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Effects of Dietary Restriction on Regulation
of Energy Metabolism in Male Wistar Rats
(Rattus norvegicus)
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Laboratory rats are most often fed ad libitum (AL), but dietary restriction (DR) is commonly used to provide appropriate
experimental designs. The current methods of DR have shortcomings; animals are often subjected to social isolation, periods
of fasting, and disturbed diurnal eating rhythms. The diet board was developed to solve these problems. The diet board of-
fers the possibility of combining group housing with moderate DR without disturbing diurnal eating rhythms or subjecting
animals to periods of fasting. In this study, the diet board’s validity as a DR method was investigated by assessing possible
endocrine effects associated with the previously observed decreases in weight gain and adiposity. Male Wistar rats (n =
30/group) were housed in groups of 3 and fed either with the diet board or AL over a 10-wk study period. Serum ghrelin, leptin,
insulin, and adiponectin concentrations and liver triglyceride content and their variance were measured at the end of the study.
The diet board showed no reduction potential in energy metabolism parameters. In the serum levels of the adiposity-related
hormones leptin, insulin, and adiponectin or liver triglycerides, no statistically significant differences were found. In con-
trast, levels of ghrelin were significantly lower in the DR rats compared with the controls. In conclusion, diet board feeding
induces mild hormonal compensatory changes, thus offering an alternative method of moderate DR in group-housed rats.

Abbreviations and Acronyms: AL, ad libitum; DR, dietary restriction
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Introduction

The most common way of feeding laboratory rodents is ad li-
bitum (AL). In some cases, dietary restriction (DR) is used. There
are several reasons for using DR in laboratory rodents. First, the
feeding method may be an integral part of the experimental
setup. DR-fed rodents can be used as animal models of the
effects of weight reduction and maintenance in obesity-related
diseases. There are other fields of research where DR is often
used to provide appropriate experimental designs for example
in the study of eating disorders and other forms of malnutri-
tion. Second, DR may be implemented when the mortality or
morbidity of the experimental animals needs to be decreased.
It has been repeatedly shown that AL feeding increases the
mortality and morbidity of laboratory rodents compared with
DR-fed counterparts.'” In toxicology and regulatory testing,
the short lifespan and high incidence of neoplastic diseases in
AlL-fed rodents are problems, for which DR has been recom-
mended as a solution.!®

A third reason to use DR is to control interindividual vari-
ability and to standardize the food intake of the experimental
animals. In AL feeding, food intake is highly variable between
different individuals, whereas DR can offer the possibility
to control the food intake.”!! A fourth reason to use DR is to
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establish a stronger motivation to eat. This is required in some
behavioral tests, where food is used as a reward.

Obesity caused by AL may lead to increased numbers of ani-
mals needed in the studies either via poor survival or increased
interindividual variability. A potential increase in each and
any parameter variance leads to an exponential increase in the
number of animals required for the same study outcome. This
has been shown to be the case with organ weights but not with
other parameters.!!13

Regardless of the rationale behind the choice of the feeding
method, a common way to implement DR in laboratory rodents
is to provide them with a precalculated portion of food once a
day, during working hours. To avoid aggressive competition for
food, the animals are often single housed.!* This method of DR
has shortcomings with respect to both scientific integrity and
animal welfare. Social isolation is a potent stressor for rats and
can lead to decreased welfare.!>1 Current European legislation
recommends that rats be housed individually only if there is
a justification based on veterinary, welfare, or experimental
grounds.?’ Another concern is the diurnal rhythms of the ex-
perimental animals. When fed AL, rats eat several small meals
during the dark period.?!?2 The current methods of DR disrupt
the diurnal rhythms of feeding and consequently interfere with
many other physiologic variables.?>?> One might hypothesize
that it is very difficult to differentiate the effects of the stress of
social isolation and the altered diurnal rhythms from those of
the actual caloric restriction. This may confound the interpreta-
tion of research results.

Our research group has developed a feeding device, the diet
board, to solve some of the problems associated with the current
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methods of DR in laboratory rats. The advantages of the diet
board include the possibility of group housing the animals and
allowing them to maintain normal diurnal eating rhythms while
subjecting them to moderate levels of DR.20-28

The purpose of this study was to determine the diet board’s
effects on the serum levels and variance of the hormones ghrelin,
leptin, insulin, and adiponectin or liver triglycerides compared
with AL feeding. These hormones reflect the levels of food intake
and adiposity of the individual 23 It is not sufficient that the diet
board simply produces similar effects on weight gain and thus
shows face validity to the current methods of DR. To be an ac-
ceptable alternative, the diet board should possess true construct
validity; that is, the same mechanisms should be responsible for
the similarities in the observed outcomes.?’"3 Our goal was to
assess how the diet board would affect the hormone and liver
triglyceride levels, and their variance compared with AL feeding.

Ethical review. The study was done in the Laboratory Ani-
mal Centre, University of Eastern Finland. The study plan was
reviewed and approved by the Finnish National Ethics Commit-
tee. The study complies fully with the EU Directive (2010/63/
EU) on the protection of animals used for scientific purposes
and the corresponding Finnish legislation.

Materials and Methods

Animals and housing. Sixty male HsdBrlHan:WIST rats
(NLAC, Kuopio, Finland) were used. The animals were 7 wk old
when the study began. The breeding unit and the experimental
unit were free of the pathogens listed in the Federation of Euro-
pean Laboratory Animal Science Association recommendations
for health monitoring.3 The animals were group-housed (3 rats
per cage) in solid-bottom stainless-steel cages with a wire-grid
top (48.5x28.5x20.0 cm; Franke Finland Ltd) in a cubicle.

The ambient room temperature and relative humidity were
21+1°C and 55% +15%, respectively, and the ventilation pro-
vided 15 air changes per hour. The light-dark cycle was 12 h:12 h,
and the lights went on at 0700. Tap water in polycarbonate
bottles was always freely available for all animals. The animals
were fed with autoclaved Lactamin R36 chow (Lantménnen,
Stockholm, Sweden). Food availability is described below. As-
pen chips (5 x5 x 1 mm; Tapvei Ltd, Paekna, Estonia) and aspen
wool (Tapvei Ltd, Paekna, Estonia) were used as bedding and
nesting material; both were changed twice every week.

The diet board. The diet board (Figure 1A and B) consisted
of 2 aspen boards (35.0 x12.2 x 2.7 cm); 2 corners of each board
were removed (6.0x6.0 cm) to facilitate the rats” movement
within the cage. Each board had 20 vertical drill holes (& 12.5
mm) with a 2- to 3-mm slot open to the side of the board. The
holes were filled with food pellets that were fixed in place by
autoclaving the board (121°C, 20 min, 220 kPa; Finn-Aqua
121821 D; Steris Finn-Aqua). The control animals had similar
autoclaved boards of the same size but without the drill holes
and food. The boards were placed into the cage in the form of a
cross made by intersecting 2 boards providing 4 separate com-
partments. The boards were made of aspen, which is the same
material as the bedding and nesting material, and presumably
had the same emission profile but at lower concentrations than
the nonautoclaved aspen bedding material.®®

Study design. The animals were divided into 2 groups (1 = 30
in each group). The study group (DR) was fed exclusively with
the diet board throughout the experiment. The control group
(AL) was fed AL, which means food was always available in
unrestricted quantities in the food hopper.

The groups were formed in the following manner. Ten litters
with a minimum of 6 male siblings were ordered for the study,

The diet board and energy metabolism in rats

Figure 1. (A) Structure of the diet board with dimensions and (B) its
placement in the cage environment.

and 6 males from each litter were chosen for the experiment.
These 6 siblings were housed together from weaning until the
beginning of the study. On a Friday, each of the sextets was
divided at random into 2 cages; one cage designated for diet
board feeding and the other cage for AL feeding. Thus, both
the DR and AL groups consisted of 10 cages with 3 males from
the same litter in each cage. The animals were ear tattooed. All
animals continued to be fed AL during the following weekend
to allow them an acclimatization period. The study began on
the following Monday when the animals were 7 wk old. The
diet boards and plain boards were introduced into the cages,
and food was removed from the food hoppers of the DR rats’
cages. The boards were replaced with new ones weekly at each
Monday cage change. The animals entered the study in 3 co-
horts, all following the same week-day routine. The cages were
changed twice a week, on Monday afternoon (1200 to 1400) and
Friday morning (0900 to 1100). The rats were weighed during
each cage change. The study lasted 10 wk.

Humane endpoints. Three different age-specific humane
endpoints were established. From 7 to 8 wk of age, the limit
was preset to 15% loss of body weight. From 8 to 13 wk of age,
there were 2 humane endpoints: failure to gain weight during
a 2-wk period or a 5% loss of body weight for one week. There-
after, the limit was set at 10% loss of body weight for one week.
Additional clinical signs included in the humane endpoints
throughout the study were dehydration, unexpected disease,
trauma, or dental problems.
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Blood sampling. A terminal blood sample was taken by car-
diac puncture at the end of week 10 between 0900 to 1300. The
animals were anesthetized with a mixture of O, and CO, (1:1).
The blood was allowed to coagulate at room temperature for 10
to 15 min, and the samples were then centrifuged at 3,600 rpm
for 15 min at4°C (Megafuge 1.0R; Heraeus Instruments, Hanau,
Germany). The serum was cooled on dry ice and stored at—-80°C.

Euthanasia and postmortem examination. The animals were
euthanized at the end of study week 10 with carbon dioxide
immediately after the cardiac puncture. A postmortem exami-
nation was performed without delay. The liver was removed,
washed in 0.9% NaCl, divided into 3 plastic tubes, and frozen
in liquid nitrogen. The other organs were checked for gross
abnormalities.

Leptin, adiponectin, ghrelin, and insulin. The concentrations of
serum insulin (Rat Ultrasensitive ELISA Kit; Mercodia AB, Upp-
sala, Sweden), ghrelin (Total Ghrelin RIA Kit; Linco Research,
St. Charles, MO), leptin (Rat Leptin RIA Kit), and adiponectin
(Rat Adiponectin ELISA Kit; Linco Research, St. Charles, MO)
were measured using commercial kits.

Liver triglycerides. Liver triglycerides were isolated and meas-
ured as previously described® by using the Folch method for
extraction and Free Glycerol Reagent (F6428) and Triglyceride
Reagent (T2449; Sigma Diagnostics) for quantitation.

Data processing and statistical analyses. The appropriate size
of the experiment was estimated with the Resource equation
method.¥” The differences between the DR and AL groups were
analyzed with linear mixed models using all collected data. A
random litter effect was included in the models. All the variables
were log transformed before the statistical analysis. The results are
presented as model-based estimates of the geometric means, their
ratios, and their 95% CI. Box plots from the raw data are used for
the graphic presentation of the measured variables. The equality
of variances was investigated with likelihood ratio tests performed
on residual variance terms. The statistical software package used
to process and analyze the data was SPSS 14.0 for Windows. The
graphs were drawn with SigmaPlot 10.0 (Systat Software).

Results

Detailed results on growth and adiposity have been published
elsewhere. They showed that at the end of the 10-wk experi-
ment with the diet board (15% DR as compared with AL), the
rat weights (mean + SD) were 321 +38 g for the DR group and
360 +35 g for the AL group, a difference with P < 0.0001. Moreo-
ver, the weight of gonadal fat, postmortem, was 4.47+0.90 g in
DR rats and 5.66+1.06 g in AL rats, a difference with P <0.0001.26

Leptin, adiponectin, ghrelin, and insulin. The serum hormone
concentrations were analyzed from terminal blood samples
taken at the end of test week 10. The serum ghrelin concentra-
tions were lower in the DR animals. The model-based estimates
of the geometric means for the groups were 1,700 pg/mL (95%
CI [1,380 to 2,100]) in DR rats and 2,400 pg/mL (95% CI [1,940
to 2,970]) in AL rats. The ratio of the geometric means was 0.71
(95% CI [0.607 to 0.83], P < 0.001). No statistically significant
differences were found between the DR and AL groups in the
serum levels of leptin, adiponectin, or insulin (P > 0.05) (Figure 2;
Table 1).

Liver triglycerides. The liver triglyceride content was analyzed
from the liver samples taken at necropsy at the end of test week
10. No difference was found between the DR and AL groups
(P> 0.05) (Figure 2).

Result variation. The equality of variances was investi-
gated for serum concentrations of ghrelin, leptin, insulin, and
adiponectin and liver triglycerides. No statistically significant

differences (P > 0.05) were detected between the DR and AL
groups in the variances of any of these variables (Table 1).

Humane endpoints. None of the animals reached any of the
preset humane endpoints.

Discussion

The diet board is a method of restricting the weight gain
of laboratory rats. It allows the rats to be group-housed and
does not expose the animals to periods of fasting. The diurnal
rhythms of physical activity, blood pressure, and heart rate re-
main undisturbed.?® The purpose of this study was to validate
the diet board as an alternative method of DR in studies on
energy metabolism.

The diet board significantly reduces the food consumption of
rats.?® The difference in absolute food consumption is approxi-
mately 15% during the sixth week of diet board feeding. When
related to body weight, diet board and AL animals consume
an equal amount of food per gram of body weight. The caloric
intake is roughly estimated as 0.2 kcal /g body weight/day in
both groups. This phenomenon is well known in DR research;
the energy intake /body weight ratio remains the same on differ-
ent levels of food intake.?® These results suggest that the effects
of the diet board are a result of true DR and not attributable to
increased caloric expenditure due to physical exertion (that is
gnawing).

The 15% difference in food intake corresponds with the 15%
difference in body weight after 10 wk of diet board feeding. The
diet board-fed animals also have 30% less gonadal fat and 3%
shorter tibiae.2® Thus, the diet board decreases fat accumulation
quite effectively but disturbs skeletal growth only minimally.
This is in accordance with other studies, where the lean body
mass® and musculoskeletal system® were only marginally
affected by DR.

Obesity in rats is typically a problem of outbred rats, and the
majority of DR studies are done with Wistar or Sprague-Dawley
stocks. DR procedures applied to rats are variable, as duration
ranges from 10 d to 6 mo, severity ranges from 20% to 75% re-
duction from AL amounts,** and food presentation requires
either permanent or temporary solitary housing. None of these
come without consequences. Feeding time may derail diurnal
rhythm,” and DR severity and duration may have a major
impact on results and their interpretation.

The current methods of DR have extensive effects on lipid
metabolism in rodents; DR has been repeatedly shown to de-
crease serum cholesterol, triglyceride, and free fatty acids (FFA)
levels.#40424445 The djet board-fed animals also have lower
levels of serum triglycerides, FFA, and cholesterol.2® Liver tri-
glycerides have been reported to be unaffected by DR,*? which
was also the case of diet board.?

Leptin and adiponectin are produced and secreted from
fat tissue, insulin from the pancreas, and ghrelin from the
gastric mucosa.’’ The circulating levels of leptin, adiponec-
tin, and insulin reflect the fat content of the body.?>46* The
current methods of DR have been associated with decreased
serum levels of leptin and insulin and increased levels of
adiponectin.#0424850-53 Ty this study, however, no statistically
significant differences were found between the DR and AL
animals in their serum levels of leptin, insulin, or adiponectin
(P > 0.05). The degree of DR (85% of AL) achieved with the
diet board was relatively mild, thus possibly not eliciting as
prominent changes as more severe regimes of DR. Further-
more, in the current methods of DR, the animals are often
food deprived for long periods every day, which is not the
case in diet board feeding.
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Figure 2. Box plots of serum ghrelin, leptin, insulin, and adiponectin concentrations and liver triglyceride content at the end of the 10-wk diet
restriction experiment with the diet board. ***, P < 0.001, statistical significance of the differences between the diet board (n = 30) and the ad

libitum (1 = 30) groups tested with a linear mixed model.

The serum levels of ghrelin were significantly (P < 0.001) lower
in DR rats compared with AL rats, and the decrease from 2,400
to 1,700 pg/mL is so large that it cannot be considered a false
positive result (Figure 2; Table 1). This result is at odds with the
known functions of ghrelin. Ghrelin is an orexigenic hormone, and
decreased food intake and low body weight are associated with
elevated levels of ghrelin.?>545 Increased levels of both plasma
and gastric ghrelin have been observed in rats subjected to DR
ranging in severity from 30% to 75% of AL food intake. #1454
There are, however, examples where DR has failed to increase
serum ghrelin® or even resulted in decreased ghrelin levels.*’
A possible explanation behind the decreased ghrelin levels in

DR rats observed in this study could be the timing of the meals.
Even though diet-board-fed rats show similar diurnal rhythms
of activity compared with the AL rats,® it could be that the diet
board rats distribute their food intake in a more prolonged and
scattered manner throughout the night, thus having eaten more
recently before the blood sampling than the AL animals. The
decreased levels of FFA in the terminal blood samples collected
in the morning provide support for the notion that the diet board
rats’ eating activity is more pronounced during the end of the dark
phase compared with the AL-fed rats.2

Increased secretion of corticosterone is an integral part of the
organism’s metabolic response to decreased energy intake, and

Table 1. Values and distributions of hormones and adiponectin at the end of the 10-wk study.

Diet board Ad libitum
Group Mean Quartile 1 Median Quartile 3 Mean Quartile 1 Median Quartile 3
Ghrelin (pg/mL) 1,764 1,405 1,741 2,147 2,705 1,624 2,175 3,680
Leptin (ng/mL) 3.5 24 3.2 4.7 4.6 1.4 4.6 6.6
Insulin (pg/L) 1.2 0.8 1.2 1.5 1.6 0.7 1.2 2.7
Adiponectin (ug/mL) 13.9 11.9 13.3 16.8 14.9 12.6 13.7 16.1
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elevated levels of corticosterone have been repeatedly observed
in rodents subjected to DR.#5%6-6! Serum corticosterone concentra-
tions are likewise elevated in the diet board rats.?” In line with our
results, DR has been reported to increase corticosterone levels in
the absence of significant effects on adiponectin or ghrelin levels.*3

DR has been reported to decrease result variation!!1362-64
and has been named a “powerful Reduction tool”.®® Diet board
feeding, however, does not seem to possess this kind of reduc-
tion potential. No differences were found in the variation of the
investigated variables, neither in this study nor in our previous
studies? (Table 1). Perhaps the most striking difference to the
earlier studies is having rats group housed all the time. In the
study of Moraal et al.,!! the DR rats were denied access to food
during the day and received a restricted amount of food during
the night while single housed. Furthermore, they!! were able to
feed the animals with precalculated doses while in our study the
rats were able to eat at will provided they work (gnaw) for food.
The likely explanation is that the diet board feeding does not offer
any more control over the animals’ food intake than AL feeding.

Moraal et al.,!'! showed that food restriction feeding leads to
a significantly reduced variation in body weight, growth, and
lung weight, thereby indicating the potential for reduction. With
respect to the 9 blood parameters tested, they found no differ-
ences in the variation, indicating that a 25% reduction in food
intake may not affect the variation of clinical chemistry values.!!
These findings are in line with our results although diet board
leads to only a 15% reduction in food intake.

The diet board does have shortcomings. It is not possible to
regulate or register the food intake of individual animals. Rats
younger than 7 wk are unable to get enough food from the diet
board, and the animals require at least a one-week period of
learning and adjustment with the diet board before the food in-
take and behavior has stabilized. The diet board cannot be used
on animals with dental problems or other difficulties in eating.

In conclusion, the diet board offers a method of achieving moder-
ate DR. The weight gain and adiposity are moderately decreased.
The levels of the adiposity-related hormones leptin, insulin, and
adiponectin are not significantly decreased. The decreased serum
levels of the hunger signal ghrelin and FFA in the morning sug-
gest that the diet board rats” eating activity is more pronounced
during the end of the dark phase compared with the AL-fed rats.
Diet board feeding offers a low-tech and pragmatic method for
DR with group housing in rats, which does not cause disruption
to the animals’ diurnal rhythms. The diet board does not possess
reduction potential for tested energy metabolism parameters.
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