Original Article
Obesity and Metabolic Syndrome

Diabetes Metab J 2017;41:121-127
https://doi.org/10.4093/dm;j.2017.41.2.121
PpISSN 2233-6079 - eISSN 2233-6087

DIABETES & METABOLISM ng
@ i

Regulating Hypothalamus Gene Expression in Food

Intake: Dietary Composition or Calorie Density?
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Background: The proportion of saturated fatty acids/unsaturated fatty acids in the diet seems to act as a physiological regulation
on obesity, cardiovascular diseases, and diabetes. Differently composed fatty acid diets may induce satiety of the hypothalamus in
different ways. However, the direct effect of the different fatty acid diets on satiety in the hypothalamus is not clear.

Methods: Three experiments in mice were conducted to determine whether: different compositions of fatty acids affects gene
mRNA expression of the hypothalamus over time; different types of fatty acids administered into the stomach directly affect gene
mRNA expression of the hypothalamus; and fat composition changes in the diet affects gene mRNA expression of the hypothala-
mus.

Results: The type of fat in cases of purified fatty acid administration directly into the stomach may cause changes of gene expres-
sions in the hypothalamus. Gene expression by dietary fat may be regulated by calorie amount ingested rather than weight
amount or type of fat.

Conclusion: Therefore, the calorie density factor of the diet in regulating hypothalamic gene in food intake may be detrimental,
although the possibility of type of fat cannot be ruled out.
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INTRODUCTION

Obesity is a global health epidemic. A high-fat/caloric diet
leads to overweight and obesity, which are strongly associated
with the increasing prevalence of more severe chronic diseases
[1]. In simple terms, obesity occurs when energy intake exceeds
expenditure [2]. The central nervous system has mechanisms
to maintain homeostasis of body weight, which is tightly regu-
lated by central and peripheral signals reflecting the availability
of body energy [2]. Despite these mechanisms, when humans
or rodents are exposed to calorie-rich diets, these mechanisms
fail and they become obese [3]. In both male and female ro-
dents, a high fat diet compared to a low-fat diet stimulates
weight gain, largely due to increased caloric intake [4]. Diets
that are rich in calories are considered to be an important cause

of visceral obesity and insulin resistance [4], but the effect of di-
etary fat on disease risk is controversial. Most studies have
found that a diet low in saturated fat or diets in which saturated
fat is partially replaced with polyunsaturated fat decreases the
risks of cardiovascular diseases, diabetes, or death [5-7]. How-
ever, some research indicates that saturated fat is not associated
with those diseases [8,9]. The proportion of saturated fatty ac-
ids (SFAs)/unsaturated fatty acids in the diet seems to act as a
kind of physiological regulation on obesity, cardiovascular dis-
eases, and diabetes. Saturated fat is related to decreased insulin
signaling at the level of central nervous system, causing insulin
resistance in the brain and overeating; thus, leading to obesity
[2], which raises the question of whether n-3 polyunsaturated
fatty acids (n-3 PUFAs) have different regulatory roles from
other fatty acids [10,11]. Intake of fish and long-chain n-3 PU-
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take regulation of the hypothalamus were analyzed using real-
time polymerase chain reaction (PCR) to examine the effect of
different types of purified fatty acid and dietary fat composi-
tion on hypothalamic gene expressions. Thus, the objective of
this study was to assess whether the fat composition change in
the diet differentially affects hypothalamic gene expressions.

METHODS

Animals

Male C57BL/6N mice were purchased from the Koatech Ex-
perimental Animal Center (Pyeongtaek, Korea), weighing 25 to
30 g (12 weeks of age). Animals were maintained at 22°C+2°C,
humidity of 55% +5%, with a 12-hour:12-hour light-dark cycle
(7:00 AM to 7:00 PM).

All applicable institutional and governmental regulations
concerning the ethical use of animals were certified before and
during this research and approved by the Institutional Animal
Care and Use Committee of Yeungnam University.

Experimental designs

Experiments were designed to evaluate the effect of fatty acid
profiles on hypothalamic gene expressions in food intake regu-
lation of mice. For this goal, three experiments were conducted
to determine whether: (1) fatty acid ingestion affects gene
mRNA expression of the hypothalamus over time; (2) different
types of fatty acids administered into the stomach directly af-
fect gene mRNA expression of the hypothalamus; and (3) fat
composition changes in the diet affect gene mRNA expression
of the hypothalamus. Fatty acids (0.4 mg/g body weight) dis-
solved in dimethyl sulfoxide (DMSO, 5 uL/g body weight; Sig-
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CHO, high carbohydrate diet group; SFA, high saturated fatty acid
diet group; PUFA, high n-3 polyunsaturated fatty acid diet group.
*Chow, mouse chow from Harlan Laboratories, *Butter, Seoulmilk,
“Fish oil, Member’s Mark.

ma, St. Louis, MO, USA) in experiments 1 and 2 were admin-
istered into the stomach directly after overnight fasting.
DMSO was used because of poor fatty acid solubility in other
solvents, such as ethanol and water. Mice were divided into
control (DMSO) and SFA administration groups for experi-
ment 1, and gene expressions were measured at 0 (n=4), 0.5
(n=3), 1 (n=3), 2 (n=3), and 5 hours (n=3) after administra-
tion of fatty acid; control (DMSO, n=12), SFA (n=9), and n-3
PUFA (n=9) groups for experiment 2; and high carbohydrates
(CHO; n=9) as control, high SFA (n=6), and high n-3 PUFA
(n=6) diets groups for experiment 3. In experiment 2, SFA was
stearic acid and n-3 PUFA was linolenic acid. In experiment 3,
diets were provided from 6:00 PM to 10:00 AM the next day
after 9 hours of fasting prior to the diet. The details of the com-
position of diets are presented in Table 1. Animals had free ac-
cess to food and water for 15 hours. Mice were anesthetized by
intraperitoneal injections of pentobarbital sodium (50 mg/kg
body weight) immediately after the diet, and the hypothalamus
was excised carefully.

Quantitative real-time PCR

The hypothalamus was homogenized in TRI reagent (Sigma-
Aldrich, St. Louis, MO, USA) using a sonicator (Branson Soni-
fier 450; Branson Ultrasonics Corp., Danbury, CT, USA). RNA
underwent reverse transcription to cDNA from 1 pg of total
RNA using a High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA, USA). Quantitative real-
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time PCR was performed using the real-time PCR 7500 system
and Power SYBR Green PCR Master Mix (Applied Biosystems)
according to the manufacturer’s instructions. The expression
level of B-actin was used as an internal control. The reactions
were incubated at 95°C for 10 minutes, followed by 45 cycles of
95°C for 15 seconds, 55°C for 20 seconds, and 72°C for 35 sec-
onds. The primers were: POMC sense AGG CCT GAC ACG
TGG AAG AT; anti-sense AGG CAC CAG CTC CACACAT;
NPY sense TCC GCT CTG CGA CAC TAC AT; anti-sense
TGC TTT CCT TCA TTA AGA GGT CTG A; agouti-related
protein (AgRP) sense TGC TAC TGC CGC TTC TTC AA an-
ti-sense CTT TGC CCA AAC AAC ATG; and B-actin sense
TAC TGC CCT GGC TCC TAG CA; anti-sense TGG ACA
GTG AGG CCA GGA TAG (Bioneer, Daejeon, Korea).

Statistical analysis

Values are expressed as mean +standard error. The significance
of the differences among groups was evaluated by one-way
analysis of variance (ANOVA). When ANOVA revealed sig-
nificant differences, post hoc analysis was conducted via the
Newman-Keuls multiple range test. Null hypotheses of no dif-
ference were rejected if P values were less than 0.05.

RESULTS

Experiment 1. A time series of hypothalamic gene
expressions by administration of saturated fatty acid
dissolved in DMSO directly into the stomach

To the best of our knowledge, there are no publications exam-
ining hypothalamic gene mRNA expressions after administra-
tion of fatty acids in a time series. Therefore, experiment 1 was
conducted to assess the peak time of gene expressions after the
administration of fatty acid into the stomach directly. The an-
orexigenic POMC mRNA expression increased gradually up
to 2 hours and decreased at 5 hours after administration of SFA
into the stomach (Fig. 1). There was no significant difference
between orexigenic NPY and AgRP genes expressions from 0.5
to 5 hours after fatty acid administration (Fig. 1).

Experiment 2. Hypothalamic gene expressions by different
fatty acids administration dissolved in DMSO directly into
the stomach

The POMC, NPY, and AgRP mRNA expressions were mea-
sured 2 hours after administration of two types of fat dissolved
in DMSO directly into the stomach. The POMC mRNA ex-

http://e-dmj.org  Diabetes Metab J 2017;41:121-127

POMC

NPY

AgRP

0 0.5 1 2 5 (C)

Time (hr)

Fig. 1. Time series of (A) pro-opiomelanocortin (POMC), (B)
neuropeptide Y (NPY), and (C) agouti-related protein (AgRP)
mRNA expressions after administration of saturated fatty acid
into the stomach. Values are mean +standard error for three to
four mice per group. *P<0.01 vs. other groups, "P<0.01 vs.
other groups.

pressions of the hypothalamus in the group given SFA signifi-
cantly increased to 238% (P<0.01) and n-3 PUFA to 151% (P<
0.05), compared with the control group. The gene expression
in the n-3 PUFA group was lower (P<0.05) than in the SFA
group. The NPY mRNA expression of the hypothalamus in the
SFA group did not differ significantly from the control, where-
as gene expressions decreased to 59% in the n-3 PUFA group.
The gene expression in the n-3 PUFA group was lower (P<
0.01) than in the SFA group (Fig. 2). The AgRP mRNA expres-
sion of the hypothalamus in the SFA group did not differ sig-
nificantly from the control, whereas the gene expressions de-
creased to 63% in the n-3 PUFA group. The gene expression in
the n-3 PUFA group was lower (P<0.01) than in the SFA group
(Fig. 2).

Experiment 3. Hypothalamic gene expressions and food
consumptions by fat composition change in the diet over
15 hours

The food intake was measured. The amount of food ingested in
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Fig. 2. Relative (A) pro-opiomelanocortin (POMC), (B) neu-
ropeptide Y (NPY), and (C) agouti-related protein (AgRP)
mRNA expressions 2 hours after administration of saturated
(high saturated fatty acid [SFA]) or n-3 polyunsaturated fatty
acid (PUFA) into the stomach. Values are mean +standard er-
ror for nine to 12 mice per group. *P<0.01 vs. control, °P<0.05
vs. control or SFA, °P<0.01 vs. control or SFA.

the CHO group was higher (P<0.01) than in high-fat diet
groups, but the calories ingested were lower. There were no dif-
ferences of food intake and plasma free fatty acid levels (data
not shown) between SFA and n-3 PUFA groups (Table 2). The
POMC mRNA expressions of the hypothalamus in the SFA
group significantly decreased to 83% (P<0.05) and n-3 PUFA
group to 70% (P<0.01) compared with the CHO group. The
gene expression in the n-3 PUFA group was lower (P<0.05)
than in the SFA group (Fig. 3). The NPY mRNA expression of
the hypothalamus in the SFA and the n-3 PUFA groups were
higher (P<0.05) compared with the CHO group (131% in SFA
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Fig. 3. Relative (A) pro-opiomelanocortin (POMC), (B) neu-
ropeptide Y (NPY), and (C) agouti-related protein (AgRP)
mRNA expressions in various diet fed mice. Values are mean+
standard error for six to nine mice per group. CHO, high car-
bohydrates diet group; SFA, high saturated fat diet group;
PUFA, high n-3 polyunsaturated fatty acid diet group. *P<0.05
vs. CHO, "P<0.05 vs. SFA, °P<0.01 vs. CHO.

Table 2. Food intake in CHO, SFA, and PUFA diet fed mice

Variable CHO SFA PUFA
Weight amount, g 5.3+0.21 4.1+0.16" 4.0+£0.17°
Calorie intake, kcal ~ 17.7+0.70 20.3+0.79° 19.8+0.84°

Values are mean + standard error for six to nine mice per group.

CHO, high carbohydrate diet group; SFA, high saturated fatty acid
diet group; PUFA, high n-3 polyunsaturated fatty acid diet group.
*P<0.01,"P<0.05 vs. CHO group.

and 123% in the n-3 PUFA compared with CHO). There were
no significant differences between SFA and n-3 PUFA groups.
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Fig. 4. Correlations between the ratio of neuropeptide Y (NPY)/pro-opiomelanocortin (POMC) gene expressions and (A) food

intake (g) or (B) food intake (kcal) in various diet fed mice.

The AgRP mRNA expression of the CHO group did not differ
from other groups (99% in SFA and 94% in n-3 PUFA com-
pared with CHO) (Fig. 3). There was a strong correlation (r*=
0.4332, P<0.001) between the ratio of NPY/POMC gene ex-
pressions and food intake in calorie amount, but not with food
intake in weight amount (Fig. 4).

DISCUSSION

The present study demonstrated that the purified different fatty
acids have differential effects on hypothalamic gene expres-
sions in mice, but the type of dietary fat do not. Body weight
homeostasis is maintained through the balance between ener-
gy expenditure and energy intake. The hypothalamus in the
central nervous system is the master regulator of energy intake,
energy expenditure, and body weight balance [18-20]. Hor-
mones regulate food intake and energy expenditure through
neural and endocrine mechanisms by the satiety regulators,
such as NPY and POMC [21]. In addition to the hormonal sig-
nals entering the hypothalamus, the hypothalamic neurons
also directly sense the nutrient signals in the blood, such as hy-
perglycemia and hyperlipidemia, and activate the regulatory
processes of energy balance in the hypothalamus [22-24]. Ac-
cording to experiment 1, the anorexigenic POMC gene expres-
sion peaked 2 hours after the administration of stearic acid,
and orexigenic NPY and AgRP gene expressions were lowest 1
hour after administration of fatty acid, although not statistical-
ly significant. Therefore, gene expressions of experiment 2 were
measured 2 hours after administration of saturated and n-3
PUFA dissolved in DMSO into stomach. The anorexigenic
POMC gene expression of the hypothalamus in the n-3 PUFA
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group were significantly lower than in the SFA group in experi-
ment 2. The orexigenic NPY and AgRP gene expressions of the
hypothalamus in the n-3 PUFA group were also lower than in
the SFA group. These data seemed logically untenable because
both of anorexigenic and orexigenic genes expressions in the
n-3 PUFA group were lower than in the SFA group. This dis-
cordance supports the hypothesis that hypothalamic gene ex-
pression in food regulation would be decisive by regulating
which orexigenic or anorexigenic pathway is dominant [21].
Therefore, this result suggests that SFA may be more anorexi-
genic than n-3 PUFA when the anorexigenic POMC gene
pathway is dominant, and if the orexigenic NPY and AgRP
gene pathways are dominant, SFA may be more orexigenic
than n-3 PUFA, although we do not yet know which pathway
is dominant.

The results from experiment 3 show that POMC gene ex-
pression is higher with the SFA diet than the n-3 PUFA diet,
and higher in the CHO group than in SFA and PUFA diet
groups. The NPY gene expressions in the SFA and n-3 PUFA
groups were high compared with the CHO group. On the oth-
er hand, the NPY gene expression in the SFA group did not
differ significantly from the n-3 PUFA group. The AgRP gene
expressions did not differ among groups. Lower expression of
POMC and higher expression of NPY in the fatty acid diet
groups were expected to cause increased food intake, but the
food intake in weight amount was not consistent with gene ex-
pression. If we use calorie amount instead of weight amount in
food intake, higher orexigenic and lower anorexigenic gene ex-
pressions in SFA and n-3 PUFA groups caused more calorie
intake in spite of lower weight amount intake compared with
the CHO group. There was a strong correlation (*=0.4332, P<
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0.001) between the ratio of NPY/POMC gene expressions and
food intake in calorie amount, but not with food intake in
weight amount. These results suggested that POMC and NPY
expressions are regulated by calorie amount ingested rather
than weight amount in food intake, and AgRP gene would be
less important to regulate dietary fat intake. Therefore, hypo-
thalamus gene expression by dietary fat would be dependent
on calorie density rather than type of fat. A recent report also
suggested that consumption of a hypercaloric high saturated
fat diet caused a higher calorie intake than a normocaloric sat-
urated fat diet [25].

In conclusion, our results suggest that the type of fat in cases
of purified fatty acid administration directly into the stomach
may cause changes of gene expression in the hypothalamus,
that gene expression by dietary fat may be regulated by calorie
amount ingested rather than weight amount or type of fat.
Therefore, the calorie density of the diet may be a detrimental
factor in regulating hypothalamic genes in food intake, al-
though the possibility of type of fat cannot be ruled out.
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