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Abstract. The effects of dietary and lighting conditions on
diurnal rhythm of locomotor activity (LA) and body
temperature (BT) using four adult male microminipigs were
investigated. Different feeding times, diet and lighting
conditions were applied sequentially for 3 weeks in each
phase as follows: Phase I: Morning mealtime, normal diet,
12-h lights on; phase II: mealtime changed to afternoon;
phase III: diet changed to high-fat diet; phase IV: lighting
changed to 20-h on; and phase V: phase I repeated. LA was
measured by an actigraph which was worn on the body of
each pig. A BT recording module (Thermochron Type-SL)
was implanted in the neck subcutaneously. Phase II
increased BT compared with phase I. Phase III increased LA
and BT compared with phase II. Phase IV increased LA
compared with phase III. LA in phase V was higher
compared with phase I. These results can be extrapolated to
other diurnal animals such as humans. This study provides
an example of the effects of diet and lighting on biological
activities in microminipigs under low-invasive procedures
measuring LA and BT, leading to low variations in these
measures.
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In modern society, dietary and lighting conditions such as
working environments are highly divergent. This diversity
may be linked to morbidity of metabolic diseases, mental
health issues, and cancer (1-4). As dietary conditions have
changed in modern society, delay in mealtimes and increases
in dietary fat content have become more frequent. In terms
of lighting conditions, given longer working hours,
individuals are exposed to light for longer periods of time.
For maintaining health, the effects of dietary and lighting
conditions on biological activities should be understood.
Many studies on diurnal rhythm in humans have examined
changes in locomotor activity (LA) and body temperature
(BT) (5-8).
To understand the effects of dietary and lighting
conditions on LA and BT, many studies using animal models
have also been conducted (9, 10). Dietary and lighting
conditions may affect the diurnal rhythm in LA and BT
through the suprachiasmatic nuclei centrally and internal
organs peripherally. The underlying mechanism involves
clock genes such as B-cell lymphoma 2 in rodent models (9,
10). However, because rodents are nocturnal animals, caution
should be taken when extrapolating the results to humans
(11, 12). As large mammals, dogs have been used to study
the effects of dietary and lighting conditions on LA, showing
a diurnal pattern (13); however, these models represent
carnivores, although adapted to starch-rich diets, in contrast
to the dietary habits of humans (14, 15). Pigs as domestic
animals have dietary habits (omnivorous) and diurnal
behaviors similar to those of humans (16). Therefore, the pig
is a suitable animal model for determining the influence of
dietary and lighting conditions on LA and BT (17). Here, we
examined the effects of dietary and lighting conditions on
biological activities using a minipig model, one of the large
mammals representing omnivorous and diurnal animals (17).
We used microminipigs (Fuji Micra Inc., Shizuoka, Japan),
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a new swine model exhibiting atherosclerosis with a high-fat
diet (18, 19). The microminipig is registered with the
Japanese Ministry of Agriculture, Forestry and Fisheries as
a swine that has been recently established as a closed colony.
We previously reported the diurnal rhythm in LA in
microminipigs (20). Microminipigs are weaned at 3 weeks
of age; the reproductive system matures around 6-9 months
of age (21). Additionally, developmental BW changes have
been reported (22). Based on the maturation of the
reproductive system and growth curves, microminipigs at 24
months of age may be equivalent to young adult humans,
thus representing this age group.
The significance of the present study is that the procedures
evaluating behaviors such as LA and BT are low-invasive,
and these pigs at 24 months of age may be equivalent to
young adult humans. The longer period of the light-on phase
and high-fat diet used are key factors for influencing
behavior in young adult humans.

Materials and Methods

Four male microminipigs were obtained from the breeder and kept
individually in a humidity- (50±20%) and temperature-controlled
(24±3˚C) facility with a 12-h light/dark cycle (07:00 h, lights on)
as the standard condition. Light intensity during the day was around
300 lux. A standard diet (Kodakara 73; Marubeni Nisshin Feed Inc.,
Tokyo, Japan) was supplied to the pigs at around 10:00 h as
standard condition. A moderately high fat (MHF) diet was prepared
by adding 12 g of lard and 0.5 g of cholesterol to 100 g of the
standard diet (19). Energy was calculated using Atwater general
factors (23). The energy derived from protein, fat and carbohydrate
of the standard diet (3.20 kcal/g) was 19%, 6% and 75%,
respectively. The energy derived from protein, fat and carbohydrate
of the MHF diet (3.98 kcal/g) was 13%, 34% and 53%, respectively.
The pigs had free access to water. This study was approved by the
Ethics Committee for Animal Experimentation at Kagoshima
University (MD 15044 and 15054).

Experimental design. Body weights (BW) were measured each week.
During the experimental phases, diet at 3% of BW was provided.
Given that diets were completely consumed each time, the feeding
conditions were evaluated as a restricted condition. For the
experiments, conditions for each phase were applied sequentially for
3 weeks as follows: Phase I: mealtime at 10:00 h, standard diet, 12-h
lights on; phase II: mealtime at 16:00 h, standard diet, 12-h lights on;
phase III: mealtime at 16:00 h, MHF diet, 12-h lights on; phase IV:
mealtime at 16:00 h, MHF diet, 20-h lights on; and phase V: mealtime
at 10:00 h, standard diet, 12-h lights on (same conditions as phase I).

Locomotor activity measured by actigraph. An actigraph (Octagonal
Basic Motionlogger; Ambulatory Monitoring, Inc., Ardsley, NY,
USA) was worn on the body of each pig for all phases. We used
Zero-Crossing Mode for quantification of movement with ACTIONW 2.0 software (Ambulatory Monitoring, Inc., Ardsley, NY, USA)
(8, 24). Actual activity counts were measured as LA.

Body temperature. Pigs were anesthetized using ketamine (5
mg/kg), medetomidine (0.04 mg/kg), and midazolam (0.2 mg/kg),
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Figure 1. A: Comparison of body temperature (BT) over the course of
a day at a position on the abdominal region (open circle) and the neck
subcutaneously behind the ear (closed circle). Dietary and lighting
conditions are shown in the lower portion of the figure. Arrows
represent the mealtime (08:00 h). Light and dark conditions (light on
at 08:00 h and light off at 18:00 h) are represented by open and dark
bars, respectively. The data represent the mean+SE at each time point
of three microminipigs over 1 week. Significantly different at
*p<SE0.05, **p<SE0.01 between data at the same time point (Student’s
paired t-test) and at #p<0.05 between respective lighting conditions
(two-way ANOVA, repeated measurement, paired). B: The correlation
between BT at two locations. Pearson’s correlation coefficient (r) was
calculated as 0.950 (p<0.01).

and local anesthesia at the neck (lidocaine). Then the BT
recording module (Thermochron Type-SL, KN Laboratories, Inc.,
Osaka, Japan) was implanted in the neck subcutaneously behind
the ear (25). In all studies, BT was recorded once per hour
throughout the experiment. Representative data (N=3) showing
the comparison between BT at the neck subcutaneously behind
the ear and at the abdominal region (r=0.950, p<0.01) are
presented in Figure 1.
Blood examinations. Blood was collected from the cranial vena cava
of each conscious animal at around 09:00 h before feeding on the
second-to-last day of the respective phase to prevent the influence
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Table I. Influence of dietary and light conditions on body weight changes, blood glucose, and hormone levels.
Parameter

BW change (kg/3 weeks)
BG (mg/dl)
TG (mg/dl)
TCho (mg/dl)
HDL-Cho (mg/dl)
LDL-Cho (mg/dl)
FFA (mEq/l)
Insulin (mg/l)
Cortisol (mg/dl)

I

1.3±0.5
110.8±18.7
20.5±3.1
56.3±5.8
29.6±3.0
24.0±3.2
0.25±0.02
0.022±0.010
18.6±5.8

II

1.3±0.3
133.0±28.9
23.8±4.6
50.8±3.8
28.0±2.2
21.3±1.7
0.14±0.02*#
0.078±0.040
11.4±4.1

Phase
III

2.0±0.2
158.5±38.1
33.0±7.2
230.3±22.6*#
78.5±13.5*#
103.5±22.3*#
0.47±0.13#
0.079±0.040
12.3±3.5

IV

−0.3±0.1*#
106.3±12.5
11.8±2.3#
133.5±11.3#
62.5±15.8
53.8±11.6
0.42±0.07*
0.134±0.050*
16.3±5.7

V

−0.8±0.3
98.8±19.2
14.0±2.1
57.8±5.1#
29.7±4.3#
27.5±2.9
0.40±0.08
0.021±0.010#
7.4±3.1

BW: Body weight, BG: blood glucose, TG: triglyceride, TCho: total cholesterol, LDL-Cho: low-density lipoprotein-cholesterol, HDL-Cho: highdensity lipoprotein-cholesterol, FFA: free fatty acids. Values are means±SE. Values were analyzed by Student’s paired t-test. Significantly different
at p<0.05 compared with *phase I, and #previous phase.

of blood sampling on LA and BT values. Blood was kept for 30 min
at room temperature and centrifuged (1208.5 × g for 15 min), and
then the supernatant was stored at −80˚C. The measurement of
blood glucose (BG), triglycerides (TG), total cholesterol (TCho),
high-density lipoprotein-cholesterol (HDL-Cho), low-density
lipoprotein-cholesterol (LDL-Cho), free fatty acids (FFA), and
cortisol were carried out by Clinical Pathology Laboratory, Co. Ltd.,
Kagoshima, Japan. Insulin levels were measured using an enzymelinked immunosolvent assay kit for swine insulin (Mercodia,
Uppsala, Sweden).

Data analysis. The respective treatments (phases I-V) were
performed for 3 weeks. The values for LA and BT obtained from
the first week were considered as the acclimation period. The values
from the subsequent 2 weeks were considered for analysis. The 14
data values from the 2 weeks were averaged per pig. The BW
changes during each phase (3 weeks) were evaluated (Table I).
Statistical analysis was performed using paired Student’s t-test and
two-way ANOVA (repeated measurement, paired) as appropriate
(Ekuseru-Toukei 2012, Social Survey Research Information; SPSS
ver. 24, IBM Corp., Armonk, NY, USA). Differences with p<0.05
was considered significant.

Results

Effects of diet and light on BW changes. Changes in BW
during the respective phases are shown in Table I. The initial
and final BW of the four pigs used were 12.7 and 17.8, 14.8
and 22.0, 16.7 and 24.6, and 19.5 and 27.1 kg, respectively.
The MHF diet in phase III increased the change in BW,
possibly because of the higher intake of energy as part of the
MHF diet. The altered BW was significantly different in
phase IV under the longer duration of light, as compared
with phases I and III. The longer duration of lighting may
increase energy expenditures because of increased LA and
BT (Figure 2).

Locomotor activity and body temperature. As shown in Figure
2A (phase I), LA and BT during the lights-on condition were
significantly higher than those during the lights-off condition
(LA: 8687±690 vs. 4796±468 counts; BT: 37.8±0.1 vs.
36.9±0.1˚C), indicating that microminipigs are indeed diurnal
animals. The increase in LA corresponded with mealtimes
under the standard and MHF dietary conditions (Figure 2).
The MHF diet, and longer duration of light exposure induced
significantly higher LA during the nocturnal period than under
standard conditions (Figure 2B and C). Under the MHF
dietary conditions, microminipigs had significantly higher BT
during the nocturnal period than under the standard diet, but
not during the diurnal period (Figure 2B). In addition to LA,
BT was also higher under longer duration of light than under
standard lighting conditions; however, the difference did not
reach significance (Figure 2C). Although change in BT was
not as clear as compared with LA, the increase of BT
corresponded to mealtimes under the standard and MHF
dietary conditions (Figure 2).
When returned to the initial, standard condition (phase V,
the same as phase I), LA remained higher, with a similar
pattern shown in BT. The continued alteration in LA during
the nocturnal period may have been a result of the obesity
induced by the MHF diet, as evaluated by BW changes, but it
was not associated with alterations in lipid profiles (Table I).
Blood parameters including stress hormone. Under the MHF
dietary conditions (phase III compared with phase II), TCho,
HDL-Cho, LDL-Cho, and FFA were significantly higher than
those values under standard dietary conditions (Table I).
During phase IV, the longer duration of light significantly
reduced TG and TCho compared with the standard duration
of lighting (phase III). Although the values did not reach
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Figure 2. Continued
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lights on) on LA and BT using microminipigs representing
omnivorous and diurnal animals like humans. The delay of
mealtime altered BT but not LA. LA and BT during the
nocturnal period, but not during the diurnal period, under the
MHF dietary conditions and longer light duration were
significantly or relatively higher compared with those under
standard conditions. The alterations in LA and BT, in part,
were associated with elevation of blood lipid metabolites.

Experimental design to reduce number of animals used. The
experiments were performed using four adult microminipigs.
In general, female animals have additional factors related to
menstruation which may be involved in changes in BT.
Therefore, we used only male animals. The different
conditions were applied to the same animals every 3 weeks,
sequentially. Evaluating the effects of the conditions using
the same animals reduced the influence of the variation of
animals because the statistical analyses used paired Student’s
t-tests. Our experimental design to evaluate the effects of
these factors contributes to improving animal welfare by
reduction of the number of animals used.

Figure 2. The effects of a moderately high-fat diet and lighting on
locomotor activity (LA) and body temperature (BT) over the course of
a day are shown. The values on the longitudinal axis represent the total
counts per 1 h measured using an actigraph. The comparisons between
phase I and II (A), II and III (B), III and IV (C), phases IV and V (D),
and I and V (E) are shown. Dietary and lighting conditions are shown
in the lower portion of the figure. Arrows indicate mealtimes (10:00 or
16:00 h). The standard and moderately high-fat dietary conditions are
denoted by open and closed arrows, respectively. Light and dark
conditions are represented by open and dark bars, respectively. Data
values are shown as means+SE. Significantly different at *p<0.05 and
**p<0.01, between data at the same time point (Student’s paired t-test),
and at #p<0.05 and ##p<0.01 between the different treatments with
respect to lighting conditions (two-way ANOVA, repeated measurement,
paired). NS: Not significantly different.

significance, BG and LDL-Cho decreased during phase IV
compared with phase III. Under phase V (the same
conditions as phase I), lipid metabolites including TCho,
HDL-Cho, and insulin returned to values observed during
phase I. In the examination of cortisol level, related to stress,
there were no significant differences between the respective
phases. The alterations in LA and BT during phase III,
compared to phase II, were associated with elevations in
blood lipid metabolites, but not with cortisol level.

Discussion

We revealed the effects of mealtime (10:00 or 16:00 h), diet
(6% or 34% total energy from fat), and light (12- or 20-h

Measurement of LA and BT. To evaluate the effects of dietary
and lighting conditions on LA and BT, the methods used to
measure these outcomes require high reproducibility and
reliability. LA was measured using an actigraph, which was
originally developed for humans (24). Recently, the use of
actigraph to measure LA has been applied to other large
mammals such as pigs (20). In general, LA for minipigs has
been measured by a probe placed in the body using a
telemetric system (13, 26). The LA measurements made here
using an actigraph were largely consistent with the results
obtained using the telemetric system. However, in the
present study, the LA during the nocturnal period was higher
than those previously reported (13, 26). This difference may
be because of the different levels in sensitivity in recording
LA. The higher sensitivity of actigraph in recording LA
during the nocturnal period is preferred to evaluate the
effects of extrinsic factors on LA. In addition, because use
of an actigraph is less invasive, the procedure is safe for the
animals. Other procedures for BT measurement have been
reported. As a non-invasive method, tympanic membrane
temperature is measured (27). However, to exclude the
influence of ambient temperature, a probe placed in the body
was used here. BT depends on the placement of the probe
(25). In the present study, a location subcutaneously on the
neck behind the ear was used for BT measurement. The
present data are largely consistent with temperatures
measured in the carotid artery (28), indicating that the
change in BT exhibits a diurnal pattern (Figures 1 and 2).
The change in BT is like that of humans (5, 6, 29).
Altogether, measurements of LA and BT were stable and
consistent with data reported for large animals.
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A microminipig model for studying influences of external
factors on behavior. In the present study, effects of mealtime,
dietary content and duration of lighting on biological
activities were examined using a novel microminipig model.
The delay of mealtime and higher content of dietary fat
increased BT during the nocturnal period. In addition, a
higher content of dietary fat also increased LA during the
nocturnal period. In modern society, delayed mealtimes,
consuming high-fat diets, and spending a longer duration in
lighting have been major alterations in lifestyle over the past
several decades (1-4). In humans, delayed mealtimes and
consuming a high-fat diet may be related to lifestyle diseases
and mental health problems (30, 31). The present study
showed the effects of lifestyle alterations on biological
activity by means of microminipigs. In rodents, a high-fat
diet has been reported to increase LA and BT during inactive
(lights on) periods (32, 33). However, we should consider
the dietary habits and behaviors of the respective animals
when evaluating the effects of dietary and lighting
conditions. Rodents continuously consume food, although
mostly during the dark period (9). On the other hand, dogs
are by nature carnivorous animals and may be diurnal, but
the diurnal rhythm of BT is not so remarkable (13). Rodents
and dogs differ from humans in dietary habits and behaviors.
Swine, such as minipigs, are omnivorous and diurnal animals
(13, 14, 16, 17). We suggest that minipigs are a useful model
to evaluate the effects of dietary and lighting conditions on
biological activities because of the similar dietary habits and
behaviors to humans. The MHF diet, and a longer duration
of lighting increased LA and BT during the nocturnal period
(Figure 2). Increased BT during the nocturnal period may be
associated with decreased sleep quality in humans (29).
Some aspects regarding the influence of mealtime on sleep
quality as related to stress vulnerability in humans are
already known. For example, we recently reported that
nurses at a university hospital consuming dinner within 2 h
before bedtime are vulnerable to occupational stress (31).
The present study was the first step in considering the
significance of influences of external factors on behaviors as
an animal model for humans.

Underlying mechanism of effects of dietary and lighting
conditions on LA and BT. Increased BT during the nocturnal
period due to delayed mealtime may account for diet-induced
thermogenesis (33). The increased LA and BT during
nocturnal periods under the MHF dietary conditions may
have been induced by the increased energy intake (about 0.8
kcal/g of diet) or gastrointestinal signals produced by the
increased intake of the lard and cholesterol (34). Lipids can
interact with intestinal cells, including epithelia and
leukocytes, possibly leading to the production of cytokines
involved in the regulation of LA and BT. This speculation
requires further study. Additionally, the increased LA and BT
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were associated with decreased lipid metabolites, suggesting
that increased LA and BT are associated with increased
energy expenditure. This explanation is supported by the
change in BW during the longer lighting period (phase IV;
Figure 2C and Table I). Interestingly, the minipig model
showed a sustained increase in LA, while BT returned to
normal when pigs were returned to the initial condition,
suggesting that LA differ from BT in terms of regulation.
Increased LA is not always associated with increased BT in
rodent models (35). The sustained increase in LA may be
related to an increase in BW (Table I). Although cortisol, a
stress hormone, did not significantly differe between phases
I and V, levels of cortisol were rather low in phase V.
Because the underlying mechanism of the increase in LA is
still unclear, further research is required to explore the
influence of obesity.
The influence of lighting on sleepiness related to LA
and BT has been reported in humans, but the alteration
depends on the strength of the lighting (36). The 300 lux
used in the present study may be sufficient to maintain
wakefulness in pigs.

Limitations and prospective value of the study. The present
study had certain limitations. Firstly, the number of animals
was small and the statistical power of the analysis should be
considered. However, comparison of the data between the
subjects before and after treatment is effective to suppress the
variation of the subject when examined in small numbers. As
mentioned above, our experimental design to evaluate the
effect of environmental factors contributes to improved
animal welfare by reducing the number of animals used. We
believe that the statistical significance obtained in the study
has merit even with the small sample. We performed a power
analysis using G*power software (http://www.gpower.hhu.de/)
to evaluate the meaning of the statistics. Under the conditions
of α=0.05, β=0.2, N=4, and a paired Student’s t-test, the effect
size was calculated as 2.12. However, the present study
demonstrates convincing statistics over the 2.12 effect size.
Secondly, the present study was not performed using a
crossover design. The experimental conditions were
continuously changed, and the initial design was performed
as phase V. Therefore, the statistical analysis was basically
performed between two successive groups in time. The
results should be interpreted cautiously given confounding
factors such as environment and factors related to growth.
Thirdly, food intake was not under ad libitum conditions. Our
recorded changes in LA may be related to food-seeking
behaviors, which are influenced by the availability of food
and related to hunger (37). Therefore, we should carefully
interpret the results from the restricted food conditions. In the
future, comparisons between free and restricted feeding
conditions should be examined. Fourthly, it is not obvious
whether the duration of the observation period was sufficient
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for the evaluation of conditions. Because there is a possibility
that short-term effects differ from long-term effects, a longer
duration may be required to evaluate long-term effects.
Fifthly, we used lard and cholesterol to prepare the MHF diet.
Different kinds of fat may lead to different results. In future
research, different kinds of fat, such as vegetable oil, should
be examined. Lastly, the results obtained in the present study
can be compared with other diurnal animals such as humans
and dogs, and are easily extrapolated to these species.
However, the results are not easily extrapolated to rodents.
In conclusion, to the best of our knowledge, this is the
first report evaluating the effects of dietary and lighting
conditions on LA and BT as physiological outcomes in a
microminipig model of omnivorous diurnal animals similar
to humans. Delay of mealtime, a high-fat diet, and longer
duration of lighting affected LA and BT. The present study
provides an example of the effects of diet and lighting on
biological activities in microminipigs under low-invasive
procedures measuring LA and BT, leading to low variations
in these measures.
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