygen electrode (WTW-Trioximatic 700 IQ, WTW) to
measure dissolved oxygen concentration. The oxygen measurements

were performed in a continuous cycle of 2 d (48 h, from 0800 to 0800 h)

in a set of 4 tanks consisting of all the dietary treatments. Thus, in 6 d,
dissolved oxygen concentrations were measured in all 12 tanks. The

oxygen electrode was calibrated once per week. This procedure was

repeated until the end of the experiment, which resulted in 5 cycles of

48-h oxygen measurements per tank. At the end of 6 wk, the fish (feed
deprived for ;36 h) were individually weighed and, in addition, 6 fish/

tank were killed and stored at 220�C for final body composition

analysis. The remaining fish in each tank then continued to be fed with

their respective diets for 1 wk (recovery period) prior to postprandial
blood sampling. After 6 h postfeeding, 5–6 fish from each tank were

sampled for blood under sedation. The blood (1 mL) was collected from

the caudal part, mixed to 20 mL anticoagulant (potassium oxalate +
sodium fluoride), and centrifuged (3000 3 g, 10 min). The plasma

obtained was then stored at 220�C until analysis.

Chemical analyses. Chemical analysis of the feeds, feces, and fish
carcasses was done in triplicates for dry matter (DM; ISO 6469/NEN

3332), crude protein (nitrogenx6.25; Kjeldahl, ISO 5983/NEN 3145),

crude fat (Soxhlett, ISO-DIS 6492), ash (ISO 5984/NEN 3329), acid-

insoluble ash (ISO 5985), and gross energy (adiabatic bomb calorimetry,
IKA-calorimeter C 7000). The starch content of the feed was enzymat-

ically determined as glucose (ISO 15914). Plasma glucose and TGs were

determined following the protocol provided in the commercial kits,

Glucose (RTU no. 61269) and TGs (PAP 150 no. 61236) from Bio-
Merieux.

Calculations. The apparent digestibility coefficient (percent) = [(1 – DAIA/

FAIA 3 FN/DN) 3 100], where DAIA and FAIA are the acid insoluble ash

content (percent DM) in the diet and feces, respectively, and FN and DN are
the amount of nutrient in 1 g DM of the feces and diet, respectively. The

comparative slaughter method was used to determine the nitrogen [mg

nitrogen/(kg0.7 � d)], fat [g/(kg0.9 � d)] and energy balance [kJ/(kg0.8 � d)] as
previously described (11). The only exceptionwas the branchial and urinary
energy loss, which was calculated as branchial and urinary nitrogen loss 3
24.9/1000, where 24.9 is the amount of energy in kJ/g NH3-N, assuming all

nitrogen was lost as ammonia (29). Oxygen consumption of the fish was

calculated per tankwith the difference inmeasured concentration of oxygen
between inlet and outlet and the rate of water flow in the tank using the

formula shown elsewhere (11) without modification.

Statistical analysis. For all dependent variables, the tank was considered

as the experimental unit. Data were tested for the relation between the

dependent variable (Y; e.g., growth, feed intake, etc.) and the measured

percentage of fat in NPDE of the diets as an independent variable (X, %;
28, 49, 65, 81) according to the linear regression model: Yi = a + bX + ei,

where a, b, and e represent intercept, slope, and error term, respectively

(i = 1, 2, 3,.12). Data were analyzed using the general linear model

procedure in SAS 9.2 (SAS Institute). Linear regression results were
reported when P < 0.1.

Results

Feed intake. Themean percentage survival of fish,;93%over all
the treatments, was not affected by replacing the nonprotein
energy source of the diet (P = 0.33). Feed intake was significantly
affected by replacing the dietary nonprotein energy source (Table
2). The absolute feed intake [g DM/(fish � d)] and feed intake per
unit metabolic body weight [g DM/(kg0.8 � d)] of the trout
decreased linearly with increasing percent of fat in NPDE of the
diet (P < 0.001). The feed intake of trout fed the low-fat diet (F30-
S70) was 34% greater than that of the trout fed the high-fat diet
(F80-S20).

TABLE 2 Feed intake, growth, and body composition of rainbow trout fed diets with varying amounts of
fat and starch for 6 wk1

Diets

Pooled SEM

Regression analysis

F30-S70 F50-S50 F65-S35 F80-S20 b (SE) R2 P value

Initial body weight, g 51.3 51.0 50.8 51.3 0.36 — — 0.92

Final body weight, g 134.9 143.4 153.4 160.4 3.28 0.49 (0.08) 0.81 ,0.001

Feed intake

Absolute feed intake, g DM/(fish � d) 2.3 2.1 2.0 1.8 0.07 20.01 (0.002) 0.75 ,0.001

Feed intakeMBW,
2 g DM/(kg0.8 � d) 16.8 15.4 14.0 12.5 0.38 20.08 (0.009) 0.89 ,0.001

Growth

Absolute, g/d 2.0 2.2 2.4 2.6 0.08 0.01 (0.002) 0.81 ,0.001

GrowthMBW,
2 g/(kg0.8 � d) 14.6 15.7 17.0 17.7 0.41 0.06 (0.01) 0.81 ,0.001

Feed conversion, g DM intake/g wet weight gain 1.16 0.98 0.82 0.70 0.02 20.01 (0.001) 0.98 ,0.001

Final body composition3

DM, g/kg wet weight 275 299 307 320 2.8 0.82 (0.08) 0.92 ,0.001

Crude protein, g/kg wet weight 166 164 158 157 2.5 20.18 (0.06) 0.50 0.010

Crude fat, g/kg wet weight 81 111 123 141 3.1 1.10 (0.08) 0.95 ,0.001

Ash, g/kg wet weight 22 21 21 20 0.3 20.04 (0.009) 0.63 0.002

Energy, kJ/g wet weight 7.0 8.1 8.6 9.1 0.15 0.04 (0.004) 0.91 ,0.001

1 Values are least-squares mean, n = 3. Linear regression results were reported when P , 0.1. DM, dry matter; F, fat; F30-S70, F50-S50,

F65-S35, and F80-S20, diet with fat providing 28, 49, 65, and 81% of the nonprotein digestible energy, respectively; S, starch.
2 Expressed in metabolic body weight (MBW), calculated using geometric mean body weight, i.e., [O(final body weight 3 initial body

weight)/1000]0.8.
3 Initial body composition of rainbow trout at start of the experiment (g/kg wet weight): DM, 254; crude protein, 156; crude fat, 72; ash, 23;

energy 6.4 kJ/g wet weight.
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Growth and body composition. Growth performance of the
trout and all the measured body composition variables were
significantly affected by replacing the nonprotein energy source
of the diet (Table 2). The final body weight and growth of trout
increased with an increasing percent of fat in NPDE (P < 0.001).
The growth of trout fed F80-S20 was 21% higher than that in
the group fed the F30-S70 diet. The feed conversion ratio
decreased linearly from 1.16 to 0.70 with increasing percent fat
from 28 to 81% in NPDE of the diet (P < 0.001).

The final body DM, crude fat, and energy content increased
(P < 0.001), whereas the crude protein (P < 0.01) and ash (P =
0.002) decreased linearly with increasing percent of fat in NPDE
of the diet. Compared with the initial body fat content (72 g/kg)
of trout, the final body fat content almost doubled (141 g/kg) in
the group fed the F80-S20 diet with 81% NPDE as fat. The
lowest final body fat content (81 g/kg) was observed in the group
that received the F30-S70 diet with 28% NPDE as fat.

Nitrogen, fat, and energy balance. Gross and digestible
nitrogen intake were not affected by the replacement of the
dietary nonprotein energy source (P > 0.2), with intakes of 695
and 659 mg nitrogen/(kg0.7 � d), respectively (Table 3). Despite
the similar digestible nitrogen intake, the retained nitrogen and
retention efficiency increased (P < 0.01) with increasing percent
of fat in NPDE of the diet. In line with the increasing amount of
fat in the diet, the gross and digestible fat intake and fat retention
of the trout increased (P < 0.001), but the fat retention efficiency
decreased linearly (P < 0.001). The mean fat retention efficiency
increased linearly with increasing fat in NPDE of the diets.

The gross energy intake of the trout tended to decrease
linearly (P = 0.05), whereas digestible (P = 0.08) and metabo-
lizable energy intake (P = 0.05) increased with increasing percent
of fat in NPDE of the diet; the regression coefficients of
digestible and metabolizable energy intake were 0.30 and 0.34
kJ/(kg0.8 � d per %), respectively. The differences in feed intake
or gross energy intake between the dietary treatments did not
relate to the growth of trout, but the difference in the DEI of

trout was related to the growth (P = 0.004) (Fig. 1A). The heat
production decreased with increasing fat in NPDE (P < 0.001).
The higher metabolizable energy intake together with the lower
heat production resulted in an increased energy retention and
growth (Tables 2 and 3). Similarly, the energy retained as fat and
protein increased with increasing fat in NPDE (P < 0.001).

Plasma glucose and TGs. At 6 h postfeeding, plasma glucose
tended to decrease linearly (P = 0.09) and plasma TGs tended to
increase linearly (P = 0.06) (Fig. 1B) with increasing NPDE as
fat.

Oxygen consumption and diet-induced oxygen use. The
oxygen consumption [mg O2/(kg � min) and mg O2/(kg

0.8 �
min)] of rainbow trout was linearly affected (P < 0.01) by the
nonprotein energy source of the diet (Table 4). Mean oxygen
consumption of rainbow trout decreased with increasing percent
inclusion of digestible energy as fat in the diet.

The diet-induced oxygen use (mg O2/kJ DEI) decreased (P <
0.001) with increasing percentage of fat in NPDE (Table 4). The
DEI of trout decreased with increasing diet-induced oxygen use
(P = 0.05) (Fig 1C).

All measured variables were tested for curvilinearity, but for
none was the quadratic function significant (P > 0.10).

Discussion

The DEI range in the present study was within that in our
previous study with rainbow trout [211–311 kJ/(kg0.8 � d)],
where DEI was found to be significantly increased following the
replacement of starch by fat (7). The present data confirm the
effect of nonprotein energy source on DEI, although to a lesser
degree, because trout in the present study consumed a larger
amount (DM) of the less energy-dense (starch) diets than of the
high energy-dense (fat) diets. In general, the literature on fish
suggests that feed intake is regulated to meet the digestible
energy requirement, or in other words, fish maintain a relatively

TABLE 3 Nitrogen, fat, and energy balance of rainbow trout fed diets with varying amounts of fat and starch for 6 wk1

Diets

Pooled SEM

Regression analysis

F30-S70 F50-S50 F65-S35 F80-S20 b (SE) R2 P value

Nitrogen balance

Gross nitrogen intake, mg nitrogen/(kg0.7 � d) 706 700 695 677 19.0 — — 0.27

Digestible nitrogen intake, mg nitrogen/(kg0.7 � d) 667 663 661 645 17.5 — — 0.38

Retained nitrogen, mg nitrogen/(kg0.7 � d) 314 331 341 352 7.7 0.72 (0.18) 0.62 0.002

Nitrogen efficiency (retained nitrogen/digestible nitrogen intake),% 47 50 52 55 1.1 0.14 (0.03) 0.75 ,0.001

Fat balance

Gross fat intake, g/(kg0.9 � d) 1.5 2.6 3.5 4.5 0.09 0.06 (0.002) 0.99 ,0.001

Digestible fat intake, g/(kg0.9 � d) 1.3 2.4 3.3 4.2 0.07 0.06 (0.002) 0.99 ,0.001

Retained fat, g/(kg0.9 � d) 1.6 2.7 3.2 3.9 0.12 0.04 (0.003) 0.95 ,0.001

Fat efficiency (retained fat/digestible fat intake), % 124 110 97 92 2.5 20.61 (0.06) 0.90 ,0.001

Energy balance, kJ/(kg0.8 � d)
Gross energy intake 338 330 322 313 8.3 20.43 (0.20) 0.33 0.05

DEI 271 279 284 285 6.6 0.30 (0.16) 0.27 0.08

Metabolizable energy intake 260 268 274 276 6.2 0.34 (0.15) 0.34 0.05

Heat production 152 126 108 92 4.5 21.11 (0.10) 0.92 ,0.001

Retained energy 108 143 166 184 4.9 1.45 (0.12) 0.94 ,0.001

Retained energy as protein 60 63 64 66 1.4 0.13 (0.03) 0.60 0.003

Retained energy as fat 48 80 102 118 4.5 1.32 (0.11) 0.94 ,0.001

1 Values are least-squares mean, n = 3. Linear regression results were reported when P , 0.1. DEI, digestible energy intake; F, fat; F30-S70, F50-S50, F65-S35, and F80-S20, diet

with fat providing 28, 49, 65, and 81% of the nonprotein digestible energy, respectively; S, starch.
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constant DEI (30–32). However, the effect of diet on the DEI of
fish in the present and also in other studies (7,9,14–17)
contradicts the above suggestion.

In mammals, the influence of dietary nonprotein energy
source on feed (energy) intake has been related to the direct
effects of blood glucose (19) and body fat level (20). The
nonsignificant relation between DEI and postprandial plasma
nutrient concentrations suggests that there were no effects of
either postprandial (6 h) plasma glucose (P > 0.1) or TG
concentration (P > 0.1) (data not shown) on the DEI of the trout.

The lack of a visible effect of glucostatic feedback on DEI was
previously suggested in rainbow trout (7) and Atlantic cod (33).
Also, an increased body fat level in the trout fed diets with a high
amount of fat did not negatively affect DEI, as would be expected
to occur via lipostatic feedback mechanisms (12). On the
contrary, our data show a slightly increased DEI with increasing
body fat content, in line with other reports in fish (7,11,17,34).
This suggests a lesser impact of lipostatic feedback on DEI in the
juvenile trout. Similarly, studies in mammals have shown that the
intake of dietary fat energy exerts a weaker satiety effect than
carbohydrates (35), resulting in a high DEI (18) as also seen in
fish (7,10). This difference in the satiety effect between fat and
starch has been associated with their postabsorptive metabolic
fate, in particular the partitioning between storage and oxidation
(36). Irrespective of the fat intake, trout in the present study
predominantly deposited dietary fat into body fat with a high-fat
retention efficiency (>92%). This confirms the overall low
utilization of ingested fat for energy production through oxida-
tion and the large capacity of trout to store body fat without
compromising DEI, as previously reported in this species
(7,8,34,37) and other fish (38).

The changes in nonprotein energy source altered the diet-
induced oxygen use, which increased with increasing dietary
starch and decreasing dietary fat, in accordance with our earlier
observations in Nile tilapia (9). This may be attributed to the
differences in the metabolic use of absorbed glucose and fatty
acids, e.g. the synthesis of fat from dietary starch demanding
more oxygen than from dietary fat (39). The fat retention
efficiency >100% (110–124%) substantiates the occurrence of
de novo lipogenesis in trout fed the high-starch diets. This
probably contributes to the high oxygen use of starch-rich diets,
as seen in tilapia, which displayed even higher fat retentions
(>200%). Of interest, the present range in diet-induced oxygen
use in trout (15.1–17.5 mg O2/kJ DEI) is only slightly below the
range found in tilapia (16.7–20.5 mg O2/kJ DEI) despite the
overall higher DEI and the differences in metabolic handling of
starch in tilapia compared with trout (37).

Our previous studies suggested that the feed intake or DEI
in fish can be constrained by a set-point value of oxygen
consumption (on a time scale larger than weeks). This is based
on the observations in trout and Nile tilapia that the feeding of
diets differing in the macronutrient composition resulted in
different DEI but with an equal heat production (7,12) or with
an equal oxygen consumption (11). The trout in the present
study, however, did not consume an equal amount of oxygen.
This clearly suggests that oxygen consumption did not impose a
physiological constraint on the feed intake or DEI in this study.
Yet, DEI was negatively related to the diet-induced oxygen use.
This is consistent with our previous data in Nile tilapia,
providing further support for a possible role of diet-induced
oxygen use in the regulation of feed intake in fish (11). Still, the
rate of decrease in DEI per unit increase in diet-induced oxygen
use (i.e., slope of line) was 100% greater in tilapia [;14.4 kJ/
(kg0.8 � d) per diet-induced oxygen use] than in the rainbow
trout [;7.1 kJ/(kg0.8 � d) per diet-induced oxygen use]. This
difference in the slope warrants further confirmation, but may be
related to inter-species differences with tilapia handling carbo-
hydrates differently than rainbow trout at a moderately low
protein intake (37).

In mammals, under thermoneutral conditions, the consump-
tion of a high-protein diet results in a greater satiety together
with the high diet-induced thermogenesis/energy expenditure
(40). This increase in satiety effect of a high-thermogenic protein
diet at thermoneutral condition is suggested to be due to an

FIGURE 1 Relations between DEI and growth (A), percent of

dietary NPDE as fat and 6-h postprandial plasma glucose and TG

concentrations (B), and diet-induced oxygen use and DEI (C) in

rainbow trout fed diets with varying amounts of fat and starch as

NPDE sources for 6 wk. Values are means 6 SDs, n = 3 (B), or in

equations, means 6 SEs, n = 12 (A,C). DEI, digestible energy intake;

F, fat; F30-S70, F50-S50, F65-S35, and F80-S20, diet with fat providing

28, 49, 65, and 81% of the NPDE, respectively; NPDE, nonprotein

digestible energy; S, starch.
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increase in oxygen consumption and to a lesser extent by the
body heat (thermogenesis) (25,41). In the same way, DEI of the
trout in the present study reduced with increasing diet-induced
oxygen use (per unit of feed). This suggests a possible role for
diet-induced oxygen use in the regulation of feed intake/DEI in
poikilotherms. In the view of the present results and bearing in
mind the key role of oxygen use as the basis of diet-induced
thermogenesis, we hypothesize that also in homeotherms in the
absence of other potential intake constraints, the DEI is
regulated by oxidative metabolism. Similarly, the satiating
power of a nutrient has been proposed to be determined by
their degree of hepatic oxidative metabolism as outlined in the
hepatic oxidation theory in mammals (42).

To create a strong contrast in the type of nonprotein energy,
the diet with the lowest amount of fat had 49% of starch, which
is uncommon in the feed for rainbow trout. The general
consensus in fish nutrition that carnivorous fish like rainbow
trout are glucose intolerant is debatable (43). In the current
study, none of the observed variables showed a curvilinear
response, which suggests no negative effect of high starch. Also,
the postprandial plasma glucose concentrations (4.1–5.8 mmol/L)
were well within the range of values (3.8–11 mmol/L) reported
in the literature (44,45). Iso-energetic replacement of starch by
fat in the diets always coincides with alterations in the dietary
energy density. In this study, we chose not to include a dietary
filler (e.g., cellulose) because of its possible effect on the feed
intake at a high inclusion level (46). Consequently, the dietary
concentrations also differed for other nutrients than starch
and fat, but their ratios to digestible energy (e.g., digestible
protein:digestible energy ratio) were kept comparable be-
tween the diets. As for all studies applying changes in the diet
composition, the suggested impacts of type of nonprotein
energy source in the current study might also be due to other
confounding changes in the diets (e.g., nutrient density, protein
content, etc.).

In summary, the present study shows that the DEI of trout
increased with increasing replacement of dietary starch by fat as
nonprotein energy source, but to a lesser extent than previously
reported for rainbow trout (7,8,34). In agreement with the
observations in Nile tilapia (11), the DEI was inversely related to
diet-induced oxygen use, which suggests a possible role of diet-
induced oxygen use in feed intake regulation as shown by the
replacement of dietary fat by starch.
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