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Genetic strains of mice have provided powerful models for in-
vestigation of the regulation of lipid metabolism (2, 13, 16) and
through their study, the molecular details of the genes impacting
fatty acid synthesis, storage, and transport have been uncovered
(12, 16, 26). As a result, additional strategies have been needed for
the study of whole-body metabolism (5, 9, 10). However, the work
of generating large numbers of transgenic mice is time consum-
ing and the number of mice available for studies frequently is
limited. Many mouse strains provide good models for the study
of lipid metabolism, and these developments have fueled the ex-
pansion of translational research (11). Technical developments
have begun to support investigation of the metabolic responses to
genetic modifications to better define the phenotypes of genetically
altered animals (1, 15, 21, 23, 28). At the same time these develop-
ments have been taking place, the importance of studying post-
prandial metabolism has become recognized (7, 17, 18, 20, 24).

Critical differences in lipid metabolism in the fasted and fed
states underscore the need to understand the control of smooth
transitions that occur between in vivo use of endogenous fuels
during the fasting period and use of dietary components in the
postprandial state. Indeed, key components of this regulation
may be lost during development of disease states such as diabe-
tes mellitus, and therefore, it is important to study differences in
the metabolic control between fasting and feeding. Mice eat in-
termittently throughout the dark cycle and consume some food
during the light cycle. Among the challenges of studying differ-
ences between fasted and fed states is that it is difficult to know
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To identify optimal study-design conditions to investigate lipid metabolism, male, C57BL/6J mice (age, 59 ± 3 days)
were allotted to eight groups, with six animals per group that were stratified by three factors: diet type (high fat
[HF]: 60% of energy from fat versus that of a standard rodent diet, 14% fat, fed for 7 weeks), feeding regimen (ad
libitum [ad lib] versus meal fed), and metabolic state (data collected in fasted or fed states). Serum free fatty acids
(FFA) and triacylglycerols (TAG) concentrations, and energy expenditure (EE) were assessed. Mice gained 0.30 ± 0.11
g of body weight/day when allowed ad lib access to HF diet, similar weight when meal-fed the HF or ad lib-fed the
standard diet (0.10 ± 0.03 g/day), and no weight when meal-fed the standard diet (0.01 ± 0.02 g/day). Fed-state TAG
concentration was 88 to 100% higher (P < 0.02) than that of the fasted state, except when animals were ad lib-fed the
HF diet. When the standard diet was meal fed, FFA concentration was 30% higher in the fasted compared with the fed
state (P = 0.003). Mice had 33% higher postprandial EE when either diet was meal fed (P = 0.01). Mice adapted to meal
feeding developed transitions in metabolism consistent with known physiologic changes that occur from fasting to
feeding. When fed the standard diet, a 6-h per day meal-feeding regimen was restrictive for normal growth. These
data support use of a meal-feeding regimen when HF diets are used and research is focused on metabolic differences
between fasted and fed states. This protocol allows study of the metabolic effects of an HF diet without the confound-
ing effects of over-consumption of food and excess body weight gain.

exactly when animals are in these two distinct metabolic states.
One solution to this problem is to train animals to eat all of their
food in a given period, and the most notable use of such a “meal-
feeding paradigm” has been used in investigations of the effect of
nibbling versus gorging on body weight (3, 4, 27). The goal of the
present study was to determine whether use of a meal-feeding
regimen would maximize our ability to detect differences in
metabolic parameters between the fasted and fed states. To ac-
complish this in an inexpensive manner, we chose the use of
standardized cages easily available in any animal facility. A
meal-feeding period of 6 h was used so that the activities associ-
ated with presenting and removing the food from the mice could
be accomplished in a typical 8-h workday. When either a high-fat
or the standard diet was meal fed, we found that essential differ-
ences in lipid metabolism in the fasted and fed states were evi-
dent in mice fed both diets. However, the meal-feeding protocol
provided the greatest advantage when the high-fat diet was fed.

Materials and Methods
Animal husbandry and overall experimental design.

Male C57BL/6J mice were purchased from The Jackson Labora-
tories (Bar Harbor, Maine); they arrived at the animal facility at
59 ± 3 days of age. Mice were housed in a barrier facility with a
health monitoring program; all microbiological agents were ex-
cluded, and animals were free of rotavirus and mouse hepatitis
virus. All procedures performed on mice were approved by the
University of Minnesota Animal Care and Use Committee (Pro-
tocol No. 0106A04122) and satisfied the Research Animal Re-
sources requirements for humane care and use of animals.

Mice were maintained on a 12-h reverse light/dark cycle (dark
cycle was from 6 a.m. to 6 p.m.), given ad libitum access to water,
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and allowed to acclimate to the animal facility for 7 days while
being fed a standard mouse diet (Product No. 8640, 22-5(W) ro-
dent diet, Harland Teklad, Madison, Wis.) providing 23.6% of
energy as protein (226 g/kg), 12.3% as fat (52 g/kg), and 64% as
carbohydrate (612 g/kg). After this seven-day period, mice were
randomized to one of two diets (Fig. 1A): the standard diet (con-
tinued on the diet described previously) or a high-fat diet (Prod-
uct No. F3282, Bio-Serv, Frenchtown, N.J.) providing 15.2% of
energy as protein (197.4 g/kg), 59.4% as fat (358.0 g/kg), and
24.5% as carbohydrate (358.2 g/kg).

Ten days after dietary assignment, mice in the two diet groups
were further randomized to one of two feeding regimens: contin-
ued ad libitum (ad lib) intake or switched to a meal-feeding
schedule of food availability for 6 h per day from 11:30 a.m. to
5:30 p.m. (in the dark cycle). To ensure meal-feeding status, mice
were physically transferred to separate cages for the feeding and
fasting phases of the day, with one of the two cages never con-
taining food. This reduced the chance that mice hoarding food in
the bedding would compromise the fasted state data. Meal- and
ad lib-fed mice were also handled more than usual, which could
offer potential benefit in reducing animal stress on the day of
data collection. The four groups of mice (12 mice/group) were fol-
lowed for 5.5 weeks to determine the effects of these regimens on
food intake, body weight, and energy expenditure. Data were col-
lected from half the mice of each group in the fasted state and
from the other half in the fed state (Fig. 1A).

Indirect calorimetry and metabolite measurements.
Throughout days 23 and 56 of the study, indirect calorimetry was
performed in random order on individual mice by using a com-
puter-controlled, open-circuit system (Applied Electrochemistry

Inc., Pittsburgh, Pa.). A primary gas standard containing 20.0%
oxygen, 1.0% carbon dioxide, and a nitrogen balance (National
Specialty Gases, Research Triangle Park, N.C.) was used to cali-
brate carbon dioxide and oxygen sensors before each mouse en-
tered the chamber for indirect calorimetry measurement. Mice
were acclimated to the equipment during the five days before
the measurements were made. To obtain data from fasted mice
of the meal-feeding groups, measurements were taken from 8 to
11 a.m.—a time frame before which the animal would have
(presumably) been anticipating food at 11:30 a.m. For the fed-
state measurements, data were collected between 12 noon and
3 p.m.—at least 1 h after the animal had begun to eat. For ani-
mals eating ad libitum, fasted data were obtained after food
had been removed at the beginning of the light cycle the night
before the measurement (6:00 p.m.). Measurements were made
between 8 and 11 a.m. the next day (after a 14-h fasting period
during the light cycle). It is acknowledged that this protocol
may have increased the stress in animals with previous acces-
sibility to food at all times. For fed state, ad lib measurements,
animals were observed to begin eating at 6 a.m. when lights
went off, and the measurements were made between 12 noon
and 3 p.m. (6 h after typical intermittent food intake). Values of
oxygen consumption (milliliters per minute) and carbon dioxide
production (milliliters per minute) were taken every 2 min for 3
h; all time points between 1 h and 2 h were inspected and data
were averaged and used for calculation of respiratory quotient
(RQ) and energy expenditure (EE) (14).

At the end of the study, animals were killed by lethal injection
of a ketamine-xylazine (2:1) combination, and blood was ob-
tained via open-heart puncture. Serum was immediately sepa-
rated. Concentrations of serum free fatty acids (FFA; kit No.
994-75409 E, Wako Chemicals USA, Richmond, Va.) and
triacylglycerols (TAG; kit No. 336, Sigma Diagnostics, St. Louis,
Mo.) were measured enzymatically in triplicate, using a
Microtek EL340 microplate reader (Bio-tek Instruments,
Winooski, Vt.). The intra-assay co-efficient of variation was 7%
for FFA and 8% for TAG.

Statistical analysis. Results are expressed as mean ± SD.
Statistical differences between groups of fasted and fed mice
were determined, using two-tailed, unpaired Student’s t tests,
with a value of P < 0.05 considered significant. Thereafter, con-
trol for multiple comparisons (analysis of variance for effects due
to feeding regimens and diets) was imposed by reducing the P-
value needed for significance. Data analysis was performed, us-
ing Microsoft Excel (2002 version, Microsoft Corporation,
Redmond, Wash.), and statistical analyses were performed using
Statview (version 5.0.1., SAS Institute Inc., Berkeley, Calif.).

Results
Body weight and metabolite concentrations. As ex-

pected, the high-fat (HF) diet resulted in significantly greater
body weight gain when consumed ad lib compared with all other
feeding regimens (Fig. 1B). From day 23 to day 56 of the study,
the rate of weight gain in ad lib-, HF diet-fed mice was 0.30 ±
0.11 g/day, which was higher than the gain for meal-, HF diet-fed
and ad lib-, standard diet-fed groups (0.10 ± 0.03 g/day). Body
weight for the meal-, standard diet-fed animals remained con-
stant (e.g., gain of 0.01 ± 0.02 g/day). For clarity when reporting
the remainder of the outcome variables, data presentation will
be uniform in first reporting differences between the fasted and

A

B

Figure 1. Scheme for randomization of the study (A) and body weight of
mice (B). (A) Forty-eight male C57BL/6J mice were randomly assigned to
groups differing in dietary intake, time of food consumption, and meta-
bolic state when data were collected. (B) Time zero denotes the beginning
of the study, when mice were 59 ± 3 days of age. Values are mean ± SD for
groups (n = 12/group). At the day-52 time point, data with different su-
perscript letters are significantly different, P < 0.0001.
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fed states within a diet group (HF or standard diet) and feeding
regimen (ad lib or meal fed). This information will be followed by
presentation of differences between the feeding regimens within
a particular diet. Lastly, comparisons will be presented based on
differences between diet types. As indicated (Fig. 2), serum FFA
concentration was significantly higher in the standard diet-fed
mice in the fasted compared with the fed state, regardless of
feeding regimen (significance denoted by asterisks). Between the
two feeding regimens (P-value at the top of the graph), mice
which were meal-fed the standard diet had lower FFA concen-
tration in the fed state (0.79 ± 0.16 mmol/liter for ad lib-fed, stan-
dard diet versus 0.64 ± 0.03 mmol/liter for meal-fed, standard
diet, P = 0.006). Furthermore, postprandial FFA concentration
was significantly lower under meal-fed, standard diet conditions
(0.64 ± 0.16 mmol/liter) compared with that under meal-fed, HF
diet conditions (1.05 ± 0.23 mmol/liter, P = 0.001). By contrast,
postprandial FFA concentration was not different between the
diets when they were fed ad lib. A power calculation was per-
formed comparing the postprandial values for ad lib diets to de-
termine the number of animals that would have been needed to
detect lower FFA concentration in the fed state. The result of this
calculation was that 15 mice per group would have been re-
quired to detect a difference with 90% power (P < 0.05). Lastly,
for the HF diet, FFA concentration was similar between fasted
and fed states, regardless of feeding regimen.

Compared with fasted state values, serum TAG concentration
was significantly higher in the fed state for all groups except the
ad lib-, HF diet-fed animals (Fig. 3). By contrast, for the standard
diet, different feeding regimens did not alter the pattern of
higher postprandial TAG values. With respect to feeding regi-
men, meal feeding in animals of the HF diet-fed group resulted
in significantly higher postprandial TAG concentration (48 ± 20
mg/dL versus 30 ± 8 mg/dL, P = 0.033), and fasting of animals of
the HF diet-fed group resulted in significantly lower postpran-
dial TAG concentration (22 ± 5 mg/dL versus 41 ± 14 mg/dL, P =
0.005). A significant interaction existed in the relationship be-
tween fasted and fed state TAG concentration and diet type. Spe-

cifically, in the fasted state, TAG concentration was higher in the
ad lib-, HF diet-fed group than that in the ad lib-, standard diet-
fed group (P = 0.014), whereas in the fed state, TAG concentra-
tion was lower in the ad lib-, HF diet-fed group than that in the
ad lib-, standard diet-fed group, although the P-value for this
comparison was only 0.048.

Energy expenditure and substrate oxidation. In mam-
mals, the range of RQ values usually spans 0.70 and 1.00, with
lower values indicating greater whole-body fat oxidation, and
higher values (those close to 1.00) indicating greater glucose oxi-
dation (14). In mice consuming typical diets, lower RQ would be
expected in the fasted state, representing reliance of the body on
adipose-derived fatty acids to provide energy when the animal is
not eating. Higher RQ would be expected in the fed state for the
standard diet-fed animals, exemplifying a postprandial switch in
substrate utilization toward oxidation of dietary carbohydrate.
In the study reported here, only the mice consuming the stan-
dard diet had a fasted state RQ that was lower than the fed state
RQ, no matter which feeding regimen was used (Fig. 4).

Feeding did not increase RQ in HF diet-fed mice. With respect
to the feeding regimen, meal feeding of the standard diet re-
sulted in a significantly higher postprandial RQ (1.06 ± 0.09)
compared with that for ad lib feeding of the standard diet (0.87 ±
0.06, P = 0.001). Similar to the FFA results, the only detectible
effect of the different diets on RQ was associated with meal feed-
ing of the diets. Meal feeding of the HF diet resulted in lower
postprandial RQ (0.85 ± 0.09) compared with meal feeding of the
standard diet (RQ = 1.06 ± 0.09, P = 0.002 for the difference).

In the postprandial state, EE associated with feeding is ex-
pected to be higher than that associated with fasting due to the
thermic effect of food. However, as indicated (Fig. 5), the differ-
ences between fasted and fed state EE were only significant
when associated with meal feeding. The increase in postprandial
EE when the high-fat diet was meal fed resulted in a value (0.22
± 0.04 cal/g/min) that tended to be higher than that for the HF
diet fed ad lib (0.18 ± 0.04 cal/g/min, P= 0.054). Lastly, the effect
of diet type (HF versus standard) on EE expenditure was evi-
dent when diets were fed ad lib. The standard diet fed ad lib was
associated with higher EE than was the HF diet fed ad lib in the
fasted (P = 0.038) and fed states (P = 0.029).

Figure 2. Serum free fatty acids (FFA) concentrations in the fasted
and fed states. Serum FFA concentrations were measured in fasted
(hatched bars) and fed (filled bars) mice. Asterisk denotes significant
differences between nonfed and fed values within a single dietary treat-
ment (n = 6/group). Also noted are P-values for comparisons of feeding
regimen and dietary treatment. The absolute value of the mean is de-
noted on each bar. HF = High-fat diet.

Figure 3. Serum triacylglycerol (TAG) concentrations in the fasted
and fed states. Serum TAG concentrations were measured in fasted
(hatched bars) and fed (filled bars) mice. See Fig. 2 for key.
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Discussion
Knowing when animals are fasted or fed. The goal of the

study reported here was to determine whether switching mice to
a meal-feeding regimen would maximize our ability to detect dif-
ferences in metabolic parameters between the fasted and fed
states. Of course, protocols for training animals to eat at specific
times are not new (27), and some investigators have documented
that the success of training an animal to meal-feed may depend
on the time of the light cycle when the animal is given access to
food (4, 6). Metabolic cages are available that have been fitted
with electronic sensors to allow collection of precise information
as to when and how much an animal has eaten. However, this
equipment is expensive and the design of such cages does not
always allow the animal to live in a comfortable environment
with bedding. With use of standard animal cages, one common
protocol to obtain fasted state data is to remove food from the
cage 12 h before data collection. In an animal on a light cycle
from 6 a.m. to 6 p.m., if food is removed at 6 p.m., the animal is
denied food during the dark cycle. If this is the first time food has
been unavailable to the mouse, data collected the next morning
is likely to be confounded by stress (increasing FFA concentra-
tion). Such an animal has been in a fasted state for a minimum
of 12 (dark) hours, but may have been in a fasted state longer
than that, if the animal did not eat much the previous day in the
light. Hence, the animal may be in a fasted state anywhere from
12 to 24 h, and the true extent of fasting will be unknown.

Some investigators use a reverse light-dark cycle (6 a.m. to 6
p.m. dark) and remove food at 6 p.m. (the beginning of the light
cycle). The stress caused by the absence of food availability
would still be present but have less of an impact since this pro-
tocol has the advantage of the food being denied during the light
cycle (i.e., at a time when the animal would presumably not be
eating much anyway). However, since animals eat most of their
food at the beginning of the dark cycle, and do not eat continu-
ously throughout the dark cycle, the exact duration of fasting is
still unknown. Along the same line, animals fed ad lib consume
food on and off during the 12-h dark cycle, and therefore, it is
more difficult to know precisely when an animal is truly in the
fed state. Regardless of the protocol used, the data presented
here clearly indicate that differences in fasting protocols are im-
portant and the details of an animal’s metabolic state at the time

of data collection should be clearly stated in the methods section
of reports.

Meal-feeding restrained body weight-gain in HF diet-
fed animals. With this background in mind, the goal of our
study was to determine whether switching mice to a meal-feed-
ing regimen would maximize our ability to detect differences in
metabolic parameters between the fasted and fed states. We
wanted to accomplish this in an inexpensive manner so we chose
the use of standardized cages available in any animal facility. We
hypothesized that changes in substrate utilization expected as a
result of feeding would be most readily detectible when animals
were trained to meal feed. The main finding of this experiment
was that under the HF feeding regimen, for all of the variables
tested, switching an animal to meal feeding magnified the effects
of fasting and feeding and allowed us to detect differences due to
metabolic state with as few as six animals per group. By con-
trast, in standard diet-fed animals, fasting and fed state differ-
ences were detected in the ad lib- and meal-fed groups, and thus,
meal feeding did not provide a significant advantage.

Meal feeding of the standard diet 6 h per day did not allow
normal growth, although at the end of the 6-h feeding period,
animals were resting quietly in their cages and did not appear to
still be hungry. This leads us to conclude that, to maintain
growth while consuming the standard diet, additional food in-
take must occur late in the dark cycle and sporadically in the
light cycle. This conclusion is supported by the data generated
through use of electronically monitored food cups, which indi-
cated that mice typically consume approximately 70% of their
daily energy in the dark cycle and 30% in the light cycle (23).

The aforementioned conclusions are based on the particular
details of this study, which had a number of limitations. These
limitations included that fact that the animals used for the stud-
ies were strain C57BL/6J; different strains of mice would likely
respond differently to the constraints of meal feeding. Addition-
ally, absolute food intake was not assessed. Food was presented
on a metal grid above the cage because our goal was to mimic
typical animal feeding protocols that might be used in studies
not specifically focused on measuring food intake. Lastly, ani-
mals were physically transferred from a cage for fasting to a dif-
ferent cage for feeding. This handling may have increased the

Figure 4. Respiratory (RQ) quotients from fasted and fed mice. Respi-
ratory gas measurements were made in fasted (hatched bars) and fed
(filled bars) mice. See Fig. 2 for key.

Figure 5. Energy expenditures (EE) in the fasted and fed states. The
EE value was calculated from oxygen utilization in fasted (hatched bars)
and fed (filled bars) mice. The absolute value of the mean is denoted on
each bar, with units of energy expenditure in calories per gram of mouse
body weight per minute. See Fig. 2 for key.
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stress on the mice, although, as described in the methods section,
one of our goals was to allow animals to become accustomed to
repeated human touch.

Effects of protocols on metabolic variables. Animals who
were either meal-fed, or ad-lib fed the standard diet had fasted
state serum FFA concentrations that were higher than fed state
FFA concentrations. This would have been expected given the in-
crease in adipose tissue fatty acid flux into the plasma in the
fasted state. At that time, fasted animals in either standard diet
group had lower RQ values compared with that of fed animals,
which also was consistent with endogenous fatty acids providing
most of the substrate for oxidation in the fasted state. Con-
versely, reductions in postprandial FFA concentrations of the
standard diet-fed groups are consistent with higher insulin con-
centrations, which would inhibit adipose tissue hormone-sensi-
tive lipase (8). Insulin concentration would be increased in
animals actively eating the standard diet. The largest increase
in postprandial RQ was found in meal-fed mice on the standard
diet because an exact time could be reliably identified when the
animal would be actively eating. This protocol resulted in the
lowest variability of data for postprandial FFA concentration in
animals meal-fed the standard diet. For the HF diet, FFA con-
centration was similar between the fasted and fed states, regard-
less of feeding regimen, which was most likely due to the HF
nature of the diet. The FFA concentration in the fasted state
would have been derived from adipose tissue lipolysis, whereas
FFA concentration in the fed state would have been derived from
fatty acids liberated by the action of capillary lipoprotein lipase
and spillover into the plasma albumin pool (25). Thus, if the fo-
cus of future research studies were on differences in FFA me-
tabolism between the fasted and fed states, meal feeding would
not seem necessary. However, if the focus were on dietary effects
(HF versus standard diet), meal feeding may provide some benefit.

For respiratory gas measurements, when the standard diet, ad
lib- and meal-fed, was associated with RQ above 1.0 in the fed
state, it indicated net postprandial de novo lipogenesis (14). In-
terestingly, fed-state postprandial TAG concentration also was
increased, suggesting that lipogenesis was associated with in-
creased plasma TAG concentration. Diet-induced differences in
EE between the groups were small, except for a significantly
lower EE in ad lib-, HF diet-fed animals compared with ad lib-,
standard diet-fed animals. This lower EE associated with the
high-fat diet was observed in the fasted and fed states. Thus, to
compare the effect of a standard diet versus an HF diet on EE,
meal feeding may not be necessary.

Summary and conclusions. In the study reported here, the
value of the meal-feeding protocol became apparent when con-
sidering the effect of the HF diet on body weight, TAG metabo-
lism, and EE. The benefits of this protocol are as follows. First,
the HF diet-, meal-fed animals had similar weight gain as did
animals fed the standard diet ad lib. Therefore, the meal-feeding
regimen allowed investigation of the metabolic effects of HF diet
without the confounding effects of over-consumption of food and
excess body weight gain. In essence, the dietary effect could be
isolated from effects associated with diet-induced obesity. Sec-
ond, postprandial serum TAG concentration in the HF diet-fed
groups would be expected to be high as a result of chylomicron
production stimulated by the high quantity of dietary fat. This
postprandial effect was not seen in ad lib-, HF diet-fed animals,
but was clearly detectible in the HF diet-, meal-fed animals.

Third, lack of difference in RQ between fasting and feeding
states would have been expected and was observed in the HF
diet-fed animals. When HF diets are consumed, postprandial
substrate utilization would rely principally on dietary fatty ac-
ids, resulting in a fed-state RQ that should not differ from that of
the fasted state, a time when use of endogenous fatty acids pre-
dominates. Fourth, meal-fed animals had significantly increased
postprandial EE that averaged 35%. This magnitude most likely
was a result of the combination of the thermic effect of food (ex-
pected to be 10 to 15%, [19]) and the physical activity associated
with eating (grooming, movement to and from the feed cup), a
concept that should be further investigated.

In conclusion, differences in lipid metabolism between fasted
and fed states were exaggerated when an HF diet was fed, using
a 6-h, meal-feeding regimen. The variability of data from ad lib-
fed mice was larger and this increased the estimated number of
animals that would be needed in the future to document differ-
ences, and thus, would also increase the time and expense of
data collection. When genetically altered C57BL/6J mice are
used in future studies designed to test the effect of an HF diet, a
6-h, meal-feeding regimen will successfully allow investigation of
a particular gene manipulation without excess weight gain in
the animals. One important benefit is that different effects of the
genetics on fasted- and fed- state metabolism can be tested suc-
cessfully using a limited number of mice.
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