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Effects of postnatal overfeeding and fish oil diet on energy
expenditure in rats
Yanyan Dai1, Nan Zhou1, Fan Yang1, Shanshan Zhou1, Lijun Sha1, Jianping Wang2 and Xiaonan Li1

BACKGROUD: Early life nutrition may have a role in the
regulation of metabolism in adulthood. The present study
aimed to evaluate the effects of postnatal overfeeding and a
postweaning fish oil diet on energy expenditure.
METHODS: On postnatal day 3, rat litters were adjusted to a
litter size of three (small litters, SLs) or ten (normal litters, NLs).
After weaning, SLs were fed the standard diet or a fish oil diet
enriched with polyunsaturated fatty acids (SL-FOs) for
10 weeks. The metabolic parameters of rats were monitored
using the TSE LabMaster at postnatal week 3 (W3) and
postnatal week 13 (W13).
RESULTS: At W3, the O2 consumption and heat production in
SLs were lower than those in NLs, while the respiratory
exchange ratio (RER) was higher than NLs. SLs showed obesity,
dyslipidemia, and impaired glucose tolerance at W13. The
postweaning fish oil diet in SLs not only increased O2
consumption, CO2 production, heat production, and reduced
the RER but it also reduced weight gain, serum triglycerides,
and improved glucose tolerance at W13.
CONCLUSION: Postnatal overfeeding can decrease the level
of body energy expenditure and induce obesity, but a fish oil
diet can increase the energy expenditure and prevent the
development of metabolic dysregulation in adults.

Energy homeostasis is crucial to the maintenance of health.
When energy balance is disrupted, energy intake is greater

than the output, and the excess energy is stored as
triacylglycerols in adipocytes, which eventually induces the
development of obesity(1). Obesity is a major risk factor for
the development of metabolic diseases such as type 2 diabetes
and cardiovascular disease(2), and has become a major health
problem worldwide(3). Moreover, 85% of obese children
remain obese in adulthood and also have metabolic
dysregulation(4). Therefore, it is crucial to find an effective
way to prevent or treat childhood obesity.
The developmental origins of health and disease (DOHaD)

hypothesis describe the process by which environmental
stimuli, including altered nutrition, during critical periods of
development can program alterations in organogenesis, tissue

development, and metabolism, predisposing the offspring to
metabolic diseases during adulthood(5). Human and animal
studies have demonstrated that exposure to overnutrition in
early life may increase adiposity and insulin resistance in
adulthood(6–8). Moreover, substantial evidence has indicated
that dietary fatty acids, physical activity, or lower-calorie diets
may change the susceptibility of metabolic diseases(9–11).
Fish oil enriched with ω3 polyunsaturated fatty acids (ω3
PUFA) may reduce the development of type 2 diabetes,
hyperlipidemia, hypertension, and other metabolic diseases
(12–14). In the United States, increasing the amount of
dietary ω3 PUFA may have a role in the treatment of
childhood obesity complicated by hyperlipidemia since 2014
(15). Some studies have shown that a significant increase in
energy expenditure is accompanied by weight loss in both
lean and obese individuals(16,17). However, the effect of ω3
PUFA on energy expenditure in early nutrition is uncertain.
In this study, early life overfeeding was simulated by

adjusting the male Sprague-Dawley rat litter size and
intervening with a ω3 PUFA diet for 10 weeks after weaning.
The aim of the present study was to investigate the effects of
postnatal overfeeding and ω3 PUFA on energy expenditure
in rats.

METHODS
Animals
This study was carried out in accordance with the recommendations
for the care and use of laboratory animals of the Department of
Experimental Animals of Nanjing Medical University. The study was
approved by the Committee on the Ethics of Animal Experiments of
Nanjing Medical University (Permit number: 20130102-01).
Sprague-Dawley rats (Nanjing, Jiangsu, China) were maintained
with a 12 h light/dark cycle (light cycle, 06:00–18:00; dark cycle,
18:00–06:00) and temperature (22± 2 °C) conditions with free access
to tap water and the standard laboratory rodent diet. Except for the
intraperitoneal glucose tolerance test, the rats did not undergo
invasive operations in this experiment. In addition, the TSE
LabMaster (TSE Systems, Bad Homburg, Germany) was used to
imitate the normal living environment of rats, and rats were not
given analgesics during this study. At the end of the experiment, the
rats were anesthetized by an intraperitoneal injection of chloral
hydrate after overnight fasting (12 h). All efforts were made to
minimize suffering and to reduce the number of animals used in this
study. There were no unintended deaths of rats in this experiment.

1Department of Child Health Care, Children’s Hospital of Nanjing Medical University, Nanjing, China; 2Department of Clinical Laboratory, Nanjing Medical University Affiliated
Secondary Hospital, Nanjing, China. Correspondence: Xiaonan Li (xiaonan6189@163.com)

Received 9 June 2016; accepted 8 August 2017; advance online publication 4 October 2017. doi:10.1038/pr.2017.207

156 Pediatric RESEARCH Volume 83 | Number 1 | January 2018 Copyright © 2018 International Pediatric Research Foundation, Inc.

Articles | Basic Science Investigation

mailto:xiaonan6189@163.com
http://dx.doi.org/10.1038/pr.2017.207


Experimental design
Female rats were time-mated, and male Sprague-Dawley rat pup
litters were randomly distributed among the mothers to adjust to
litter sizes of three pups per litter or ten pups per litter to induce
early postnatal overfeeding or normal feeding on postnatal day 3 (P3)
(18). After weaning, the NL pups were fed with the standard
laboratory rodent diet (NL group)(19), and the SL rats were given
either the standard laboratory rodent diet (SL group) or a ω3 PUFA
diet (SL-FO group) for 10 weeks. The diets and their nutrient
compositions are shown in Table 1. All animals were housed three
per cage postweaning. Body weight and food intake were monitored
throughout life.
At W3 and W13, rats were monitored in a custom cage with an

indirect calorimetry and locomotor activity monitoring system (TSE
LabMaster)(20). The calorimetric system of the instrument was an
open-circuit system that determined O2 consumption, CO2 produc-
tion, and respiratory exchange ratio (RER=Vco2/Vo2). A
photobeam-based activity-monitoring system detected and recorded
every ambulatory movement of rats in each cage. To acclimate to the
test chambers, rats were placed in the metabolic cages for 72 h, and
then were monitored for an additional 24 h. The data from the final
24 h were used to calculate all parameters for which the results were
reported, and the cumulative energy expenditure and locomotor
activity during 24 h were calculated. The rats had free access to food
and tap water while they were in the custom cages.

Body Temperature
At W3 and W13, the body temperature of the rats was assessed by
measuring rectal temperature using a rectal thermoprobe (MC-347
Series Precision Thermometers, Omron Temperature, Dalian,
China).

Serum and tissue collection
The rats were anesthetized by an intraperitoneal injection of chloral
hydrate (300 mg/kg of body weight) after overnight fasting (12 h).
Blood was obtained from the right ventricle and the serum was
separated by centrifugation at 2,000g for 15 min. The separated
serum was stored at − 70 °C for subsequent determination of
biochemical parameters. Epididymal and retroperitoneal white
adipose tissue was dissected and weighed, and all tissues were
snap-frozen in liquid nitrogen and stored at − 70 °C.

Intraperitoneal glucose tolerance test
The intraperitoneal glucose tolerance test (IPGTT) was performed as

previously described. Briefly, rats were fasted overnight at W13. A
blood sample was then taken from a tail vein, and 2.0 g of D-glucose
(50% stock solution in saline) per kilogram of body weight was
intraperitoneally injected. Blood was collected from a tail vein at 30-,
60-, and 120-min intervals after the glucose injection, and glucose
levels were measured by a glucose meter (Accu-Chek, Roche
Diagnostics, Mannheim, Germany).

Biochemical Analysis
Serum total cholesterol, triglyceride, and high-density lipoprotein
were measured using enzymatic colorimetric assays according to the
protocols of the commercial clinical diagnosis kits (TCHOD-PAP
reagent kit 20090, GPO-PAP reagent kit 20080, BIOSINO BIO,
Beijing, China) in an Olympus AU400 analyzer (Olympus
Diagnostics, Holliston, USA).

Statistical Methods
Values were plotted as the mean± SD. Significant differences
between NLs and SLs of rats at W3 and W13 were analyzed using
unpaired t-tests. At W13, statistical analyses between groups of rats
were performed using one-way analysis of variance (ANOVA)
followed by a post hoc Bonferroni test. A P-value o0.05 was
considered to be statistically significant.

RESULTS
Body Weight, Adipose Tissue Weight, and Food Intake
The body weight of SLs was significantly increased compared
with that of NLs at W3 (Po0.001, Figure 1), which persisted to
W13 (Po0.01, Figure 1). In contrast, the body weight of SL-
FOs was lower than SLs (Po0.001, Figure 1) and did not
significantly differ from NLs from W10 to W13. The fat pad
(retroperitoneal and epididymal) weights of SLs (0.24± 0.01
and 0.23± 0.01 g) were higher than NLs (0.13± 0.01 and
0.14± 0.01 g, respectively, Po0.001, Supplementary Figure S1
online) at W3, and the difference in fat pad weights in both
groups (9.00± 1.28 vs. 2.70± 0.27 g and 8.30± 0.66 vs.
2.97± 0.18 g, respectively, Po0.001, Supplementary
Figure S1) still existed at W13. In contrast, the fat pad weight
of SL-FOs (3.17± 0.35 and 3.80± 0.23 g) was lower than SLs
(9.00± 1.28 and 8.30± 0.66 g, respectively, Po0.001,
Supplementary Figure S1) and was not different from NLs.

Table 1. Purified diet formula and composition

Soybean oil diet Fish oil diet

Casein 18.92% 18.92%

L-cystine 0.28% 0.28%

Corn starch 48.34% 48.34%

Maltodextrin 3.32% 3.32%

Sucrose 13.00% 13.00%

Cellulose 4.74% 4.74%

Mineral mix 4.26% 4.26%

Vitamin mix 1.14% 1.14%

Soybean oil 6.00% 0.00%

Fish oil 0.00% 6.00%

Total 100.00% 100.00%

Energy (kcal/100 g) 392.60 392.60

ω6/ω3 ratio 6.62 0.06
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Figure 1. Effect of different diets on body weight from W3 to W13. The
data are expressed as the mean± SD, and the differences between the
groups from W3 to W13 were analyzed using one-way ANOVA. *Po0.05
vs. NL at every time point, **Po0.05 vs. SL from W4 to W13. The body
weight of SL-FO rats was same as that of NL rats from W10 to W13 (n= 6
in each group).
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The SLs (9.60± 0.22 g) exhibited greater food intake
compared to NLs (7.05± 0.20 g, Po0.001, Supplementary
Figure S2) at W3, and no differences were found in food
intake among NLs, SLs, and SL-FOs at W13.

Glucose Homeostasis
The area under the curve (AUC) for plasma glucose levels
over time was calculated following the glucose tolerance test.
Compared with NLs (933.00± 30.59), early overfeeding in SLs
increased the AUC (1,195.25± 62.23, Po0.001, Figure 2b) at
W13, and a ω3 PUFA diet reduced the AUC in SLs
(930.50± 29.99, Po0.001, Figure 2b) and recovered the
plasma glucose to a normal level.

Serum Lipids
At W13, the total triglyceride level in SLs (0.77± 0.10 mmol/l)
was higher than NLs (0.40± 0.05 mmol/l, Po0.001,
Figure 3a), and was similar between SL-FOs
(0.42± 0.04 mmol/l) and NLs (0.40± 0.05 mmol/l, P= 0.81,
Figure 3a). The high-density lipoprotein level in SL-FOs
(0.61± 0.04 mmol/l) was higher than NLs (0.46± 0.01 mmol/
l, P= 0.01, Figure 3b) at W13.

Body Temperature
The basal rectal temperature was analyzed, showing that the
rectal temperature in NLs (36.82± 0.29 °C) at W3 was higher
than that in SLs (35.73± 0.34 °C, P= 0.04) and persisted to

W13 (35.35± 0.17 vs. 34.03± 0.13 °C, respectively, Po0.01).
Furthermore, the rectal temperature in SL-FOs (35.10± 0.24 °
C) significantly increased compared to that in SLs
(34.03± 0.13 °C, Po0.01) and recovered to a normal level
(Table 2).

Energy Expenditure and Ambulatory Activity: O2 Consumption
and CO2 Production
As shown in Figure 4, the O2 consumption of SLs
(3,621.07± 206.81 ml/h/kg) was lower than NLs
(4,007.25± 286.90 ml/h/kg, P= 0.02, Figure 4a) after
weaning and persisted to adulthood (1,397.49± 124.75 vs.
1,810.79± 78.80 ml/h/kg, respectively, Po0.001, Figure 4c).
Compared with NLs (1,653.90± 75.00 ml/h/kg), the CO2

production of SLs (1,295.47± 150.61 ml/h/kg, Po0.001,
Figure 4d) was significantly reduced at W13. However, the
O2 consumption in SL-FOs (1,754.00± 188.04 ml/h/kg) was
higher than SLs (1,397.49± 124.75 ml/h/kg, Po0.001,
Figure 4c), as was CO2 production (1,579.54± 151.76 vs.
1,295.46± 150.61 ml/h/kg, respectively, Po0.001, Figure 4d).
The O2 consumption in SL-FOs was more than that in the SLs
and was not statistically different from that in the NLs
(1,810.8± 78.80 ml/h/kg, P= 0.487). The same was true for
CO2 production (1,579.54± 151.76 vs. 1,653.90± 74.99 ml/h/
kg, respectively, P= 0.34) in SL-FOs. Moreover, O2 consump-
tion and CO2 production during the day were lower than that
at night in NLs at W13 (data not shown).
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Figure 2. The intraperitoneal glucose tolerance test (a) and areas under the curve of rats (b) at W13. The data are expressed as the mean± SD.
Differences were analyzed using one-way ANOVA at W13.

*Po0.05 for SL vs. NL, **Po0.05 for SL-FO vs. SL (n= 6 in each group).
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Figure 3. The serum levels of total cholesterol (a), high-density lipoprotein (b), and total triglycerides (c) of rats at W13. The data are expressed as
the mean± SD. Differences were analyzed using one-way ANOVA at W13.

*Po0.05 for SL vs. NL, **Po0.05 for SL-FO vs. SL (n= 6 in each group).
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Respiratory Exchange Ratio
Compared with NLs (0.93± 0.01), SL rearing induced a
significant increase in RER (0.96± 0.02, P= 0.01, Figure 5a)
at W3. After weaning, there was no difference observed in the
RER between NLs and SLs, given the standard diet for
10 weeks. However, the RER of SL-FOs (0.90± 0.02) was
lower than that of SLs (0.92± 0.03, P= 0.04, Figure 5b) and
was not statistically different from NLs. Moreover, the RER in
NLs and SL-FOs during the day was lower than that at night
at W13, but there was no difference in SLs (data not shown).

Heat Production
Heat production during the day was lower than that at night
at W13 in NL, SL, and SL-FO rats (data not shown).
Moreover, the total heat production in SLs
(18.11± 1.04 kcal/h/kg) was lower than that in NLs

(19.94± 1.44 kcal/h/kg, P= 0.03, Figure 6a) at W3 and
persisted to W13 (6.94± 0.66 vs. 8.97± 0.40 kcal/h/kg,
respectively, Po0.001, Figure 6b). The heat production of
SL-FOs (8.66± 0.91 kcal/h/kg) at W13 was significantly higher
than that of SLs (6.94± 0.66 kcal/h/kg, Po0.001, Figure 6b)
and did not significantly differ from that of NLs.

Ambulatory Activity
Similar to heat production, the amount of activity during the
day was lower than that at night in all groups at W13 (data not
shown). However, there were no significant differences in the
ambulatory activity among NLs, SLs, and SL-FOs at W3 or
W13 (Supplementary Figure S1).

DISCUSSION
The nutritional state during critical windows, especially the
early postnatal period, plays an important role in the onset of
major diseases in adulthood(21). In this study, we induced
postnatal overfeeding by reducing the litter size in rats to
imitate postnatal overnutrition in humans, and found that
overfeeding in early life can induce the development of
obesity, impair glucose tolerance and hyperlipidemia, and
reduce O2 consumption and heat production from W3 to
W13. Moreover, postweaning dietary intervention with fish oil
increased the level of energy expenditure and insulin
sensitivity, and improved hyperlipidemia compared with
standard feeding in SLs. Therefore, postnatal overfeeding

Table 2. Body temperature at W3 and W13 (°C)

NL SL SL-FO

W3 36.82 ± 0.71 35.73 ± 0.84* —

W13 35.35 ± 0.42 34.03 ± 0.31* 35.10 ± 0.58**

FO, fish oil; NL, normal litter; SL, small litter; W3, postnatal week 3; W13, postnatal
week 13.
Data are the mean ± SD, n= 6 in each group.
*Po0.05 vs. NL.
**Po0.05 vs. SL.
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Figure 4. The oxygen consumption and carbon dioxide production of rats at W3 (a, c) and W13 (b, d). The data are expressed as the mean± SD.
Differences between groups at W3 were analyzed using Student’s unpaired t-test and using one-way ANOVA at W13. *Po0.05 for SL vs. NL, **Po0.05
for SL-FO vs. SL (n=6 in each group).
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may induce a programming effect on energy expenditure,
which may contribute to the development of obesity and
other metabolic alterations in adult rats. At the same time, a
ω3 PUFA diet reversed the programming effects induced by
early postnatal overfeeding on energy expenditure, glucose
intolerance, blood lipid levels, and weight gain.
Overnutrition that occurs early in life increases the

susceptibility of obesity and the related metabolic diseases
(22). Overnutrition during postnatal life can be induced by
reducing the litter size, as first demonstrated by Kennedy in
1957(23). It is usually expected that more milk would be
available to the individual pups when the litter size is
decreased below that of normal delivery, thereby imposing a
state of persistent postnatal overfeeding upon the suckling
animals. Manipulation of rat litter rearing to induce postnatal
overfeeding has been widely used to study the major short-
and long-term outcomes of childhood obesity(24). Consistent
with these studies, we proved that the body weight and
adiposity in SLs were higher than those of NLs, and the
difference in body weight and adiposity continued from
weaning to adulthood. The regulation of energy balance
includes a matching of energy intake with expenditure in
order to maintain a stable body weight over an extended

period of time(25). The weight gain of SLs may be associated
with energy imbalance, but the contribution of energy intake
and expenditure to weight gain is still under debate. Given
3 weeks of SL rearing, the food intake of SLs was only more
than that of NLs in the first 2 weeks after weaning. There were
no differences in food and energy intake from W5 to W13, but
SLs still became obese in adulthood. Therefore, we hypothe-
sized that overfeeding early in life could change the
development model of energy metabolism, decrease the
energy output, and lead to the development of obesity in
adulthood.
The reduction in energy expenditure has been a risk factor

for weight gain in humans and animals(26–28). In normal
individuals, energy is expended mainly by the resting
metabolic rate and the thermic effect of food and activity
(29). Body energy metabolism is monitored by direct
calorimetry and indirect calorimetric measurements(30).
Respirometry measures the exchange of respiratory gases
with the rat’s environment, providing an accurate parameter
of heat production (an indicator of energy expenditure) from
measurements of CO2 production and O2 consumption(31),
and is the main calorimetric method for the indirect
measurement of the metabolic rate of rats(32). Oxygen is
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transported to systemic tissues by the cardiovascular system
and is used to produce adenosine triphosphate in the
mitochondria. Therefore, oxygen consumption can determine
the amount of energy that the body aerobically produces(33).
Our results indicated that SLs induced a reduction of O2
consumption and maintained it to adulthood, even when a
standard diet was consumed. In addition to this, postnatal
overfeeding reduced the CO2 production of SLs at W13. The
first law of thermodynamics states that energy is only
converted from one form into other forms, and is not
destroyed or created(1). Animals obtain energy from the
oxidation of fatty acids, glucose, and other energy materials at
the cell and tissue levels(34). Energy is stored in the form of
adenosine triphosphate, and the remaining energy is released
in the form of heat(35). The heat production of rats
experiencing postnatal overfeeding was significantly lower
than that of NLs from W3 to W13, and our data also showed
that SLs exhibited a decrease in rectal temperature, indicating
that the nutritional state in early life may have had a
programming effect on the energy expenditure of SLs in
later life.
In addition to food intake and energy expenditure, the

composition of the substrate mix used for energy generation
also affects energy metabolism(27,36). The RER is derived as
an adjustment for the utilization of fuel, and reflects the
source of fuel under examined conditions(37). A high RER
indicates that carbohydrates are predominantly being used,
whereas a low RER suggests lipid oxidation(38,39). In the
present study, we found that small litters increased the RER
and reduced O2 consumption at weaning, and there was no
difference observed in RER between NLs and SLs, given the
standard diet after weaning. It has been demonstrated that the
milk consumption in SLs is higher than that in NLs,
particularly milk triglyceride(24). After weaning, food com-
position and consumption in SLs showed no differences from
those of NLs. Therefore, we may speculate that the different
mode of RER at weaning and adulthood of SL rats may be
related to nutrient intake. The increased RER in the SL model
suggests a reduction in the mobilization of stored lipids, and
that the energy source switched to glucose, which reduced
lipid oxidation and increased adiposity. In addition, the
oxidation of glucose requires less O2 consumption.
Studies have suggested that the composition of fatty acids in

a diet may affect the metabolism differentially, thus playing a
role in the development or prevention of obesity. High-fat
diets may lead to excess energy intake and storage in the
adipose tissue(40). In contrast to saturated fatty acids,
increasing the amount of PUFAs in the diet plays an
important role in hypolipidemic and weight-reducing proper-
ties(41). In addition, ω3 PUFA improves the metabolic profile
by upregulation of thermogenic markers in brown adipose
tissue(42), promoting beige adipocyte formation and mito-
chondrial function(43). In this study, postweaning interven-
tion with fish oil rich in ω3 PUFA decreased body weight
gain, improved insulin sensitivity and hyperlipidemia,
increased CO2 production, O2 consumption, and heat

production, and recovered rectal temperature effectively in
SL-FO rats. In addition, the fish oil diet increased fat
oxidation and changed fuel utilization by decreasing the
RER in SL-FO rats.
Energy intake and physical activity are known to increase

the total energy expenditure. In addition, cold exposure in
mammals may minimize heat dissipation and increase heat
generation(44). However, we found that postnatal overfeeding
and ω3 PUFA dietary intervention did not affect the physical
activities or normal circadian rhythm of rats, and the
experimental model or the number of samples could be
responsible for this finding. In addition, the TSE system is
equipped with heating and cooling equipment to keep the
chamber at a constant uniform temperature. Therefore, the
effects of temperature, dietary energy, and activity amount on
the energy expenditure of the rats were eliminated.
In the present study, we demonstrated that the early

postnatal environment could have a programming influence
on body weight and energy homeostasis into adulthood.
Recent studies have indicated that overnutrition during the
immediate postnatal period in rodents leads to permanent
effects on the central nervous organization(45,46), circulating
concentrations of hormones(47,48), reprogramming of brown
adipose tissue-adaptive thermogenesis(49), and obesity-
related gene expression in adipose tissue(50–52) and that
these could be the key mechanisms for the occurrence of
adverse metabolic outcomes in late life. Therefore, our study
is warranted to elucidate the mechanisms of early life
programming and dietary intervention on energy expenditure
in the future.
In summary, postnatal overfed rats had decreased levels of

energy expenditure from postnatal to adulthood and
increased body weight and fat weight gain. In contrast, the
fish oil diet increased CO2 production, O2 consumption, and
heat production and prevented excess adipose accumulation
in early life overfed rats. Some studies have raised the
possibility that fish oil diets may be a potential therapeutic
option for preventing and reducing the development of
obesity and other metabolic diseases. These findings could
help us to better understand the mechanism of dietary ω3
PUFA in preventing and reducing the adverse programming
outcomes in adults.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at
http://www.nature.com/pr
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