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Abstract
Background: Miglitol is an oral anti-diabetic drug that acts by inhibiting carbohydrate absorption in the small intestine.
Recent studies have shown that miglitol reduces obesity in humans and rodents. However, its mechanisms have
remained unclear. The purpose of this study was to determine whether miglitol generates heat by activating uncoupling
protein 1 (UCP1), an enzyme involved in thermogenesis, in brown adipose tissue (BAT) in mice.
Methods: Four-week-old male C57BL/6 J mice were fed a high-fat diet alone (HF) or a high fat diet plus miglitol (HFM).
Oxygen consumption (VO2) was used to estimate metabolic rate. A thermal imaging camera was used to quantify heat
generation from interscapular brown adipose tissue. We analyzed the protein and gene expressions of UCP1 and the
expressions of four proteins related to β3-adrenergic signaling in the pathway activating UCP1 (protein kinase A (PKA),
hormone-sensitive lipase (HSL), p38 α mitogen-activated protein kinase (p38αMAPK) and peroxisome
proliferator-activated receptor gamma coactivator 1α (PGC1α)).
Results: At 8 weeks, body weight, epididymal and subcutaneous white adipose tissue and the HOMA-R value of the
HFM mice were significantly less than those of the HF mice. Food intake was not different between the HF and HFM
mice. VO2 and BAT temperature were significantly higher in the HFM mice. Miglitol significantly enhanced the gene and
protein expressions of UCP1 and the expressions of proteins related to β3-adrenergic signaling.
Conclusions: Miglitol’s anti-obesity effect was attributed to increased energy expenditure by upregulating UCP1 in BAT
(i.e., by thermogenesis) and to enhancement of β3-adrenergic signaling in BAT.
Keywords: Miglitol, Alpha-glucosidase inhibitor, Obesity, Oxygen consumption, Brown adipose tissue, Uncoupling
protein 1, β3-adrenergic signaling

Background
Obesity develops from an imbalance between energy intake
and energy expenditure [1]. At present, only medicines that
inhibit energy intake, such as appetite suppressants and
lipid absorption inhibitors, are authorized as anti-obesity
drugs by the American Food and Drug Administration
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(FDA). Enhancement of energy expenditure has emerged
as a potential and attractive strategy for treating or preventing obesity. Whereas white adipose tissue acts to store
surplus energy, brown adipose tissue (BAT) expends energy by heat production through uncoupling protein 1
(UCP1) in its mitochondria [2]. In general, it has been believed that humans lose BAT shortly after infancy. However, recent studies using positron emission tomography/
computed tomography (PET/CT) have shown that adult
humans still possess functional BAT. BAT has received
much attention as a target of obesity treatment [3-7].
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Miglitol is an alpha-glucosidase inhibitor (αGI) and is
commonly used as an anti-diabetic drug [8]. In diabetic
subjects, miglitol blunts postprandial hyperglycemia by
inhibiting alpha-glucosidase in the small intestine and
prolongs carbohydrate absorption. Recently, miglitol has
been reported to have an anti-obesity effect [9-11]. However, its mechanisms are not clear. Here we examined
the effect of miglitol on UCP1, an enzyme involved in
thermogenesis, in BAT. Our results show that miglitol increased energy expenditure, reduced obesity and
enhanced β3-adrenergic signaling and upregulation of
UCP1 in BAT. These data provide further support for
miglitol as an anti-obesity agent and clarify its mechanism
of action.

Methods
Animals and diets

Four-week-old male C57BL/6 J mice were purchased from
CLEA Japan (Tokyo, Japan). Four diets were prepared: normal chow (CLEA Rodent diet CE-2: 12% of calories from
fat, 59.1% of calories from carbohydrate, 28.8% of calories
from protein), a high fat diet (HFD) (Clea High fat diet 32:
56.7% of calories from fat, 23.1% of calories from carbohydrate, 20% of calories from protein), normal chow containing 0.008% miglitol and HFD containing 0.008% miglitol.
A previous study of miglitol in mice [11] used a diet containing 0.08% miglitol. We chose to use a lower dose because it was closer to the dose used in clinical medicine.
Mice were divided into 4 groups: a control group (NC),
which was fed normal chow, a normal chow plus miglitol
(NCM) group, which was fed the normal chow plus miglitol, a high fat (HF) group, which was fed the HFD, and a
high fat plus miglitol (HFM) group, which was fed the
HFD plus miglitol. The mice were kept in a temperaturecontrolled room (23°C) on a 12 h light/dark cycle (lights
on 07:00 h; off 19:00 h) with free access to food and water.
Individual food intake and body weight gain were monitored once a week. At 8 weeks, mice were fasted overnight
and anaesthetized with sodium pentobarbital (50 mg/kg,
i.p.) and blood was obtained by cardiopuncture. Plasma
was separated by centrifugation at 4°C and stored at −80°C
until assayed. The epididymal and subcutaneous white
adipose tissues were dissected and weighed. Interscapular brown adipose tissue and liver were immediately dissected, frozen in liquid nitrogen and stored at −80°C
until further analysis. All animal experiments and care procedures were conducted in conformity with the Guidelines
of the Animal Care and Use Committee of Kyoto Prefectural University of Medicine.
Plasma parameters

Blood glucose was determined with a compact glucose
analyzer Antsense II (Horiba, Kyoto, Japan). Plasma triglyceride (TG) and total cholesterol (T-Cho) levels were
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measured with reagents from Wako (Osaka, Japan). Plasma
insulin level was measured by an ELISA kit (Morinaga
Institute of Biological Science, Kanagawa, Japan). Plasma
active glucagon-like peptide 1 (GLP1) levels were measured with an ELISA kit (Shibayagi, Gunma, Japan). All of
the assays were performed according to the manufacturer’s instructions. Serum concentration of miglitol was
measured by liquid chromatography - tandem mass spectrometry (LC/MS/MS).
Oxygen consumption

Oxygen consumption (VO2) was measured with an O2/
CO2 metabolism-measuring system (model MK-5000,
Muromachi-Kikai, Tokyo, Japan), which consists of two
independent 560-ml chambers (for measuring two animals
simultaneously), a suction pump and a computer for data
analysis [12]. The mice were placed in the chambers at
23°C and acclimated for more than two hours. Every three
minutes, the pump draws air from one of the chambers
for one minute at rate of a 650 ml/min to measure O2
concentration. Oxygen consumption (VO2) was calculated
as [Oa-Oc]v m−1 t−1, where Oa is the atmospheric oxygen
concentration (%) that flows into the chamber, Oc is the
oxygen concentration in the chamber (%), v is the flow
rate (650 milliliters/min), m is the mass of the mouse in
kg and t is the time in hours [13].
Interscapular temperature

Mice were fasted for 6 hours and anaesthetized (sodium
pentobarbital, 30 mg/kg, i.p.). Interscapular temperature
surrounding BAT was recorded with a thermal imaging
camera (FLIR i3, FLIR Systems, Tokyo, Japan) and analyzed
with FLIR QuickReport software.
Histology

BAT was fixed in 10% buffered formalin. Sections (5 μm)
were stained with hematoxylin and eosin. Slides were examined and photomicrographs taken under the same exposure and magnification. Lipid droplets in cells of BAT
were quantified as previously described [14]. One tissue
section from each mouse was measured under blinded
conditions by one investigator (S.S.) counting the number
of nuclei surrounded by four or more lipid vacuoles/cell in
two randomly chosen areas (1600 μm2) of each section,
and averaging the results.
Western blot analysis

BAT was lysed with radioimmunoprecipitation assay (RIPA)
lysis buffer (Nacalai Tesque, Kyoto, Japan). Homogenates
were centrifuged at 10,000 × g for 10 min at 4°C and supernatants were collected. Protein concentrations were
determined with a Bio-Rad protein assay kit (Bio-Rad,
Tokyo, Japan). Tissue proteins were resolved on 10%
polyacrylamide gels in the presence of sodium dodecyl
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sulfate, transferred electrophoretically to polyvinylidene
difluoride membranes, and blocked by Blocking One
(Nacalai Tesque). The primary and secondary antibodies
were diluted with Can Get Signal (Toyobo, Osaka, Japan).
The membrane was incubated with primary antibodies
against proliferator-activated receptor gamma coactivator 1α (PGC1α) (1:10,000) (Abcam, Tokyo, Japan),
UCP1 (1:15,000) (Abcam), β3-adrenergic receptor (β3AR)
(1:10,000) (Abcam), protein kinase A (PKA) (1:5,000) (Santa
Cruz Biotechnology, Santa Cruz, CA), phosphorylatedprotein kinase A (pPKA) (1:5,000) (Santa Cruz Biotechnology, Santa Cruz, CA), hormone-sensitive lipase (HSL)
(1:10,000) (Cell Signaling Technology, Tokyo, Japan),
carnitine palmitoyltransferase1 (CPT1) (1:5,000) (Lifespan
Biosciences, Seattle, WA), p38α mitogen-activated protein
kinase (p38αMAPK) (1:5,000) (Cell Signaling Technology), and β-actin (1:5,000) (Cell Signaling Technology).
Secondary antibody consisted of a 1:15,000 dilution of
HRP-conjugated donkey anti-rabbit IgG (for PGC1α,
UCP1, β3AR, PKA, pPKA, HSL, CPT1, p38αMAPK) (GE
Healthcare, Tokyo, Japan) or HRP-conjugated sheep antimouse IgG (for β-actin) (GE Healthcare). The immunocomplexes were detected using an enhanced HRP-luminol
chemiluminescence system (ECL prime) (GE Healthcare)
and subjected to autoradiography (New Amersham Hyperfilm) (GE Healthcare). Signals on the immunoblot were
quantified using the NIH Image computer program (NIH,
Bethesda, MD, version 1.45). To compare the results for
protein expression, we assigned a value of 1 to expression
in BAT from control mice.
Cyclic AMP (cAMP) assay

The selective β3-adrenergic receptor agonist CL316,243
(Sigma, Tokyo, Japan) (2 mg/kg/body weight) and saline
was given by intraperitoneal injection 6 h before the end
of the experiment. The amount of cAMP in BAT was
measured by a cAMP assay kit (R&D Systems, Minneapolis,
MN) according to the manufacturer’s instructions.
Quantitative real-time PCR

Total RNA from BAT and liver were isolated using
a NucleoSpin RNA II kit (Macherey-Nagel, Düren,
Germany). Template cDNA synthesized from 500 ng
total RNA with random hexamer primers was used as the
template for each reaction with a SuperScript First-Strand
Synthesis System (Invitrogen Life Technology, Osaka,
Japan). Quantitative real-time PCR (qRT-PCR) was performed using a SYBR Green master mix (Takara, Shiga,
Japan) with 10 μM of each primer in an AB 7300 RealTime PCR System (Applied Biosystems, Tokyo, Japan).
Amplification was performed with the following protocol:
40 cycles (5 sec at 95°C and 31 sec at 60°C) after an initial
activation step for 30 sec at 95°C. Primer sequences
were shown as follows: β-actin (BAT), forward primer:
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5′-GAAATCGTGCGTGACATCAAAG-3′, reverse primer:
5′-TGTAGTTTCATGATGCCACAG-3′; β-actin (liver),
forward primer: 5′-GGCTGTATTCCCCTCCATCG-3′, reverse primer: 5′-CCAGTTGGTAACAATGCCATGT-3′;
PGC1α, forward primer: 5′-TGAACGCACCTTAAGTGT
GGAA-3′, reverse primer: 5′- GGGTTATCTTGGTTGG
CTTTATGA-3′; UCP1, forward primer: 5′- AGGCTTCC
AGTACCATTAGGT -3′, reverse primer: 5′-CTGAGTGA
GGCAAAGCTGATTT-3′; CPT1, forward primer: 5′-CCA
ATCATCTGGGTGCTGG-3′, reverse primer: 5′-AAGA
GACCCCGTAGCCATCA-3′; glucokinase (GK), forward
primer: 5′-CAACTGGACCAAGGGCTTCAA-3′, reverse
primer: 5′-TGTGGCCACCGTGTCATTC-3′. β-actin was
chosen as an internal standard.
Statistical analysis

Data are shown as means ± SEM. Single-group data were
assessed using Student’s t-test. Repeated measurements
of analysis of variance (ANOVA) with Tukey-Kramer post
hoc comparisons were performed for multiple comparisons. P values less than 0.05 were considered statistically
significant.

Results
Miglitol reduced body weight gain and increased energy
expenditure in high fat diet-induced obese mice

The body weight of mice fed a high fat diet (HF mice)
(27.3 ± 0.4 g at 8 weeks) was significantly greater than
that of mice fed normal chow (p < 0.05) (control mice)
(21.5 ± 0.2 g). The body weight of mice fed the high fat
diet plus miglitol (HFM mice) (25.8 ± 0.4 g) was significantly less than that of HF mice (p < 0.05) (Table 1,
Figure 1A) even though the two groups consumed the
same amount of food energy (Figure 1B, C). On the other
hand, miglitol did not affect the body weight under the condition of normal chow (Table 1, Figure 1A). The miglitoltreated mice did not manifest any of the common adverse
effects of miglitol, such as gastrointestinal abnormalities,
diarrhea or anorexia. Oxygen consumption (VO2), an indirect measurement of metabolism, was significantly increased
in HFM mice compared to HF mice in both the dark and
light phases (p < 0.05) (Figure 2). By contrast, VO2 was
not different between NC and NCM mice. Interscapular
BAT temperature in HFM mice (34.7 ± 0.7°C) was significantly higher (p < 0.05) than that in HF mice (31.5 ±
0.3°C) and was significantly higher (p < 0.05) than the
temperatures in NC mice (30.0 ± 0.6°C) and NCM mice
(30.7 ± 0.5°C) (Figure 3).
Miglitol ameliorated insulin resistance in high fat
diet-induced obese mice

Blood glucose and plasma T-Cho levels were significantly higher in HF mice than in NC and NCM mice.
Blood glucose levels were significantly lower in HFM mice
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Table 1 Metabolic parameters at 8-weeks-old mice
n

NC

NCM

HF

Body weight (g)

10-11

21.5 ± 0.2

22.2 ± 0.2

27.3 ± 0.4 a,

HFM

Glucose (mg/dl)

5

118 ± 6.6

129 ± 15.4

282 ± 4.1

a, b
a, b

Total cholesterol (mg/dl)

5-7

62 ± 4.7

68 ± 4.9

150 ± 7.2

Triglyceride (mg/dl)

6

42 ± 8.4

45 ± 5.7

42 ± 4.9

Insulin (μU/ml)

5

5.3 ± 1.2

3.4 ± 0.5

12.3 ± 1.9 a,

HOMA-R

5

1.4 ± 0.3

1.1 ± 0.3

8.4 ± 1.3

b

a, b, c

25.8 ± 0.4

240 ± 9.1 a,
141 ± 4.2

b, c

a, b

46 ± 5.2
b

a, b
a, b

6.7 ± 1.2
4.0 ± 0.7 a,

b, c

0.85 ± 0.04 a, b,

Weight of epididymal white adipose tissue (g)

9-14

0.27 ± 0.02

0.28 ± 0.01

1.1 ± 0.08

Weight of subcutaneous white adipose tissue (g)

6

0.3 ± 0.03

Not measured

1.5 ± 0.15 a

0.98 ± 0.12 a, c

Active glucagon-like peptide1 (pg/ml)

8-9

54.8 ± 7.9

61.1 ± 4.9

66 ± 7.5

76.9 ± 14.4

Concentration of miglitol (μmol/L)

3-4

Not measured

0.06 ± 0.02

Not measured

0.26 ± 0.13

c

Values are means ± SE for 3–14 mice. Blood samples were collected under fasting conditions. aP < 0.05, vs mice fed normal chow diet (NC). bP < 0.05, vs mice fed
normal chow diet plus miglitol (NCM). cP < 0.05, vs mice fed high-fat diet alone (HF).

than in HF mice. Plasma TG did not differ in the four
groups. The HOMA-R value, an index of insulin resistance, was significantly elevated in HF mice and significantly lowered by miglitol (control 1.4 ± 0.3 vs. NM 1.1 ±
0.3 vs. HF 8.4 ± 1.3 vs. HFM 4.0 ± 0.7) (CC or NC vs. HF,
p < 0.05; HF vs. HFM, p < 0.05). The masses of epididymal
and subcutaneous white adipose were lower in the HFM
mice than in the HF mice (Table 1).
Miglitol enhances the secretion of active glucagonlike-peptide1 (GLP1) in obese humans (see “Discussion”
section). Because GLP1 decreases food intake, many clinicians attribute miglitol’s anti-obesity effect to suppression of food intake. However, the active GLP1 level did
not differ between HF and HFM mice (Table 1).

Miglitol enhanced the gene and protein expressions of
UCP1 in BAT of HFM mice

The main function of BAT is thermogenesis, which is mediated by upregulation of UCP1. PGC1α is transcriptional

B 120
30

NC (n=10)
NCM (n=11)

28

a, b

HF (n=10)
a, b

HFM (n=10)
26

a, b, c

a, b
24

a, b
a, b

80

22

a, b
a, b

a, b

a, b

60

NC (n=5)

40

NCM (n=5)

20

HF (n=5)
HFM (n=5)
7

a, b, c

a, b

a, b

a, b
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500

Food intake (Kcal/month)

Body Weight (g)

To evaluate the degree of lipolysis, we investigated the
microscopic appearance of BAT. The HFD increased the
number of lipid droplets in cells of BAT, while miglitol significantly decreased the number of lipid droplets in cells of
BAT (NC 9.1 ± 0.5 vs. HF 4.3 ± 0.2 vs. HFM 7.0 ± 0.3 cells/
area) (NC vs. HF or HFM, p < 0.05; HF vs. HFM, p < 0.05)
(Figure 4).

Food intake (kcal/week)

A

Miglitol decreased the number of lipid droplets in BAT
cells of HF mice

a, b

20

18

16
0

7

14
Day

21

28

a, b

400

a, b

300
200
100
0

NC
(n=5)

NCM
(n=5)

HF
(n=5)

HFM
(n=5)

Figure 1 Effect of miglitol on body weight gain. A: Body weight change. B: Weekly food intake. C: Total food intake. Values are means ± SE for
5–11 mice. aP < 0.05, vs mice fed normal chow diet (NC). bP < 0.05, vs mice fed normal chow diet plus miglitol (NCM). cP < 0.05, vs mice fed
high-fat diet alone (HF).
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Figure 2 Effect of miglitol on energy expenditure. A: 22-h Oxygen consumption. B: Oxygen consumption in dark and light phases. Values are
means ± SE for 3–10 mice. aP < 0.05, vs mice fed normal chow diet (NC). bP < 0.05, vs mice fed normal chow diet plus miglitol (NCM). cP < 0.05, vs
mice fed high-fat diet alone (HF).

A
BAT

BAT

B
a, b, c

NC

BAT

NCM

BAT

Interscapulartemperature (°C)

35

30

25

NC
(n=4)

HF

NCM
(n=4)

HF
(n=4)

HFM
(n=5)

HFM

Figure 3 Effect of miglitol on BAT temperature. A shows representative infrared thermal image of normal chow diet mice (NC), miglitol-treated
normal chow diet mice (NCM), high-fat diet mice (HF) and miglitol-treated high-fat diet mice (HFM). B: Interscapular temperature was measured. Values
are means ± SE for 4–5 mice. aP < 0.05, vs mice fed normal chow diet (NC). bP < 0.05, vs mice fed normal chow diet plus miglitol (NCM). cP < 0.05, vs
mice fed high-fat diet alone (HF).
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A

B

C

D 12
Number of cells/area

10
8

a, c

6

a

4
2
0
NC
(n =5)

HF
(n=6)

HFM
(n=6)

Figure 4 Effect of miglitol on the number of lipid droplets in BAT cells. Histology of BAT was examined by HE staining (Scale bar = 40 μm).
A, B and C show the representative histology of normal chow diet mice, high-fat diet mice and miglitol-treated high-fat diet mice, respectively.
D: The number of cells/area was counted. Values are means ± SE for 5–6 mice. aP < 0.05, vs mice fed normal chow diet (NC). cP < 0.05, vs mice fed
high-fat diet alone (HF).

coactivator that is required for expression of the UCP1
gene. We evaluated gene and protein expressions of PGC1α
and UCP1. The mRNA levels of PGC1α showed no differences between the four groups. However, the level of
PGC1α protein of HFM mice was 1.4-fold higher than that
of HF mice (p < 0.05) (Figure 5A, B). The expression of
UCP1 mRNA in HFM mice was 1.5-fold higher than that
of HF mice (p < 0.05). Miglitol did not enhance the expression of UCP1 mRNA in normal chow-fed mice. The level
of UCP1 protein in HF mice was 1.7-fold higher than that
of control mice (p < 0.05), and the level of UCP-1 protein of HFM mice was 1.2-fold higher than that of HF
mice (p < 0.05) (Figure 5A, B). We measured CPT1 expression in BAT to evaluate mitochondrial β-oxidation.
The expressions of CPT1 mRNA and protein were significantly increased in both HF mice and HFM mice as
compared with control mice. (Figure 6A, B).
Miglitol enhanced β3-adrenergic signaling in BAT of
HFM mice

β3-adrenergic signaling through the β3-adrenergic receptor (β3AR) activates UCP1 and thus has a role in reducing
obesity. The protein expression of β3AR was not significantly different between HF and HFM mice (Figure 7A).
However, the protein expressions of PKA, HSL and p38α
MAPK of HFM mice were significantly increased as compared with HF mice (1.7, 1.2 and 1.5-fold, respectively)
(p < 0.05) (Figure 7B-D). To test whether miglitol’s upregulation of UCP1 expression was mediated by β3-adrenergic
signaling, we measured the effect of a selective β3AR

agonist (CL316,243). CL316,243 induced greater amounts
of cAMP and pPKA protein in HFM mice than in HF mice
(Figure 8A, B).
Hepatic glucokinase expression did not affect
thermogenesis in BAT

During the course of this study, it was reported that hepatic glucokinase (GK) expression suppressed thermogenesis in BAT [15]. This raised the possibility that miglitol
acts by suppressing liver GK expression. However, miglitol
did not suppress GK mRNA expression (Figure 9).

Discussion
Our data show that miglitol reduced body weight gain and
insulin resistance, consistent with a previous study using
spontaneous-onset obese type 2 diabetes mice [11]. Recent
studies have focused on BAT as a target of treatment for
obesity [3,4,16]. We hypothesized that the reason of suppressed body weight gain observed in miglitol-treated
mice was the upregulation of energy expenditure. BAT
produces heat by non-shivering thermogenesis to maintain body temperature [3]. The key component of this
process is UCP1. UCP1, the archetypal UCP, is uniquely
expressed in mitochondria of brown adipocytes. UCP1 uncouples adenosine-5′-triphosphate (ATP) synthesis from
substrate oxidation in brown adipocytes [17]. When UCP1
is activated, chemical energy is dissipated as heat without
ATP synthesis. The upregulation of UCP1 expression
indicates increased thermogenesis and energy expenditure, which helps to protect from fat accumulation and
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UCP1
PGC1α

β-actin

A

B
2.5

NC (n=5-6)
NCM (n=5-7)

a, b, c

HF (n=6)

a, c

HFM (n=5-7)
2

HF (n=5-6)

a

a, c

HFM (n=5-6)
Arbitrary unit

Relative mRNA level

2

NC (n=6)
2.5

1.5

1

0.5

1.5

1

0.5

0

0

PGC1α

PGC1α

UCP1

UCP1

Figure 5 Effect of miglitol on the expressions of PGC1α and UCP1 in BAT. A: Real-time PCR experiments. B: Western blot analysis. Values are
means ± SE for 5–7 mice. aP < 0.05, vs mice fed normal chow diet (NC). bP < 0.05, vs mice fed normal chow diet plus miglitol (NCM). cP < 0.05, vs
mice fed high-fat diet alone (HF).

sympathetic nervous system (SNS). SNS nerve terminals of
BAT release noradrenaline, which activates β-adrenergic
receptors and a cascade of events leading to mitochondriogenesis and increased expression of UCP1. Brown adipocytes express various adrenergic receptors that include the
α1- and β3- receptors. β3-adrenergic receptor (β3AR) is, at
least in rodents, the main adrenergic receptor in driving
the cascade of events necessary for thermogenesis in BAT.

obesity [18]. The present study showed that miglitol upregulated UCP1 in BAT of high fat diet-induced obese mice.
Consistent with increased UCP1 expression, oxygen consumption was increased in HFM mice (Figures 2 and 5).
Miglitol induced an increased interscapular temperature,
which can be explained by its stimulation of UCP1 expression in BAT (Figure 3). Brown adipocytes contain a large
number of mitochondria and are highly innervated by the

CPT1

β-actin

2

B

NC (n=6)
HF (n=6)
HFM (n=5)

a

2

a
Arbitrary unit

Relative mRNA level

A

1.5
1
0.5

NC (n=6)
HF (n=6)
HFM (n=5)

a
a

1.5
1
0.5

0

CPT1

0

CPT1

Figure 6 Effect of miglitol on the expression of CPT1. A: Real-time PCR experiments. B: Western blot analysis. Values are means ± SE for 5–6
mice. aP < 0.05, vs mice fed normal chow diet (NC). cP < 0.05, vs mice fed high-fat diet alone (HF).
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β3AR
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1

0
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(n=6)
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(n=6)

2

a
1

0

HFM
(n=5)
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(n=6)

HF
(n=6)

p38αMAPK

HSL

β-actin

β-actin

C

D

HSL

1.5
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p38αMAPK
2.5

a, c

2
1

Arbitrary unit

Arbitrary unit

HFM
(n=5)

0.5

1.5
1
0.5

0
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(n=6)

HF
(n=6)

HFM
(n=5)

0
NC
(n=6)

HF
(n=6)

HFM
(n=5)

Figure 7 Effect of miglitol on β3-adrenergic signaling. Protein expressions of β3-adrenergic signaling in BAT were analyzed. A-D: Western blot
analysis. Values are means ± SE for 5-6mice. aP < 0.05, vs mice fed normal chow diet (NC). cP < 0.05, vs mice fed high-fat diet alone (HF).

β3AR interacts with Gα to stimulate adenylyl cyclase activity, which promotes synthesis of cAMP. Increased
sympathetic stimulation induces β3AR activation, increased cAMP generation and subsequent activation of
PKA [19]. The protein levels of PKA were higher in HFM
mice than in HF mice in our experiment (Figure 7B),
which suggests that the upregulation of UCP1 observed in
our study involved β3-adrenergic signaling. To confirm
that upregulation of UCP1 involves β3-adrenergic signaling, we evaluated the downstream signaling of PKA.
PKA induces lipolysis by activating hormone-sensitive
lipase (HSL). HSL releases free fatty acids from intracellular lipid stores [19], which are then transformed into
acyl-CoA. Acyl-CoA is combined with carnitine by CPT1
and transported into the mitochondrial matrix as acylcarnitine. Acyl-carnitine is converted back to acyl-CoA,
which can then enter the fatty acid β-oxidation pathway.
Free fatty acids not only act as substrates for β-oxidation

but also stimulate UCP1 activity [17,19]. The expressions
of CPT1 mRNA and protein were not significantly different between HF mice and HFM mice in our study
(Figure 6A, B), which suggests that the β-oxidation activity was similar in the two groups. The HFM mice had
higher HSL protein levels than the HF mice. The findings that miglitol decreased the number of lipid droplets
in BAT cells (Figure 4) and increased the protein expression of HSL (Figure 7C) suggest that lipolysis was activated by miglitol under the high-fat diet. The lipolysis
induced by miglitol activated UCP1.
The chronic effects of PKA activation include mitochondrial biogenesis and increased UCP1 gene expression
[19]. p38αMAPK is reported to induce UCP1 expression
by stimulating the SNS [20-22]. In mouse adipocytes
and animal models, β-AR stimulation triggers a kinase
cascade from PKA to p38MAPK, which phosphorylates
PGC1α [20,21]. PGC1α strongly coactivates several nuclear
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Figure 8 Effect of miglitol on cAMP and pPKA in the presence of a β3-adrenergic receptor agonist. A: cAMP amount in BAT. B: Western
blot analysis. Values are means ± SE for 4–5 mice. cP < 0.05, vs mice fed high-fat diet alone (HF). dP < 0.1, vs mice fed high-fat diet alone (HF).

receptors that bind to the UCP1 enhancer and upregulates
UCP1 gene expression [23]. These events also contribute
to the orchestrated response to increase mitochondriogenesis and the overall thermogenic capacity of brown
adipocytes. The finding that protein levels of p38α MAPK
and PGC1α were higher in HFM mice than in HF mice
(Figure 5B, Figure 7D) suggests that the gene expression of UCP1 was upregulated through the PKA-p38
MAPK-PGC1α cascade by miglitol in high fat dietinduced obese mice.

Figure 9 Effect of miglitol on the gene expression of liver
glucokinase (GK). Real-time PCR experiments. Values are means ± SE
for 5-6mice. aP < 0.05, vs mice fed normal chow diet (NC). cP < 0.05,
vs mice fed high-fat diet alone (HF).

A β3AR agonist (CL316,243) was found to increase
PGC1α mRNA and UCP1 mRNA in 4–6 hours [24,25].
In our study, CL316,243 produced greater amounts of
cAMP and pPKA protein in HFM mice than in HF mice
(Figure 8A, B), confirming that miglitol enhanced β3adrenergic signaling under the high fat diet.
Glucagon-like peptide 1 (GLP1) is secreted from L
cells in the intestine, and promotes insulin secretion in a
glucose-dependent manner following ingestion of carbohydrate [26]. GLP1 receptor agonists have been used for
the treatment of type 2 diabetes patients in recent years.
GLP1 has the potential to be used as an anti-obesity drug
[27]. GLP1 not only stimulates insulin secretion but also
decreases appetite and reduces food intake when administered either peripherally or directly into the central nerve
system [28]. Though miglitol enhances GLP1-secretion in
obese humans [29-31], plasma active GLP1 levels in the
HF and HFM mice in this study were not significantly different (Table 1), which suggests that GLP1 did not participate in the reduction of obesity in this study.
It remains unclear how miglitol induces thermogenesis
in BAT. One possibility is that miglitol stimulates the
SNS, which is known to enhance β3-adrenergic signaling
[19], which in turn induces thermogenesis in BAT. One
way in which miglitol could stimulate the SNS is by suppressing hepatic glucokinase (GK) expression [15]. However, miglitol did not suppress GK mRNA expression in
our study (Figure 9).
β3AR agonists increase oxygen consumption and lead
to weight loss in obese rodents [32,33]. However, β3AR
stimulants have not yet become available, partly because
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the specificity of β3AR agonists for human β3AR is low
[34]. Miglitol has few side effects in humans, and is feasible for long-term use as an oral drug. The adverse effects
of miglitol are mainly minor gastrointestinal symptoms. If
these side effects are acceptable, miglitol has promise as
an anti-obesity drug. If the side effects are not acceptable,
another approach is to develop new therapeutics based on
the mechanisms of miglitol.

Conclusions
Miglitol 1) increased energy expenditure, 2) had an antiobesity effect in high fat diet-induced obese mice, 3) enhanced β3-adrenergic signaling and 4) upregulated UCP1
in BAT under the condition of a high fat diet. These findings suggest that miglitol has the potential to be a therapeutic for the treatment of obesity.
Abbreviations
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Page 10 of 11

5.

6.

7.

8.

9.

10.

11.

12.

13.

Competing interests
The authors have no competing interests.

14.

Authors’ contributions
SS, HN and KK conceived the study and designed the experimental plan. SS
performed all of the experiments and contributed to data collection. SS and
HN contributed to data analysis, interpretation and manuscript writing. JM
contributed to data interpretation and manuscript writing. KK, KM and WA
contributed to data collection. KY, HI and HH contributed to data
interpretation. All authors read and approved the final manuscript.

15.

Acknowledgments
A part of this work was supported with JSPS KAKENHI Grant Number 24650427.
The bulk of miglitol was provided by Sanwa Kagaku Kenkyusho Co., Ltd.
(Nagoya, Japan). We thank Dr Ikuyo Itoh for technical assistance. We thank
Dr Taichiro Nishikawa for guidance and technical assistance.
Author details
1
Department of Pediatrics, Graduate School of Medical Science, Kyoto
Prefectural University of Medicine, 465-Kajiicho, Hirokoji-Kawaramachi,
Kamigyo-ku, Kyoto 602-8566, Japan. 2Laboratory of Health Science, Graduate
School of Life and Environmental Sciences, Kyoto Prefectural University,
Kyoto, Japan. 3Department of Forensic Medicine, Graduate School of Medical
Science, Kyoto Prefectural University of Medicine, Kyoto, Japan.

16.
17.
18.

19.
20.

21.

22.
Received: 16 December 2013 Accepted: 8 March 2014
Published: 26 March 2014
References
1. Hofbauer KG: Molecular pathways to obesity. Int J Obes Relat Metab Disord
2002, 26(Suppl 2):S18–S27.
2. Saely CH, Geiger K, Drexel H: Brown versus white adipose tissue: a mini-review.
Gerontology 2012, 58:15–23.
3. Ginter E, Simko V: Brown fat tissue - a potential target to combat obesity.
Bratisl Lek Listy 2012, 113:52–56.
4. Cypess AM, Lehman S, Williams G, Tal I, Rodman D, Goldfine AB, Kuo FC,
Palmer EL, Tseng YH, Doria A, Kolodny GM, Kahn CR: Identification and

23.

24.

25.

importance of brown adipose tissue in adult humans. N Engl J Med 2009,
360:1509–1517.
Virtanen KA, Lidell ME, Orava J, Heglind M, Westergren R, Niemi T, Taittonen M,
Laine J, Savisto NJ, Enerback S, Nuutila P: Functional brown adipose tissue in
healthy adults. N Engl J Med 2009, 360:1518–1525.
van Marken Lichtenbelt WD, Vanhommerig JW, Smulders NM, Drossaerts JM,
Kemerink GJ, Bouvy ND, Schrauwen P, Teule GJ: Cold-activated brown
adipose tissue in healthy men. N Engl J Med 2009, 360:1500–1508.
Mund RA, Frishman WH: Brown adipose tissue thermogenesis: β3adrenoreceptors as a potential target for the treatment of obesity in
humans. Cardiol Rev 2013, 21:265–269.
Van de Laar FA, Lucassen PL, Akkermans RP, Van de Lisdonk EH, Rutten GE,
Van Weel C: α-glucosidase inhibitors for type 2 diabetes mellitus.
Cochrane Database Syst Rev 2005(2). Art. No.:CD003639. DOI:10.1002/
14651858.CD003639.pub2.
Shimabukuro M, Higa M, Yamakawa K, Masuzaki H, Sata M: Miglitol,
alpha-glycosidase inhibitor, reduces visceral fat accumulation and
cardiovascular risk factors in subjects with the metabolic syndrome:
a randomized comparable study. Int J Cardiol 2012, 167(5):2108–2113.
Shrivastava A, Chaturvedi U, Singh SV, Saxena JK, Bhatia G: Lipid lowering
and antioxidant effect of miglitol in triton treated hyperlipidemic and
high fat diet induced obese rats. Lipids 2013, 48(6):597–607.
Hamada Y, Nagasaki H, Fuchigami M, Furuta S, Seino Y, Nakamura J, Oiso Y:
The alpha-glucosidase inhibitor miglitol affects bile acid metabolism and
ameliorates obesity and insulin resistance in diabetic mice. Metabol 2013,
62:734–742.
Nakagawa T, Tsuchida A, Itakura Y, Nonomura T, Ono M, Hirota F, Inoue T,
Nakayama C, Taiji M, Noguchi H: Brain-derived neurotrophic factor
regulates glucose metabolism by modulating energy balance in diabetic
mice. Diabetes 2000, 49:436–444.
Cheng Y, Meng Q, Wang C, Li H, Huang Z, Chen S, Xiao F, Guo F: Leucine
deprivation decreases fat mass by stimulation of lipolysis in white
adipose tissue and upregulation of uncoupling protein 1 (UCP1) in
brown adipose tissue. Diabetes 2010, 59:17–25.
Sharara-Chami RI, Joachim M, Mulcahey M, Ebert S, Majzoub JA: Effect of
epinephrine deficiency on cold tolerance and on brown adipose tissue.
Mol Cell Endocrinol 2010, 328:34–39.
Tsukita S, Yamada T, Uno K, Takahashi K, Kaneko K, Ishigaki Y, Imai J,
Hasegawa Y, Sawada S, Ishihara H, Oka Y, Katagiri H: Hepatic glucokinase
modulates obesity predisposition by regulating BAT thermogenesis via
neural signals. Cell Metab 2012, 16:825–832.
Tews D, Wabitsch M: Renaissance of brown adipose tissue. Horm Res
Paediatr 2011, 75:231–239.
Richard D, Picard F: Brown fat biology and thermogenesis. Front Biosci
2011, 16:1233–1260.
Inokuma K, Okamatsu-Ogura Y, Omachi A, Matsushita Y, Kimura K, Yamashita H,
Saito M: Indispensable role of mitochondrial UCP1 for antiobesity effect of
beta3-adrenergic stimulation. Am J Physiol Endocrinol Metab 2006,
290:E1014–E1021.
Sell H, Deshaies Y, Richard D: The brown adipocyte: update on its
metabolic role. Int J Biochem Cell Biol 2004, 36:2098–2104.
Cao W, Medvedev AV, Daniel KW, Collins S: β-adrenergic activation of p38
MAP kinase in adipocytes: cAMP induction of the uncoupling protein 1
(UCP1) gene requires p38 MAP kinase. J Biol Chem 2001, 276:27077–27082.
Cao W, Daniel KW, Robidoux J, Puigserver P, Medvedev AV, Bai X, Floering LM,
Spiegelman BM, Collins S: p38 mitogen-activated protein kinase is the
central regulator of cyclic AMP-dependent transcription of the brown fat
uncoupling protein 1 gene. Mol Cell Biol 2004, 24:3057–3067.
Bordicchia M, Liu D, Amri EZ, Ailhaud G, Dessi-Fulgheri P, Zhang C,
Takahashi N, Sarzani R, Collins S: Cardiac natriuretic peptides act via p38
MAPK to induce the brown fat thermogenic program in mouse and
human adipocytes. J Clin Invest 2012, 122:1022–1036.
Puigserver P, Spiegelman BM: Peroxisome proliferator-activated receptorgamma coactivator 1 alpha (PGC-1 alpha): transcriptional coactivator
and metabolic regulator. Endocr Rev 2003, 24:78–90.
Lehr L, Kuehne F, Arboit P, Giacobino JP, Poulin F, Muzzin P, Jimenez M:
Control of 4E-BP1 expression in mouse brown adipose tissue by the
beta3-adrenoceptor. FEBS Lett 2004, 576:179–182.
Chartoumpekis DV, Habeos IG, Ziros PG, Psyrogiannis AI, Kyriazopoulou VE,
Papavassiliou AG: Brown adipose tissue responds to cold and adrenergic
stimulation by induction of FGF21. Mol Med 2011, 17:736–740.

Sugimoto et al. Nutrition & Metabolism 2014, 11:14
http://www.nutritionandmetabolism.com/content/11/1/14

Page 11 of 11

26. Ahren B: Glucagon-like peptide-1 (GLP-1): a gut hormone of potential
interest in the treatment of diabetes. Bioessays 1998, 20:642–651.
27. Suzuki K, Jayasena CN, Bloom SR: Obesity and appetite control.
Exp Diabetes Res 2012, 2012:824305.
28. Small CJ, Bloom SR: Gut hormones as peripheral anti obesity targets.
Curr Drug Targets CNS Neurol Disord 2004, 3:379–388.
29. Lee A, Patrick P, Wishart J, Horowitz M, Morley JE: The effects of miglitol on
glucagon-like peptide-1 secretion and appetite sensations in obese type
2 diabetics. Diabetes Obes Metab 2002, 4:329–335.
30. Arakawa M, Ebato C, Mita T, Fujitani Y, Shimizu T, Watada H, Kawamori R,
Hirose T: Miglitol suppresses the postprandial increase in interleukin 6
and enhances active glucagon-like peptide 1 secretion in viscerally
obese subjects. Metabol 2008, 57:1299–1306.
31. Narita T, Yokoyama H, Yamashita R, Sato T, Hosoba M, Morii T, Fujita H,
Tsukiyama K, Yamada Y: Comparisons of the effects of 12-week administration
of miglitol and voglibose on the responses of plasma incretins after a mixed
meal in Japanese type 2 diabetic patients. Diabetes Obes Metab 2012,
14:283–287.
32. Arch JR, Ainsworth AT, Ellis RD, Piercy V, Thody VE, Thurlby PL, Wilson C,
Wilson S, Young P: Treatment of obesity with thermogenic betaadrenoceptor agonists: studies on BRL 26830A in rodents. Int J Obes
1984, 8(Suppl 1):1–11.
33. Kato H, Ohue M, Kato K, Nomura A, Toyosawa K, Furutani Y, Kimura S,
Kadowaki T: Mechanism of amelioration of insulin resistance by beta3adrenoceptor agonist AJ-9677 in the KK-Ay/Ta diabetic obese mouse
model. Diabetes 2001, 50:113–122.
34. Perrone MG, Scilimati A: β3-adrenoceptor ligand development history
through patent review. Expert Opin Ther Pat 2011, 21:505–536.
doi:10.1186/1743-7075-11-14
Cite this article as: Sugimoto et al.: Miglitol increases energy
expenditure by upregulating uncoupling protein 1 of brown adipose
tissue and reduces obesity in dietary-induced obese mice. Nutrition &
Metabolism 2014 11:14.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

