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Abstract

Over the last few decades, polyunsaturated fatty acid (PUFA), especially n-6 PUFA, and monounsaturated fatty acid content in ‘Western diets’ has increased
manyfold. Such a dietary shift also parallels rising sedentary behavior and diabetes in the Western world. We queried if a shift in dietary fats could be linked to
physical inactivity and insulin insensitivity in mice. Eight-week old female C57/Bl6 mice were fed either high-fat (HF) diets [40% energy corn oil (CO) or
isocaloric olive oil (00) diets] or chow (n=10/group) for 6 weeks, followed by estimation of spontaneous locomotor activity, body composition and in vivo
metabolic outcomes. Although lean mass and resting energy expenditure stayed similar in both OO- and CO-fed mice, only CO-fed mice demonstrated reduced
spontaneous locomotor activity. Such depressed activity in CO-fed mice was accompanied by a lower respiratory ratio, hyperinsulinemia and impaired glucose
disposal following intraperitoneal glucose tolerance and insulin tolerance tests compared to OO-fed mice. Unlike the liver, where both HF diets increased
expression of fat oxidation genes like PPARs, the skeletal muscle of CO-fed mice failed to up-regulate such genes, thereby supporting the metabolic insufficiencies
observed in these mice. In summary, this study demonstrates a specific contribution of n-6 PUFA-rich oils like CO to the loss of spontaneous physical activity and
insulin sensitivity in mice. If these data hold true for humans, this study could provide a novel link between recent increases in dietary n-6 PUFA to sedentary

behavior and the development of insulin resistance in the Western world.
© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

Can the quality of our diets affect our physical activity levels? The
relationship between activity, metabolism and diet composition has
been simply believed to be a function of total caloric intake or broad
macronutrient classes. Studies in foraging animals during cold winters
indicate that dietary deprivation of any one or more macronutrients like
proteins, fats or carbohydrates affects their behavior and spontaneous
activity levels [1]. In omnivores such as rodents, changes in total
macronutrient levels of the diets affect spontaneous activity [2]. It still
remains unclear if the chemical composition of a macronutrient,
independent of caloric intakes, can alter spontaneous activity of any
animal. This question becomes crucial if we consider the recent dietary
patterns and increasing physical inactivity of another omnivore,
humans across the Western world, especially during childhood. Both
in the United States and Canada, the number of physically active
children has decreased over the last several decades [3,4], which is
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temporally associated with a radical shift in the chemical composition of
dietary fats during this time.

As an omnivore, humans have evolved as hunter-gatherers, having
consumed predominantly animal-derived proteins and fats throughout
their existence [5]. However, in recent years, to protect against chronic
diseases, saturated fatty acids have been extensively substituted
with unsaturated fats like monounsaturated fatty acids (MUFA) and
polyunsaturated fatty acids (PUFA) in Western food supply. For
example, in Canada, increases in dietary fat content over the last
century are attributable almost entirely to increases in MUFA and PUFA,
whereas saturated fat has remained constant (Table 1) [6]. Although
MUFA like palmitoleic acid, as a part of animal tissues, were abundant in
traditional human diet [7], the presence of cropseed-based PUFA,
especially n-6 PUFA like linoleic acid, was considerably lower and
represents a relatively new addition to our dietary niche in abundance
[8]. Recent data are unequivocal about the fact that, overall, North
American children and youth spend between 40% and 60% of their
waking hours in sedentary activities like TV watching, video games etc.
[4,9]. In parallel, children in the United States and Canada consume an
average of 10.16 g/day and 7.7 g/day n-6 PUFA currently [10,11].
Whether trends in physical inactivity are biologically related to current
high trends of unsaturated fats is plausible but remains unknown.

The relationship between macronutrients and physical activity in
humans is confounded by multiple confounders like the extent of
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Table 1 Table 3
Trends in daily dietary fatty acid intakes in Canada between 1976 and 2005. Detailed fatty acid analysis of high-fat diets.
1976 1986 1996 2005 % Increase Fatty acid ¢/100 g of diet g/100 g of diet
Total fats (g)) 86.49 88.31 97.98 102.49 18% S, SFA 2.47 2.81
Total PUFA (g) 12.56 14.08 17.78 1961 54% S MUFA 49 12.7
Total saturates (g) 28.07 27.37 26.60 27.48 0% 3 PUFA 9.05 1.71
Total MUFA (g) 39.61 40.70 47.31 48.75 22% S, trans FA 0.098 0.04
Data from Statistics Canada — Catalogue No. 21. Total fat 174 182
Major FA % in CO diet % in 00 diet
SCFA [C6:0 to C12:0] <0.1 <0.1
Myristic [C14:0] 0.11 0.17
surrounding urbanization [12] or socioeconomic factors like income Palmitic [C16:0] 117 11.7
[13], which may override the desire to remain physically active. Such Palmitoleic [C16:1n-7] 011 073
relationships may also be confounded by climate-related variables Stearic [C18:0] 201 369
! NIps may ) y Oleic [C18:1n-9] 283 70.4
like sunlight hours and ambient temperature. Moreover, any result Linoleic [C18:2n-6] 58.3 8.16
obtained from any one country or region may be too narrow in scope Alpha linolenic [C18:3n-3] 1.24 0.98
to elucidate such relationships. As an example, in North America, Behenic [C22:0] 0.14 0.19
where the addition of n-6 PUFA in the food supply is widespread Lignoceric [C24:0] 0.16 <01
1 d 7.0+%7.3% energy [14]), the lack of a control Arachidonic [C20:4n-6] 01 061
(Curren.t y aroun e 01270 gy ' . . Eicosapentaenoic [C20:5n-3] <0.1 <0.1
population consuming reduced PUFA precludes the use of epidemio- Docosapentaenoic [C22:5n-6] <0.1 <0.1
logical data to estimate a specific effect of PUFA on physical activity at Docosahexaenoic [C22:6n-3] <0.1 <0.1

the population level. As an alternative, experimental animal studies
could allow us to test the direct biological effect of dietary fat
composition on physical activity.

We show that a corn oil diet rich in n-6 PUFA results in loss of
spontaneous activity with negative effects on whole-body metabolism,
and metabolic gene expressions, leading to insulin resistance in young
female mice. If these results hold true for humans, particular attention
must be paid to dietary n-6 PUFA as a potential confounder when
planning lifestyle interventions for the treatment/prevention of obesity
and diabetes.

Table 2
Detailed composition of experimental diets.
Ingredients (g/kg) Olive oil diet Corn oil diet
Casein 240 240
pL-Methionine 3.6 3.6
Corn starch 150 150
Sucrose 298.8 298.8
Cellulose 50 50
Calcium carbonate 3.6 3.6
Mineral Mix* 42 42
Vitamin Mix" 12 12

Oils
Soybean oil 10 10
Corn oil 0 190
Olive oil 190 0
Total 1000 1000
Macronutrients % w/w % Energy
High-fat diets
Protein 212 19
Carbohydrate 444 39
Fat 20.0 40
Total 4,53 kcal/g diet
Normal chow
Protein 22,6 264
Carbohydrate 51.2 60.1
Fat 5.2 13.7
Total 3.41 kcal/g diet

Note: Normal chow ingredients are variable as with any semipurified diet and have not
been listed below.

*Mineral mix (mg/g): dicalcium phosphate 500, magnesium oxide 24; potassium
citrate 220, potassium sulfate 52; sodium chloride 74, chromium KSO, 12H,0 0.55;
cupric carbonate 0.3, potassium iodate 0.01; ferric citrate 6, manganous carbonate 3.5,
sodium selenite 0.01, zinc carbonate 1.6; sucrose 118.03.

bVitamin mix (mg/g): vitamin A 0.8; vitamin D3 1; vitamin E 10; menadione sodium
bisulfite 0.08; nicotinic acid 3; calcium pantothenate 1.6; pyridoxine HCl 0.7; riboflavin
0.6; thiamin 0.6; sucrose 978.42.

CO, corn oil diet; OO, olive oil diet.

2. Experimental methods
2.1. Experimental animals and diet

All animal protocols were approved by the UBC's Animal Care
Committee. Eight-week-old female C57/BI6 mice were fed a high-fat
(HF, 40% energy from fat, n=10 per HF group) or a “normal” chow (14%
energy from fat, n=10, Lab Diet-5P76) diet for 6 weeks. The high-fat
diets were isoenergetic and isonitrogenous and were prepared
commercially (Harlan Teklad, Table 2). The oils used were either 19%
w/w corn oil (high-n-6 group, TD.120022) or 19% w/w olive oil (high-
MUFA group, TD.130128), both supplemented with 1% w/w soybean oil
to avoid essential fatty acid deficiencies. Carbohydrate and protein
contents for both HF diets were 44.7% and 21.2% w/w, respectively [15].

2.2. Fatty acid analysis of diets

Fatty acid composition of the diets were analyzed using gas
chromatography (GC) by NP Analytical Laboratories (St. Louis, MO,
USA) on behalf of Harlan Teklad. In brief, mice food pellets were

Table 4
Primer sequences used for quantification of mRNA levels by real-time PCR in liver
and muscle.

Gene Primer sequences GenBank
(5-3") Reference #

F: AGCCTCAGCCAAGTTGAAGT NM_001113418.1
R: AGAGGACAGATGGGGCTCTC

Peroxisome proliferator
activated receptor
alpha (Ppara)

Peroxisome proliferator
activated receptor
delta (Ppard)

Peroxisome proliferator
activated receptor
gamma (Pparg)

F: ACCTGGGGATTAATGGGAAA
R: CCGTGGGTTTGTCTTCATCT

NM_011145.3

F: TGGGTGAAACTCTGGGAGATTC NM_011146.3
R: GAGAGGTCCACAGAGCTGATTCC

Sterol regulatory element F: CTGGAGACATCGCAAACAAGC  NM_011480.3
binding transcription R: ATGGTAGACAACAGCCGCATC
factor 1 (Srebf1)

Peroxisome proliferative F: TTGCCCAGATCTTCCTGAAC NM_008904.2
activated receptor gamma  R: TCTGTGAGAACCGCTAGCAA
coactivator 1 alpha (Pgcla)

18s ribosomal RNA F: CGGCTACCACATCCAAGGAA NR_003278

(18S rRNA) R: GCTGGAATTACCGCGGCT

Primers used to determine gene expression, both the forward primer (F) and reverse
(R) primers are indicated.
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Fig. 1. Corn and olive oil feeding leads to identical gains in body weight in mice. (a) Weekly gains in body weight during dietary regimen. (b) Final body weight, fat mass and lean mass
of animals after 6 weeks of diet.(c) Mean water intake of mice during each day in metabolic chamber. (d) Mean food intake of mice during each day in metabolic chambers.
(e) Continious monitoring of water in mice over 2 days at night (shaded) and day in metabolic chambers. Data are presented as mean+S.E.M. (n=10/group) and were analyzed using

one-way ANOVA with Tukey tests. *P<.05 versus chow.

crushed and extracted using an appropriate technique. Extracted fat
was saponified with sodium hydroxide, and methyl esters of the fatty
acids were formed by reaction with boron trifluoride/methanol
mixture. Fatty acid methyl esters were separated by GC with a
flame ionization detector. GC peak area percent of each fatty acid
methyl ester was calculated as a percent of the total area of all fatty
acid methyl esters.

2.3. Insulin and glucose tolerance tests

After 6 weeks of diet, for intraperitoneal glucose tolerance
(IPGTT) testing, the animals were fasted for 5 h and blood glucose
was measured (time 0). Mice were then injected intraperitoneally
with 1 g/kg glucose, followed by blood glucose measurements at 15,
30, 60 and 120 min. For insulin tolerance testing (ITT), mice were
fasted for 5 h, followed by basal blood glucose (time 0) measure-
ment. Insulin was then injected intraperitoneally at 0.75 U/kg body
weight. To determine glucose clearance, blood glucose was mea-
sured at 5, 15, 30 and 60 min. Over the next few days, mice were
fasted and anethetized with isoflurane, their blood was collected,

and they were euthanized. Kits were used to measure insulin (Linco,
USA), nonesterified fatty acids (NEFA) and triglycerides (Wako, USA)
in fasted serum.

2.4. Measurement of spontaneous activity

Following dietary protocols for 6 weeks, all mice were singly housed
in metabolic cages designed to mimic home-cage environment (Lab-
Master TSE Systems, Bad Homberg, Germany) for 3 consecutive days. All
calculated values for locomotor activity are based on measurements
obtained over 48 h in the postacclimatization period. Infrared beams
were oriented along the x, y and z axes of the metabolic cages which
allowed for precise recording of activity levels. Spontaneous locomotor
activity was analyzed by automatic recording of infrared beam breakage
by animals traveling within their cages [16].

2.5. Measurement of metabolic parameters

In parallel to measurements of spontaneous activity, O, consump-
tion and CO, production were measured via an open circuit indirect
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Fig. 2. Corn oil lowers spontaneous activity in mice. (a) Change in nighttime (dark phase) spontaneous locomotor activity, (b) change in daytime (light phase) locomotor activity and
(c) change in total locomotor activity following 6 weeks of chow, olive-oil- and corn-oil-rich diets compared to prediet values. (d) Average REE normalized to body weight recorded
from each mouse in the light phase of the day over 2 days. Data are presented as mean=S.E.M. Values (a-c) were analyzed using one-way ANOVA with Tukey tests (n=10/group).
(d) Analyzed using ANCOVA with Tukey test; P<.05 (n=10/group). *P<.05 versus groups as indicated.

calorimetry system, with sensors sampling air from each cage once
every 15 min (LabMaster TSE Systems, Bad Homberg, Germany) for 3
consecutive days to obtain individual measurements of respiratory
function and food and water intakes [16]. Resting energy expenditure
(REE) was calculated from the average of the five lowest energy
expenditure recordings for each animal during the light (inactive)
phase. Metabolic activity (respiratory exchange ratio, RER) was
calculated from the ratio of VCO, (ml/h) produced to VO, (ml/h)
consumed throughout the day for each mouse. Water intakes were
continuously monitored through weight sensors directly associated
with water bottles. Mice were allowed at least one dark phase period to
acclimatize to the metabolic cage conditions. All calculated values for O,,
CO,, REE and food intake are based on measurements obtained over 48 h
in the postacclimatization period.

2.6. Body composition analysis

Animal body composition was measured in conscious animals
using quantitative magnetic resonance (QMR) technology, which
distinguishes differential proton states between lipids, lean
tissues and free water (EchoMRI-100 Echo Medical Systems,
Houston, TX, USA) [16]. Lean mass and fat mass were quantified by
the QMR system.

2.7. Blood collection and serum parameters

Following the metabolic cage measurements, mice were fasted
overnight and anethetized with isoflurane, following which
animals were sacrificed, blood was collected, and plasma was
separated and stored at —80°. Commercially available kits were used to
measure insulin (Linco, USA), NEFA and triglycerides (Wako, USA) in
these samples.

2.8. Gene expression analysis

mRNA levels of FA oxidation genes were quantified using
qunatitative polymerase chain reaction (qPCR) from flash-frozen
gastrocnemius muscle as described recently [17]. Transcription
factors that regulate fat metabolism in humans and mice include
peroxisome proliferator-activated receptors alpha (PPARa), delta
(PPARS) and gamma (PPARY), as well as sterol regulatory element-
binding protein 1 (SREBP-1)[18,19]. Although not an FA oxidation
gene per se, PPAR gamma coactivator 1 (PGC-1) is capable of
activating PPARa to control expression of genes encoding FA
oxidation enzymes [20]. Primer sequences of analyzed genes are
depicted in Table 4.

2.9. Statistical analysis of experimental data

Results are expressed as mean4-standard error of the mean (S.E.M.).
Differences between diet groups were evaluated through one-way
analysis of variance (ANOVA) followed by Tukey post hoc tests with the
exception of REE. Analysis of covariance (ANCOVA) with Tukey post hoc
tests was used to compare REE between diet groups. For all
comparisons, we used an alpha level of 0.05.

3. Results

3.1. Corn oil does not increase food intake and body weight compared to
olive-oil-fed mice

The fat composition of olive and corn oil diets were similar in total
saturated fatty acid (SFA; 2.47 vs.2.81 g/100 g of diet) and n-3 PUFA (0.2
vs.0.25g/100 g of diet) contents, while trans fats were negligible (below
0.01% of all fatty acids) (Table 3). As expected, olive and corn oil diets
had a much higher oleic acid (OA, C18:1,a MUFA) and linoleic acid (LA,
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Fig. 3. Corn oil reduces whole-body RER compared to olive-oil-fed mice. RER as
determined by (a) hourly nighttime (dark phase) O, intake, (b) hourly nighttime (dark
phase) CO, release, (c) hourly daytime (light phase) day O, intake and (d) hourly daytime
(light phase) CO, release for mice fed various diets. (e) Respiratory ratio (total vCO,
released to vO, consumed per gram body weight per day) of mice fed various diets. Data
are presented as mean4S.E.M. Values were analyzed using one-way ANOVA with Tukey
tests (n=10/group). *P<.05 versus groups as indicated. PP<.05 versus all groups.

C18:2n-6, an n-6 PUFA) content, respectively (Table 3). Body weight
was significantly increased in both HF-fed groups within 3 weeks of
feeding, but there was no difference between olive- and corn-oil-fed
mice in their final body weights after 6 weeks of HF feeding (Fig. 1a).
Magnetic-resonance-imaging-based body composition analysis also
demonstrated an increase in fat mass in both olive- and corn-oil-fed
mice compared to chow-fed mice but no change in lean mass across all
groups (Fig. 1b). With a higher energy density, mice consumed fewer
grams of food and water compared to chow diets, but there was no
difference in food or water intake between HF-fed groups (Fig. 1c). As
dehydrated mice demonstrate increased spontaneous activity which
increases their chances of locating a water source [21], continuous
monitoring of water intakes also did not reveal any difference in water
intake patterns between both groups of HF-fed mice at any time point
during the day in both the light (day) or dark (night) phases (Fig. 1d).

3.2. Corn oil feeding lowers spontaneous locomotor activity in mice

Next, we used metabolic chambers to monitor spontaneous
locomotor activity. Compared to chow-fed mice, PUFA-enriched
corn-oil-fed mice demonstrated a threefold reduction in nighttime

spontaneous activity (Fig. 2a). However, MUFA-enriched olive-oil-fed
mice, despite gaining similar body weight as that of corn-oil-fed mice,
maintained activity levels similar to lean, chow-fed mice (Fig. 2a). As
nocturnal animals, overall activity was approximately 10-fold lower
in the light phase for all mice (Fig. 2b). This difference in spontaneous
activity in corn-oil-fed fed mice compared to olive-oil-fed mice
continued during the daytime as well (Fig. 2b). As a result, cumulative
daily activity levels were significantly lower in mice fed corn oil
compared to prediet values but not in mice fed olive oil (Fig. 2c).
Although spontaneous activity was different, REE was similar
between chow and both groups of HF-fed mice, indicating no
difference in basal energy expenditure during inactive phases in the
daytime (Fig. 2d).

3.3. Corn oil reduces whole-body RER compared to olive-oil-fed mice

Lacking anaerobic pathways of FA oxidation, rodents consume
more oxygen to oxidize fats when on HF diet [16]. Predictably,
nighttime O, consumption, being at their most active time, was
higher in both HF diet groups, with corn-oil-fed mice demonstrating
the highest values (Fig. 3a). However, O, consumption in corn-oil-fed
mice was not matched with an increased CO, release (Fig. 3b).
Daytime O, consumption (Fig. 3c) and CO; release (Fig. 3d) remained
unchanged among all HF groups. Overall, corn-oil-fed mice demon-
strated less CO, release relative to O, consumption (denoted as RER)
(Fig. 3e), indicating a lower whole-body fat oxidation in comparison
to olive-oil-fed mice.

3.4. Corn oil feeding induces hyperinsulinemia and reduces glucose
disposal in mice

A depressed RER is a characteristic feature of insulin resistance
in both rodents [22] and humans [23]. To evaluate this possibility,
we analyzed serum biomarkers of insulin resistance from fasted
mice. Serum FA and triglycerides were unaltered, but circulating
insulin increased in corn-oil-fed mice, indicating hyperinsuline-
mia in these mice (Fig. 4a). Corn-oil-fed mice also demonstrated
insulin resistance as determined by ITT (Fig. 4b), IPGTTs (Fig. 4c) and
the area under curve (AUC) of glucose disposal following ITT and
IPGTT (Fig. 4d).

3.5. Corn oil lowers expression of multiple fatty acid oxidation genes in
the muscle

To address mechanisms behind decreased RER and increased
insulin resistance in corn-oil-fed mice, we analyzed gene expression
of key transcription factors involved in fat oxidation in the two
metabolic organs important for maintaining insulin sensitivity: the liver
and the skeletal muscle. Both HF diets induced increases in the
expression of PPAR, PPARY and PGC-1a in mice livers (Fig. 5a). In
contrast, PPARS remained unchanged in the corn-oil-fed mice livers
compared to chow-fed animals (Fig. 5a). Unlike in the liver, expression
of all PPARs was reduced in the gastrocnemius muscle of mice fed PUFA-
enriched corn oil compared to olive oil (Fig. 5b). PGC-1o was the only
transcription factor that remained elevated in the corn-oil-fed mice
muscle compared to olive-oil-fed mice (Fig. 5b). Like the liver,
SREBP1 expression also remained unchanged in muscle in response
to HF diets (Fig. 5b).

Overall, corn-oil-fed mice demonstrated lower spontaneous
activity, higher insulin insensitivity, and reduced RER and skeletal
muscle fatty acid oxidation gene expressions compared to similarly
weighed olive-oil-fed mice.
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Fig. 4. Corn oil induces insulin resistance in mice. (a) Fasting serum NEFA, triglycerides and insulin; (b) ITT with blood glucose values expressed as a percentage of time 0, (c) IPGTT,
(d) AUC of blood glucose values from ITT and IPGTT in mice. Data are presented as mean4S.E.M. Values were analyzed using one-way ANOVA with Tukey tests; P<.05 (n=6). *p<.05

versus chow-fed mice.

4. Discussion

Over the last 40 years, a synergistic effect of improper diet and lack of
physical activity is blamed for the rapid rise in various chronic diseases
like obesity, diabetes and cancer. Several studies have investigated
associations between socioeconomic and environmental factors and
physical inactivity in humans [24]. However, a biological link between
the chemical composition of dietary macronutrients and physical
inactivity has not been reported. As the chemical composition of dietary
proteins and carbohydrates has remained relatively constant, the
presence of n-6 PUFA in the human dietary environment is a relatively
recent change, which warrants further study. Although there is
considerable evidence in the literature on multiple detrimental effects
of saturated fat, the metabolic effects of high dietary n-6 PUFA remain
scarce. This is primarily due to the fact that popular commercial HF diets
for rodent research are still mostly composed of saturated fat sources
like lard and beef tallow which increase shelf life, palatibility and the
ease of ‘pelleting’ of such diets. Unfortunately, these fat sources are not
significant sources of n-6 PUFA, which contribute a large percentage of
dietary energy in ‘Western’ diets. To the best of our knowledge, this
report for the first time demonstrates a direct relationship between n-6
PUFA intake and a loss of spontaneous locomotor activity in mice in a
metabolic cage, removed from any human interference for over 3 days
post dietary intervention and associated insulin resistance.

In recent years, there has been a paradigm shift in our understanding
of the role of lipids in obesity and cardiometabolic diseases. Several
recent meta-analysis groups have questioned the role of saturated fats in
causing diabetes and cardiometabolic diseases [25,26]. It has been
argued that ‘replacement nutrients’ substituted for saturated fats in
Western diets are to blame for the recent rises in obesity and associated
metabolic disorders. Although simple carbohydrates are now universally
condemned for their obesogenic and detrimental cardiovascular effects,
reports have also linked such effects to be due to a preponderance of n-6

PUFA in the ‘Western diet’ [27-29]. In this regard, the proinflammatory
effect of n-6 PUFA had been identified long back in vitro in isolated
human cells and rodents [30-33].

With regards to inflammation, a clear sex difference exists with the
metabolic effects of PUFA in vivo. PUFA desaturation and bioconversion
to carcinogenic eicosanoids as well as its oxidative modification are
higher in female animals and humans [34-36]. Consistent with this
notion, reports have linked countries with high PUFA intakes like Israel
and the United States with a high rate of female cancers [37,38].
Therefore, we limited our animal experiments to the female sex, where
any detrimental effect of PUFA could not be masked through inclusion of
male-specific data. This report reports a direct relationship between 6
weeks of high PUFA intake and a loss of spontaneous activity in female
mice. Although the reasons are not yet clear, it should be noted that the
experimental protocol required group housing of mice (three to four
mice per cage) during 6 weeks of dietary regimen, followed by 3 days of
single housing to enable individual measurements of food intake, oxygen
consumption and locomotor activity. It is well known that, as social
creatures, single housing precipitates depression in mice and loss of
spontaneous exploratory activity is a major symptom of such a
phenomenon [39,40]. There is considerable evidence of clinical depres-
sion in women with a high n-6 and a low n-3 PUFA intake as that present
in the corn oil diet [41,42]. It must be emphasized that, contrary to
common belief, higher caloric intake by itself either does not influence or
induces higher spontaneous activity in rodents [43]. A coconut-oil-based
saturated fat diet leads to an increase in spontaneous activity in mice [44].
In lean humans, excess energy provision is also balanced by increased
spontaneous activity and thermogenesis, at least in the short term [45].

Despite having similar food intakes and body weights between
MUFA- and PUFA-fed mice, whole-body metabolism as estimated by
RER was lower in corn-oil-fed mice. This implies a specific effect of n-6
PUFA on energy metabolism, primarily fat oxidation (as these mice
were on a high-fat diet) that is independent of body fat mass or the fat
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Fig. 5. Corn oil reduces fat oxidation genes in skeletal muscle but not in the liver of mice.
mRNA expression of key FA-oxidation-related transcription factors from livers of mice
fed different diets. (b) mRNA expression of key FA-oxidation-related transcription factors
from the skeletal muscle of mice fed different diets. Data are presented as mean+S.E.M.
Values were analyzed using one-way ANOVA with Tukey tests; P<.05, P<.05 (n=6/group).
*P<05 versus chow-fed mice. P<05 versus all groups of mice. PPARa, peroxisome
proliferator-activated receptor alpha; PPARd, peroxisome proliferator-activated receptor
delta; PPARg, peroxisome proliferator-activated receptor gamma; Srebf1, sterol regulatory
element-binding protein 1; Pgcla, peroxisome proliferator-activated receptor gamma
coactivator 1-alpha.

content of the diet. Interestingly, a lack of fat oxidation with LA-rich diet
has been reported earlier in humans. After a high-fat (40% energy) diet
for 1 week, measurements of FA oxidation, estimated from breath
sample CO,, revealed lower oxidation rates in humans for dietary LA
than with OA [46]. In this study, corn oil reduced expression of PPARs in
the muscle, which are a major group of fatty-acid-related transcription
factors. However, these factors (with the exception of PPARS) were
elevated in the liver. Both n-6 and n-3 PUFA are known to induce PPARs
in the lipogenic tissues like the liver [47]; however, the role of n-6 PUFA
in regulating fat-oxidation-related PPARs, especially PPARc, in the
skeletal muscle remains obscure. PPARo can positively affect glucose
homeostasis as demonstrated in PPARo knockout mice, which could
not increase rates of fatty acid oxidation during starvation, developing
characteristics of insulin resistance and diabetes [48]. However, in
another study, feeding a saturated-fat-based HF diet (43% energy)
actually protected PPARa-null mice from obesity or insulin resistance
[49]. Thus, PUFA-mediated lowering of fat utilization in the muscle could
well explain the depressed metabolic phenotype characterized by PUFA
diets. Like female mice in this study, an effect of high PUFA intake on
insulin resistance in human populations has been proposed earlier [50].
In this study, corn oil did not significantly increase mouse body weight
compared to MUFA-fed mice; however, our dietary regimen in mice
lasted 6 weeks only. With 12 weeks of high-PUFA feeding, mice do
develop obesity [51] and, if continued through pregnancy, it may
predispose future generations to a higher body mass as well [52].

Overall, this study provides evidence for a quantitatively important
biological relationship between excess dietary PUFA intakes to loss of
spontaneous activity and insulin resistance in female mice. Conversely,
sustained spontaneous activity with MUFA could also be a hidden cause
for established physiological benefits of the ‘Mediterranean diets.’ In a
recent clinical study, dietary n-6 PUFA intake was identified as a cause
for declining physical activity in an older population [53]. Therefore, we
propose excess dietary n-6 PUFA as a novel biological risk factor which
may predispose humans to a loss of physical activty. In light of such
results, we strongly recommend that particular attention be paid to
controlling dietary fatty acid levels, especially that of n-6 PUFA, while
planning lifestyle interventions to reduce sedentary behavior and
insulin resistance in susceptible populations.

Author contributions

CK.W. assisted in experimental design, performed metabolic cage
studies and analyzed the data. A.B. performed in vitro experiments
related to insulin resistance and edited the manuscript. J.P. performed
statistical analysis and edited the manuscript. C.D. performed animal
experimentations. W.T.G. provided experimental guidance through
animal experiments and critically edited the manuscripts. S.G. conceived
the idea, provided financial support and finalized the manuscript.

Acknowledgments

This work was supported by the Scholar award and operating grant
from the CDA to S.G., NSERC to J.P. and CIHR to W.T.G. CIHR Doctoral
award to A.B. is also acknowledged. We would also like to thank
Dr. Jason Loeppky for his statistical advice on earlier versions of this
manuscript. All authors declare no conflict of interest.

References

[1] Adamcezewski JZ, Hudson R], Gates CC. Winter energy balance and activity of
female caribou on Coats Island, Northwest Territories: the relative importance of
foraging and body reserves. Can ] Zool 1993;71:1221-9.

[2] Chiel HJ, Wurtman RJ. Short-term variations in diet composition change the
pattern of spontaneous motor activity in rats. Science 1981;213:676-8.

[3] Ogden CL, Flegal KM, Carroll MD, Johnson CL. Prevalence and trends in overweight
among US children and adolescents, 1999-2000. JAMA 2002;288:1728-32.

[4] Saunders TJ, Chaput JP, Tremblay MS. Sedentary behaviour as an emerging risk
factor for cardiometabolic diseases in children and youth. Can ] Diabetes 2014;38:
53-61.

[5] German JB, Dillard CJ. Saturated fats: what dietary intake? Am J Clin Nutr 2004;
80:550-9.

[6] Council NR. Diet and health: implications for reducing chronic disease risk.
Washington, DC: The National Academies Press; 1989.

[7] Cordain L, Watkins BA, Florant GL, Kelher M, Rogers L, Li Y. Fatty acid analysis of
wild ruminant tissues: evolutionary implications for reducing diet-related chronic
disease. Eur ] Clin Nutr 2002;56:181-91.

[8] Kuipers RS, Luxwolda MF, Dijck-Brouwer DA, Eaton SB, Crawford MA, Cordain L,
et al. Estimated macronutrient and fatty acid intakes from an East African
Paleolithic diet. Br ] Nutr 2010;104:1666-87.

[9] Burdette HL, Whitaker RC, Kahn RS, Harvey-Berino J. Association of maternal
obesity and depressive symptoms with television-viewing time in low-income
preschool children. Arch Pediatr Adolesc Med 2003;157:894-9.

[10] Keim SA, Branum AM. Dietary intake of polyunsaturated fatty acids and fish
among US children 12-60 months of age. Matern Child Nutr 2013. http://dx.doi.
org/10.1111/mcn.12077.

[11] Madden SM, Garrioch CF, Holub BJ. Direct diet quantification indicates low intakes
of (n-3) fatty acids in children 4 to 8 years old. ] Nutr 2009;139:528-32.

[12] Monda KL, Gordon-Larsen P, Stevens ], Popkin BM. China's transition: the effect of
rapid urbanization on adult occupational physical activity. Soc Sci Med 2007;64:
858-70.

[13] Cameron AJ, Van Stralen MM, Kunst AE, Te Velde SJ, Van Lenthe FJ, Salmon J, et al.
Macroenvironmental factors including GDP per capita and physical activity in
Europe. Med Sci Sports Exerc 2013;45:278-85.

[14] Harika RK, Eilander A, Alssema M, Osendarp SJ, Zock PL. Intake of fatty acids in
general populations worldwide does not meet dietary recommendations to
prevent coronary heart disease: a systematic review of data from 40 countries.
Ann Nutr Metab 2013;63:229-38.

[15] Ghosh S, Molcan E, Decoffe D, Dai C, Gibson DL. Diets rich in n-6 PUFA induce
intestinal microbial dysbiosis in aged mice. Br ] Nutr 2013;1-9.


http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0005
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0005
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0005
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0010
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0010
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0015
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0015
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0020
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0020
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0020
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0025
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0025
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0030
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0030
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0035
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0035
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0035
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0040
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0040
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0040
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0045
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0045
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0045
http://dx.doi.org/10.1111/mcn.12077
http://dx.doi.org/10.1111/mcn.12077
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0050
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0050
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0055
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0055
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0055
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0060
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0060
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0060
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0065
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0065
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0065
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0065
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0070
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0070

326 CK. Wong et al. / Journal of Nutritional Biochemistry 26 (2015) 319-326

[16] Ngai YF, Quong WL, Glier MB, Glavas MM, Babich SL, Innis SM, et al. Ldlr—/— mice
display decreased susceptibility to Western-type diet-induced obesity due to
increased thermogenesis. Endocrinology 2010;151:5226-36.

[17] Botta A, Laher I, Beam ], Decoffe D, Brown K, Halder S, et al. Short term exercise
induces PGC-lalpha, ameliorates inflammation and increases mitochondrial
membrane proteins but fails to increase respiratory enzymes in aging diabetic
hearts. PLoS One 2013;8:e70248.

[18] Clarke SD. Polyunsaturated fatty acid regulation of gene transcription: a molecular
mechanism to improve the metabolic syndrome. ] Nutr 2001;131:1129-32.

[19] Jump DB. Dietary polyunsaturated fatty acids and regulation of gene transcription.
Curr Opin Lipidol 2002;13:155-64.

[20] Vega RB, Huss JM, Kelly DP. The coactivator PGC-1 cooperates with peroxisome
proliferator-activated receptor alpha in transcriptional control of nuclear genes
encoding mitochondrial fatty acid oxidation enzymes. Mol Cell Biol 2000;20:
1868-76.

[21] Finger FW, Reid LS. The effect of water deprivation and subsequent satiation upon
general activity in the rat. ] Comp Physiol Psychol 1952;45:368-72.

[22] Martin TL, Alquier T, Asakura K, Furukawa N, Preitner F, Kahn BB. Diet-induced
obesity alters AMP kinase activity in hypothalamus and skeletal muscle. ] Biol
Chem 2006;281:18933-41.

[23] Carstens MT, Goedecke JH, Dugas L, Evans ], Kroff ], Levitt NS, et al. Fasting
substrate oxidation in relation to habitual dietary fat intake and insulin resistance
in non-diabetic women: a case for metabolic flexibility? Nutr Metab (Lond) 2013;
10:8. http://dx.doi.org/10.1186/1743-7075-10-8.

[24] Brownson RC, Boehmer TK, Luke DA. Declining rates of physical activity in the
United States: what are the contributors? Annu Rev Public Health 2005;26:
421-43.

[25] Siri-Tarino PW, Sun Q, Hu FB, Krauss RM. Meta-analysis of prospective cohort
studies evaluating the association of saturated fat with cardiovascular disease. Am
J Clin Nutr 2010;91:535-46.

[26] Micha R, Wallace SK, Mozaffarian D. Red and processed meat consumption and
risk of incident coronary heart disease, stroke, and diabetes mellitus: a systematic
review and meta-analysis. Circulation 2010;121:2271-83.

[27] Calder PC. The American Heart Association advisory on n-6 fatty acids: evidence
based or biased evidence? Br ] Nutr 2011;104:1575-6.

[28] Ramsden CE, Hibbeln JR, Majchrzak SF, Davis JM. n-6 Fatty acid-specific and mixed
polyunsaturate dietary interventions have different effects on CHD risk: a meta-
analysis of randomised controlled trials. Br ] Nutr 2011;104:1586-600.

[29] Ramsden CE, Zamora D, Leelarthaepin B, Majchrzak-Hong SF, Faurot KR,
Suchindran CM, et al. Use of dietary linoleic acid for secondary prevention of
coronary heart disease and death: evaluation of recovered data from the Sydney
Diet Heart Study and updated meta-analysis. BMJ 2013;346:e8707.

[30] Saraswathi V, Wu G, Toborek M, Hennig B. Linoleic acid-induced endothelial
activation: role of calcium and peroxynitrite signaling. ] Lipid Res 2004;45:
794-804.

[31] Toborek M, Blanc EM, Kaiser S, Mattson MP, Hennig B. Linoleic acid potentiates
TNF-mediated oxidative stress, disruption of calcium homeostasis, and apoptosis
of cultured vascular endothelial cells. J Lipid Res 1997;38:2155-67.

[32] Toborek M, Lee YW, Garrido R, Kaiser S, Hennig B. Unsaturated fatty acids
selectively induce an inflammatory environment in human endothelial cells. Am ]
Clin Nutr 2002;75:119-25.

[33] Ghosh S, Kewalramani G, Yuen G, Pulinilkunnil T, An D, Innis SM, et al. Induction
of mitochondrial nitrative damage and cardiac dysfunction by chronic provision
of dietary omega-6 polyunsaturated fatty acids. Free Radic Biol Med 2006;41:
1413-24.

[34] Burdge GC, Wootton SA. Conversion of alpha-linolenic acid to eicosapentaenoic,
docosapentaenoic and docosahexaenoic acids in young women. Br ] Nutr 2002;
88:411-20.

[35] Hilakivi-Clarke L, Clarke R, Lippman M. The influence of maternal diet on breast
cancer risk among female offspring. Nutrition 1999;15:392-401.

[36] Fang JL, Vaca CE, Valsta LM, Mutanen M. Determination of DNA adducts of
malonaldehyde in humans: effects of dietary fatty acid composition. Carcinogenesis
1996;17:1035-40.

[37] Goodstine SL, Zheng T, Holford TR, Ward BA, Carter D, Owens PH, et al. Dietary (n-3)/
(n-6) fatty acid ratio: possible relationship to premenopausal but not postmeno-
pausal breast cancer risk in U.S. women. ] Nutr 2003;133:1409-14.

[38] Shapira N. Women's higher risk with N-6 PUFA vs. men's relative advantage: an
"N-6 gender nutrition paradox" hypothesis. Isr Med Assoc ] 2012;14:435-41.

[39] Karolewicz B, Paul IA. Group housing of mice increases immobility and
antidepressant sensitivity in the forced swim and tail suspension tests. Eur ]
Pharmacol 2001;415:197-201.

[40] Perona MT, Waters S, Hall FS, Sora I, Lesch KP, Murphy DL, et al. Animal models of
depression in dopamine, serotonin, and norepinephrine transporter knockout
mice: prominent effects of dopamine transporter deletions. Behav Pharmacol
2008;19:566-74.

[41] Sublette ME, Galfalvy HC, Hibbeln ]JR, Keilp JG, Malone KM, Oquendo MA, et al.
Polyunsaturated fatty acid associations with dopaminergic indices in major
depressive disorder. Int ] Neuropsychopharmacol 2013;1-9.

[42] Conklin SM, Manuck SB, Yao JK, Flory ]JD, Hibbeln JR, Muldoon MF. High omega-6
and low omega-3 fatty acids are associated with depressive symptoms and
neuroticism. Psychosom Med 2007;69:932-4.

[43] Kim JH, Park Y, Kim D. Dietary influences on nonexercise physical activity and
energy expenditure in C57BL/6] mice. ] Food Sci 2012;77:H63-8.

[44] Brownlow BS, Petro A, Feinglos MN, Surwit RS. The role of motor activity in diet-
induced obesity in C57BL/6] mice. Physiol Behav 1996;60:37-41.

[45] Westerterp KR. Physical activity, food intake, and body weight regulation: insights
from doubly labeled water studies. Nutr Rev 2010;68:148-54.

[46] DeLany JP, Windhauser MM, Champagne CM, Bray GA. Differential oxidation of
individual dietary fatty acids in humans. Am J Clin Nutr 2000;72:905-11.

[47] Sampath H, Ntambi JM. Polyunsaturated fatty acid regulation of gene expression.
Nutr Rev 2004;62:333-9.

[48] Muoio DM, MacLean PS, Lang DB, Li S, Houmard JA, Way JM, et al. Fatty acid
homeostasis and induction of lipid regulatory genes in skeletal muscles of
peroxisome proliferator-activated receptor (PPAR) alpha knock-out mice.
Evidence for compensatory regulation by PPAR delta. ] Biol Chem 2002;277:
26089-97.

[49] Finck BN, Bernal-Mizrachi C, Han DH, Coleman T, Sambandam N, LaRiviere LL,
et al. A potential link between muscle peroxisome proliferator-activated receptor-
alpha signaling and obesity-related diabetes. Cell Metab 2005;1:133-44.

[50] Yam D, Eliraz A, Berry EM. Diet and disease — the Israeli paradox: possible dangers
of a high omega-6 polyunsaturated fatty acid diet. Isr ] Med Sci 1996;32:1134-43.

[51] Alvheim AR, Torstensen BE, Lin YH, Lillefosse HH, Lock EJ, Madsen L, et al. Dietary
linoleic acid elevates the endocannabinoids 2-AG and anandamide and promotes
weight gain in mice fed a low fat diet. Lipids 2014;49:59-69.

[52] Massiera F, Barbry P, Guesnet P, Joly A, Luquet S, Moreilhon-Brest C, et al. A
Western-like fat diet is sufficient to induce a gradual enhancement in fat mass
over generations. ] Lipid Res 2010;51:2352-61.

[53] Abbatecola AM, Cherubini A, Guralnik JM, Andres Lacueva C, Ruggiero C, Maggio M,
et al. Plasma polyunsaturated fatty acids and age-related physical performance
decline. Rejuvenation Res 2009;12:25-32.


http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0075
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0075
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0075
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0080
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0080
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0080
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0080
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0085
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0085
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0090
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0090
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0095
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0095
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0095
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0095
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0100
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0100
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0105
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0105
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0105
http://dx.doi.org/10.1186/1743-7075-10-8
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0115
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0115
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0115
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0120
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0120
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0120
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0125
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0125
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0125
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0130
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0130
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0135
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0135
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0135
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0140
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0140
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0140
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0140
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0145
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0145
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0145
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0150
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0150
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0150
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0155
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0155
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0155
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0160
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0160
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0160
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0160
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0165
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0165
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0165
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0170
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0170
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0175
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0175
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0175
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0180
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0180
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0180
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0185
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0185
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0190
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0190
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0190
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0195
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0195
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0195
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0195
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0200
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0200
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0200
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0205
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0205
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0205
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0210
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0210
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0215
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0215
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0220
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0220
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0225
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0225
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0230
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0230
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0235
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0235
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0235
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0235
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0235
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0240
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0240
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0240
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0245
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0245
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0250
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0250
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0250
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0255
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0255
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0255
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0260
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0260
http://refhub.elsevier.com/S0955-2863(14)00247-2/rf0260

	A high-fat diet rich in corn oil reduces spontaneous locomotor activity and induces insulin resistance in mice
	1. Introduction
	2. Experimental methods
	2.1. Experimental animals and diet
	2.2. Fatty acid analysis of diets
	2.3. Insulin and glucose tolerance tests
	2.4. Measurement of spontaneous activity
	2.5. Measurement of metabolic parameters
	2.6. Body composition analysis
	2.7. Blood collection and serum parameters
	2.8. Gene expression analysis
	2.9. Statistical analysis of experimental data

	3. Results
	3.1. Corn oil does not increase food intake and body weight compared to olive-oil-fed mice
	3.2. Corn oil feeding lowers spontaneous locomotor activity in mice
	3.3. Corn oil reduces whole-body RER compared to olive-oil-fed mice
	3.4. Corn oil feeding induces hyperinsulinemia and reduces glucose disposal in mice
	3.5. Corn oil lowers expression of multiple fatty acid oxidation genes in the muscle

	4. Discussion
	Author contributions
	Acknowledgments
	References


