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Inulin reduces visceral adipose tissue 
mass and improves glucose tolerance 
through altering gut metabolites
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Abstract 

Aim:  Inulin, a soluble dietary fiber, is a source of energy for the host while the metabolites, such as short-chain 
fatty acids (SCFAs), produced in the gut through bacterial fermentation exerts the anti-obesity effect. In this study, 
we aimed to apply a metabolomics approach and clarify the role of this soluble dietary fiber on glucose and lipid 
metabolism under the calorie-matched condition.

Materials and methods:  Eight-week-old male C57BL/6J mice were fed a high-fat/high-sucrose based diet contain-
ing maltodextrin or inulin for 12 weeks through calorie-matched pair feeding. We evaluated glucose tolerance, and 
energy expenditure using indirect calorimetry, comprehensive metabolites in the content of jejunum, feces, and 
portal vein serum using gas chromatography-mass spectrometry, and histological changes in the adipose tissue.

Results:  The inulin group exhibited reduced visceral adipose tissue and smaller size of visceral adipocyte. It also 
exhibited improved glucose tolerance and an increase in energy expenditure. Reflecting the results of fermentation, 
the metabolomics analysis revealed an increase in the succinic acid and SCFA contents in both feces and portal vein 
serum in the inulin group.

Conclusions:  Inulin altered the gut metabolites and reduced visceral adipose tissue, thereby resulting in improved 
glucose tolerance.
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Introduction
In recent years, it has been demonstrated that the 
intestinal microbiota and its metabolites are involved 
in lifestyle-related diseases, including type 2 diabetes 
and obesity, and the importance of dietary habits that 
affect these diseases has gained attention [1]. Various 

metabolites, including short-chain fatty acids (SCFAs), 
are produced from the dietary fiber through fermenta-
tion mediated by the intestinal microbiota. SCFAs pro-
duced upon intake of soluble dietary fiber play a crucial 
role as an energy resource for the host and are known 
to form the basis for lipid synthesis [2, 3] in the periph-
eral tissue. Conversely, a host energy control mechanism 
mediated via G protein-coupled receptors  (GPCRs) has 
been reported, and its suppressive effect on adipose fat 
accumulation has received attention [4–6].

Dietary fiber fermentation not only produces SCFAs 
but also succinic acid, an organic acid, as a metabolite [7]. 
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Succinic acid has been reported to activate thermogen-
esis and increases energy expenditure in adipose tissue 
and exert an effect on whole-body metabolism against 
diet-induced obesity mouse, such as the suppression of 
weight gain and improvement of glucose tolerance [8].

Inulin, a soluble dietary fiber, which has an energy con-
tent of 1.5  kcal/g [9] is known to promote SCFAs pro-
duction starting from the proximal to distal colon [10]. 
Moreover, it has been shown that inulin supplementation 
exerts a prebiotic anti-obesity, such as the improvement 
of obesity, blood glucose level, and lipid metabolism. Pre-
vious reports have revealed the effect of inulin supple-
mentation on glucose and lipid metabolism in genetically 
obese mice [11], or wild-type mice [12, 13] or rats [14] 
after induction of dietary obesity. Human studies [15, 16] 
have also shown that inulin intake improves glycolipid 
metabolism, as it is fermented into SCFAs by gut micro-
biota in the situation of energy excess due to the high-fat 
and high-sucrose diet (HFHSD), or in the presence of 
glucose intolerance or obesity.

Therefore, inulin is an interesting compound owing to 
its dual function. It is an energy source for the host while 
it exerts an anti-obesity effect. To deeply investigate its 
duality, considering the calorie of inulin, we conducted 
a calorie-matched pair feeding experiment under a high-
fat, and high-sucrose diet. Also, comprehensive metabo-
lomics analysis was performed to assess the changes 
in the metabolites in a systemic manner to clarify the 
underlying mechanism through which the soluble dietary 
fiber improves the glucose and lipid metabolism.

Materials and methods
Animals and diet composition
All experimental procedures were approved by the Com-
mittee for Animal Research, Kyoto Prefectural University 
of Medicine (Permit number: 2020-50). Seven-week-old 
male C57BL/6J mice were purchased from Shimizu Lab-
oratory Supplies (Kyoto, Japan) and acclimated under 
a controlled environment (12  h light/12  h dark cycle; 
temperature, 22–24  °C; and humidity, 30–60%) with 
free access to water in the animal facility of the Kyoto 
Prefectural University of Medicine. The mice were ran-
domly divided into two groups at the age of 8 weeks and 
received either high-fat and high-sucrose based control 
diet (Control) or high-fat and high-sucrose based inulin 
diet (Inulin) for 12  weeks (n = 12 per group). The diets 
were formulated based on the high-fat/high-sucrose 
diet (D12327, Research Diets Inc., New Brunswick, NJ, 
USA) and modified to contain equivalent compositions 
of fat and sucrose in both Control and Inulin diets. The 
composition of experimental diets was 40% kcal fat, 
32% kcal sucrose, 6% cellulose, and 7.5% kcal maltodex-
trin for the Control diet (D19100801, Research Diets, 

New Brunswick, NJ), and 40% kcal fat, 32% kcal sucrose, 
6% cellulose, and 7.5% kcal inulin for the Inulin diet 
(D19100802, Research Diets, New Brunswick, NJ). Fur-
ther details of both the diets are presented in Additional 
file 1: Table S1. The body weight was examined weekly for 
12 weeks, and food intake was measured every day. The 
mice were carefully paired-fed to equalize the intake of 
total calories.

The mice at the age of 20  weeks were sacrificed after 
fasting for 3  h (n = 6 per group) or in the postprandial 
state (n = 6 per group) through administering 0.3 mg/kg 
of medetomidine, 4.0 mg/kg of midazolam, and 5.0 mg/
kg of butorphanol [17]. The feces samples were collected 
from individual mice through placing them into empty 
cages. The blood samples were collected from the portal 
vein in the postprandial state or cardiac cavity after fast-
ing for 3 h, and then the plasma was separated through 
centrifugation (5000 rpm, 20 min, 4 °C). Epididymal and 
subcutaneous white adipose tissues were harvested and 
weighed. The content in the jejunum was collected. Adi-
pose tissues, feces, and plasma samples were stored at 
− 80 °C until further use.

Indirect calorimetry
In vivo indirect open-circuit calorimetry analysis was 
performed when the mice were at the age of 18  weeks. 
The rates of oxygen consumption (VO2) and carbon 
dioxide production (VCO2) were assessed for 48  h dur-
ing 12-h light/12-h dark cycles at the inlets and outlets 
of the sealed chambers with the O2/CO2 metabolism 
measurement system for the small animals (MM202R; 
Muromachi Kikai Co., Ltd., Tokyo, Japan). A constant 
air flow (0.6 L/min) was drawn through the chamber to 
maintain CO2 concentration below 0.5%. The system 
was controlled under a strict 12-h light/12-h dark cycle 
in atmospheric conditions of 22  °C and 30–60% humid-
ity. Throughout the experiments, the mice had ad libitum 
access to food and water. Respiratory quotients (RQ) and 
energy expenditure [18] were calculated based on VO2 
and VCO2 values.

Intraperitoneal glucose tolerance test (IPGTT)
In 20-week-old mice, the IPGTT was performed after 
fasting for 16 h. Blood glucose levels were assessed in the 
drops of blood collected at the following time points: 0, 
30, 60, and 120  min after the intraperitoneal injection 
of glucose (2  g/kg body weight). The glucose concen-
tration was measured using a glucometer (Glutest Neo 
Alpha; Sanwa Kagaku Kenkyusho, Nagoya, Japan). The 
area under the curve (AUC) of the IPGTT results was 
analyzed.
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Histological examination
The samples of epididymal white adipose tissue (eWAT) 
as visceral adipose tissue and subcutaneous white adi-
pose tissue (sWAT) were fixed with 4% paraformalde-
hyde, and embedded in paraffin. They were sectioned 
into 7-mm thick slices that were stained with hematoxy-
lin and eosin for microscopic examination. The average 
cell area and lipid droplets per cell were measured using 
the ImageJ software according to the method described 
in the previous study [19]. After deparaffinization using 
xylene and ethanol, immunolocalization was performed 
in the paraffin sections of eWAT and sWAT. Primary 
antibodies (4  °C, 12  h) and secondary antibodies (room 
temperature, 1  h) were applied to the slides upon dilu-
tion with PBS. Primary antibody used was Rabbit anti-
UCP1 (Abcam, 1:250), and secondary antibodies used 
were Alexa 488-conjugated (Invitrogen) and HRP con-
jugated (DAKO). Biotinylated IB4 (Vector Labs, 1:50) 
was used with Alexa 488-conjugated streptavidin. Nuclei 
were stained with 4′,6-diamidino-2-phenylindole (DAPI) 
(Roche). Images were acquired using a BZ-X710 fluores-
cence microscope (Keyence, Osaka, Japan). For quan-
tification, at least ten 10 × view fields per sample were 
analyzed. UCP1 expression in the white adipose tis-
sues were quantified through measuring the cumulative 
pixel intensity in multiple fields of view using the ImageJ 
software.

Measurement of metabolites in the content of jejunum, 
feces, and portal vein serum
Amino acids, organic acids, and SCFAs in the content 
of jejunum, feces, and portal vein serum were analyzed 
using gas chromatography-mass spectrometry (GC/
MS) on an Agilent 7890B/7000D System (Agilent Tech-
nologies, Santa Clara, CA, USA). The feces (20 mg) and 
serum (50 µL) samples were added in 500 μL of ace-
tonitrile and 500 μL of diluted water and grinded in a 
ball mill at 4000 rpm for 2 min. Then, the samples were 
shaken at 1000 rpm for 30 min at 37 °C, and centrifuged 
at 14,000 rpm for 3 min at room temperature. The super-
natant (500 uL) was separated and added in 500 μL of 
acetonitrile, and further shaken at 1000 rpm for 3 min at 
37 °C. Then, the samples were centrifuged at room tem-
perature for 3 min at 14,000 rpm, and adjusted for pH to 
8 using 0.1 mol/L NaOH.

The concentrations of amino acids, organic acids, and 
SCFAs were then determined through GC/MS using the 
following on-line solid phase extraction (SPE) method. 
In the SPE-GC system SGI-M100 (AiSTI SCIENCE, 
Wakayama, Japan), SPE and injection into the GC/MS 
system are automatically performed after the sample 
has been added to the vial and set on the autosampler 

tray. Flash-SPE ACXs (AiSTI SCIENCE) were used for 
the solid stratification. For measuring the level of amino 
acids and organic acids, 50 µL aliquots of each of the 
aforementioned sample extracts were loaded onto the 
solid phase and washed with acetonitrile and water (1:1). 
Then, the samples were dehydrated with acetonitrile and 
impregnated with 4 μL of 0.5% methoxyamine-pyridine 
solution. Then, N-methyl-N-trimethylsilyltrifluoroacet-
amide (MSTFA) was supplied to the solid phase to 
perform methoxylation and trimethylsilylation while 
derivatization, and eluted with hexane. The final product 
was injected through PTV injector, LVI-S250 (AiSTI SCI-
ENCE), and the temperature was maintained at 220  °C 
for 0.5  min, increased gradually 50  °C/min to 290  °C, 
and then held there for 16 min. The samples were loaded 
onto a capillary column, Vf-5 ms (30 m × 0.25 mm [inner 
diameter] × 0.25  μm [membrane thickness]; Agilent 
Technologies). The column temperature was maintained 
at 80  °C for 3  min, then increased gradually by 25  °C/
min to 190 °C, by 3  °C/min to 220 °C and by 15 °C/min 
to 310 °C, which was held there for 4.6 min. The sample 
was injected in the split mode at a split ratio of 50:1. As 
for measuring SCFA, 50 μL aliquots of each of the afore-
mentioned sample extracts were loaded onto the solid 
phase and washed with acetonitrile and water (1:1). Then, 
the samples were dehydrated with acetone and impreg-
nated with 4 μL of N-tert-butyldimethylsilyl-N- methyl-
trifluoroacetamide (MTBSTFA)-toluene solution (1:3) 
and eluted with hexane after derivatization on the solid 
phase. The final product was injected through the PTV 
injector, LVI-S250, and the temperature was maintained 
at 150  °C for 0.5  min, increased gradually 25  °C/min to 
290 °C, and then held there for 16 min. The samples were 
loaded onto a capillary column, Vf-5 ms (30 m × 0.25 mm 
[inner diameter] × 0.25  μm [membrane thickness]; Agi-
lent Technologies). The column temperature was main-
tained at 60  °C for 3 min, increased gradually by 10  °C/
min to 100  °C and 20  °C/min to 310  °C, and then held 
there for 7 min. The sample was injected in the split mode 
at a split ratio of 20:1. Each amino acid, organic acid, and 
SCFA were detected in the scan mode (m/z; 70–470). All 
results were normalized to the peak height of norleucine, 
adipic acid, and tetradeuteroacetic acid of 0.01  mM for 
each amino acid, organic acid and SCFA, respectively.

Measurement of lipidome in eWAT​
The composition of fatty acids in murine adipose tissue 
was assessed using GC/MS, Agilent 7890B/7000D (Agi-
lent Technologies, Santa Clara, CA). Briefly, the adipose 
tissue sample (15  mg) was methylated using the fatty 
acid methylation kit (Nacalai Tesque, Kyoto, Japan).  
The samples were loaded onto a capillary column, 
Vf-5  ms (30  m × 0.25  mm [inner diameter] × 0.25  μm 
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[membrane thickness]; Agilent Technologies). The col-
umn temperature was maintained at 80  °C for 3  min, 
then increased gradually by 25  °C/min to 190  °C, by 
3 °C/min to 220 °C and by 15 °C/min to 310 °C, which 
was held there for 4.6 min. The sample was injected in 
the split mode with a split ratio of 5:1. Each fatty acid 
methyl ester was detected in the selected ion moni-
toring mode. All results were normalized to the peak 
height of the C17:0 internal standard.

Statistical analysis
The data were analyzed using JMP version 13.0 software 
(SAS, Cary, NC). Statistical significance of differences 
between groups were determined using unpaired Stu-
dent’s t test and two-way repeated-measures analysis 
of variance was performed to evaluate the body weight 
change. Analysis of covariance (ANCOVA) was used to 
evaluate energy expenditure [20]. A p < 0.05 were con-
sidered statistically significant. Figures were generated 
using the GraphPad Prism software Version 8.0 (San 
Diego, CA, USA).

Results
Inulin reduced increase in visceral adipose tissue
To investigate the effect of inulin treatment on meta-
bolic disorders, we examined the body weight, daily food 
intake, and glycolipid metabolism related parameters. 
Initial body weight was comparable between the two 
groups. After being fed with the control and inulin con-
taining HFHSD for 12  weeks, the body weight change 
of the mice remained unaffected (Fig.  1A). Two-way 
repeated-measures analysis of variance revealed the body 
weight change between age of 8 weeks and 12 weeks were 
not different between the two groups (p = 0.314). The 
two groups were strictly pair-fed, and the caloric intake 
of both the groups was the same as shown in Additional 
file 2: Figure S1A. The AUC of IPGTT in the inulin group 
were significantly smaller compared with that in the con-
trol group (Fig. 1B).

Figure 1C indicates the ratio of eWAT to body weight 
was significantly lower in the inulin group than that in 
the control group (p = 0.015). Moreover, the size of adi-
pocyte in eWAT was significantly smaller in the inulin 
group compared to the control group (Fig. 1D), however, 
there was no change in sWAT (Additional file  2: Figure 
S1B).
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Inulin activates energy metabolism
The result of VO2 and VCO2 analyses are presented in 
Fig.  2A. We compared the energy expenditure in the 
inulin and control groups. Figure 2B indicates that the 

energy expenditure of the inulin group was significantly 
increased during the dark period (p = 0.013). In addi-
tion, after adjusting for body weight using ANCOVA, a 
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significant difference was also observed during the dark 
period (p = 0.037).

The RQ (Fig.  2C) was found to be lower in the inulin 
group compared to the control group, thereby suggesting 
that in the inulin group, fat metabolism was higher than 
that of carbohydrate or protein during the dark and light 
periods.

UCP1 expression of white adipose tissue
The immunostaining analysis revealed that the expression 
of UCP1 in eWAT was elevated in the inulin group com-
pared to the control group (Fig.  3). On the other hand, 
there was no difference in UCP1 expression between the 
two groups in sWAT (Additional file 2: Figure S1C).

Inulin increases fecal and serum succinic acid and SCFA
We assessed the target metabolites in each sample using 
GC/MS. Among the metabolites in the jejunum, acetic 
acid of SCFA was higher in the inulin group (p = 0.077) 
compared to the control group (Fig. 4A). As a result of the 
metabolomics analysis of the rectal feces, succinic acid 
(p = 0.020), acetic acid (p = 0.008), and propanoic acid 
(p = 0.003) production increased significantly in the inu-
lin group compared to the control group (Fig. 4B). Simi-
larly, we found that the level of succinic acid (p = 0.033), 
acetic acid (p = 0.050), and propanoic acid (p < 0.001) in 
the portal vein serum were increased in the inulin group 
compared to the control group (Fig. 4C).

Effect of inulin on fatty acid profile in visceral adipose 
tissue
Lipidomics analysis revealed that inulin decreased satu-
rated fatty acids in eWAT. (Fig. 4D). The concentration of 
palmitic acid (p = 0.088), oleic acid (p = 0.009), and lin-
oleic acid (p = 0.017) in eWAT were lower in the inulin 
group than those in the control.

Discussion
Inulin and other soluble dietary fibers are highly ferment-
able and the role of gut metabolites, including SCFAs, 
has gained attention. Since the changes in the gut micro-
biota of Japanese diabetic patients were found to be sig-
nificantly associated with the intake of a high-fat, and 
high-sucrose diet in our cohort study [21], we further 
aimed to investigate the effects of inulin supplementa-
tion in a high-fat, and high-sucrose diet fed mice model. 
No difference in the final body weight was observed 
between the two groups as a result of pair-feeding and 
equal caloric intake considering that inulin has an energy 
content of 1.5 kcal/g. However, there were significant dif-
ferences in fat distribution in the body, gut metabolites, 
and metabolic activity between the two groups, which is 
suggestive.

As mentioned above, inulin produces SCFAs, succinic 
acid, and lactic acid via gut microbiota [3, 22, 23]. Con-
sistent with previous reports [12], bacterial fermentation 
in the intestine increased the content of fecal SCFAs in 
the inulin group. There was a significant increase in the 
content of postprandial portal vein plasma succinic acid 

Control Inulin

x40

x10

Green: UCP1
Blue: DAPI

Control Inulin
0.0

0.5

1.0

1.5

2.0

2.5

200um200um x40

x10

UCP-1 expression in eWAT

R
el

at
iv

e 
to

 C
on

tro
l

Fig. 3  Immunostaining expression of UCP1 in epididymal white adipose tissue (eWAT). Scale bar = 200 µm. Data are expressed as means ± SEM. 
Control: n = 6; Inulin group: n = 6

Fig. 4  Results of the metabolomics analysis of the content of jejunum, feces, and portal vein serum. Lipidomics analysis. A Concentrations of amino 
acids, organic acids, and short-chain fatty acids (SCFAs) in the jejunum. B Concentrations of amino acids, organic acids, and short-chain fatty acids 
(SCFAs) in the feces. C Concentrations of amino acids, organic acids, and short-chain fatty acids (SCFAs) in the portal vein serum. D Lipidomics 
analysis of epididymal white adipose tissue (eWAT). Data are expressed as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. Control: n = 6; Inulin 
group: n = 6

(See figure on next page.)



Page 7 of 10Nakajima et al. Nutrition & Metabolism           (2022) 19:50 	

0

5

10

15

20

25

Metabolites in the content of  jejunum 

0

5

10

15

20

0

500

1000

1500

2000

2500

0.0

0.5

1.0

1.5

2.0

0

5

10

0

500

1000

1500

0

1000

2000

3000

0

100

200

300

0

50000

100000

150000

0

2

4

6

0

5

10

15

20

0

200

400

600

800

(A)
(nmol/mg) (nmol/mg) (nmol/mg)

Metabolites in the feces(B)

Control

Inulin

*

*
**

Metabolites in portal vein serum(C)

(nmol/mg) (nmol/mg) (nmol/mg)

*

(umol/L) (umol/L) (umol/L)

*

(nmol/mg)

(nmol/mg)

***

Control

Inulin

Control

Inulin

(umol/L)

*

**

**

*

* *

La
uri

c a
cid

Myri
sti

c a
cid

Palm
itic

 ac
id

Stea
ric

 ac
id

Olei
c a

cid

Lin
ole

ic 
ac

id
0

20

40

60

80

100
**

*

(mg/g fat)
Control

Inulin

Lipidomics analysis of epididymal white adipose tissue (eWAT)(D)

Alan
ine

Vali
ne

Le
uc

ine

Iso
leu

cin
e

Prol
ine

Glyc
ine

Seri
ne

Thre
on

ine

Meth
ion

ine

Glut
am

ic 
ac

id

Phe
ny

lal
an

ine
Ly

sin
e

Ty
ros

ine
Suc

cin
ic 

ac
id

Asp
art

ic 
ac

id

Pho
sp

ho
ric

 ac
id

Ace
tic

 ac
id

Prop
an

oic
 ac

id
Buta

no
ic 

ac
id

Pen
tan

oic
 ac

id 

Alan
ine

Vali
ne

Le
uc

ine

Iso
leu

cin
e

Prol
ine

Glyc
ine

Seri
ne

Thre
on

ine

Meth
ion

ine

Glut
am

ic 
ac

id

Phe
ny

lal
an

ine
Ly

sin
e

Ty
ros

ine
Suc

cin
ic 

ac
id

Asp
art

ic 
ac

id

Pho
sp

ho
ric

 ac
id

Ace
tic

 ac
id

Prop
an

oic
 ac

id
Buta

no
ic 

ac
id

Pen
tan

oic
 ac

id 

Alan
ine

Vali
ne

Le
uc

ine

Iso
leu

cin
e

Prol
ine

Glyc
ine

Seri
ne

Thre
on

ine

Meth
ion

ine

Glut
am

ic 
ac

id

Phe
ny

lal
an

ine
Ly

sin
e

Ty
ros

ine
Suc

cin
ic 

ac
id

Asp
art

ic 
ac

id

Pho
sp

ho
ric

 ac
id

Ace
tic

 ac
id

Prop
an

oic
 ac

id
Buta

no
ic 

ac
id

Pen
tan

oic
 ac

id 

Fig. 4  (See legend on previous page.)



Page 8 of 10Nakajima et al. Nutrition & Metabolism           (2022) 19:50 

and SCFAs in the inulin group. The increase in amino 
acids, organic acids, and SCFAs in both the feces and 
serum in the inulin group reflected increased fermenta-
tion and absorption from the intestinal tract into the por-
tal circulation. The reason why some metabolites were 
found to be increased in the feces but not in the serum 
could be that they were absorbed by the colon tissue [24, 
25].

It is also noteworthy that succinic acid was found to be 
increased in the stool and portal vein serum of the inulin 
group. Consistent with previous reports, in the present 
study, inulin increased the level of succinic acid, a gut 
metabolite, in both the plasma and feces through bacte-
rial fermentation. In regard with glucose metabolism, it 
is known that the increase in the content of SCFAs pro-
motes the production of glucagon-like peptide-1 (GLP-1) 
from enteroendocrine cells and suppresses postprandial 
blood glucose elevation and appetite [26, 27], which may 
have resulted in a positive effect on the glucose metab-
olism in this study as well. In addition, it has been sug-
gested that succinic acid and GLP-1 has synergistic 
insulinotropic effects [28].

Succinic acid is also shown to contribute to the 
improvement of glucose tolerance by acting as a substrate 
of intestinal glucogenesis and inhibits hepatic glucose 
production via intestinal glycogenesis [29]. Succinic acid 
from the microflora not only acts as a glucose precur-
sor, but has been suggested to be akin to hormones as a 
reporter of metabolism and stress and an integrator of 
macrophage immune response [30].

In addition, succinate is known to activate heat pro-
duction in adipose tissue and increase energy expendi-
ture [8]. The underlying mechanism is that the oxidation 
of succinate promotes the production of mitochondrial 
reactive oxygen species (ROS) via succinate dehydroge-
nase oxidation [31, 32], which further leads to thermo-
genesis [8], thereby resulting in the acceleration of fat 
metabolism. It is suggested succinic acid produced in the 
intestine, after being absorbed in the body, further pro-
motes fat metabolism and thermogenesis of visceral fat, 
which ultimately contributes to the reduction of visceral 
fat mass in the inulin group.

We observed a decrease in the visceral fat mass in 
the inulin group compared with the subcutaneous fat 
mass, and that the fatty acid profile of the visceral fat 
improved, thereby resulting in improved glucose toler-
ance in the individuals. As reported by Kimura et  al. 
[33], SCFA exerts an inhibitory effect on fat accu-
mulation via GPR43, a type of GPCR. Moreover, as a 
remarkable effect of SCFA on systemic metabolism, it 
has been confirmed that white adipose tissue (WAT) 
beiging and an increase in energy expenditure are posi-
tively induced upon SCFA supplementation [6]. These 

reports are in line with our results that the inulin group 
showed increased SCFA in the serum and the relative 
decrease in the visceral fat mass. Furthermore, the acti-
vation of UCP1 expression in visceral adipose tissue in 
the inulin group may have resulted in adipocyte beig-
ing [34, 35], and an increase in energy expenditure in 
visceral fat.

Our results demonstrate two important points. First, 
inulin reduces visceral adipose tissue mass and improves 
glucose tolerance, even though it has no effect on whole 
body weight. Second, we evaluated the effect of inulin 
under the calorie-matched condition calculated by con-
sidering the calories produced by soluble fiber fermenta-
tion in the gut. This study provides new insight into the 
significant benefit of taking soluble fiber.

Conclusions
Conclusively,our study revealed that inulin regulates 
energy metabolism and the adipocyte quality in visceral 
adipose tissue and improves glucose tolerance  through 
altering gut metabolites.

Abbreviations
SCFAs: Short-chain fatty acids; GPCRs: G protein-coupled receptors; HFHSD: 
High-fat and high-sucrose diet; VO2: Oxygen consumption; VCO2: Carbon 
dioxide production; RQ: Respiratory quotients; IPGTT​: Intraperitoneal glucose 
tolerance test; AUC​: Area under the curve; eWAT​: Epididymal white adipose 
tissue; sWAT​: Subcutaneous white adipose tissue; DAPI: 4ʹ,6-Diamidino-2-
phenylindole; GC/MS: Gas chromatography-mass spectrometry; SPE: Solid 
phase extraction; MSTFA: N-methyl-N-trimethylsilyltrifluoroacetamide; MTB-
STFA: N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide; ANCOVA: Analysis 
of covariance; GLP-1: Glucagon-like peptide-1; ROS: Reactive oxygen species.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12986-​022-​00685-1.

Additional file 1: Table S1. Composition of the control and inulin diets.

Additional file 2: Figure S1. A Weekly food intake. B Histological exami-
nation of subcutaneous white adipose tissues (sWAT) using hematoxylin 
and eosin (H&E) staining. C Immunostaining expression of UCP1 in 
subcutaneous white adipose tissue (sWAT). Scale bar = 200 µm. Data are 
expressed as means ± SEM. Control: n = 6; Inulin group: n = 6.

Acknowledgements
We thank Editage (www.​edita​ge.​com) for English language editing. We also 
thank Research Diets, Inc. and EP Trading Co., Ltd. for helping us create a cus-
tom inulin diet that allowed us to achieve a consistent paired-feeding.

Author contributions
HN, NN, MH, MF designed research; HN, NN, TM, TO, TS, EU and MY performed 
experiments; MY and JM supported experimental environments regarding 
indirect calorimetry; NS and RS supported experimental environments regard-
ing gas chromatography-mass spectrometry; HN, NN, SM and TO analyzed 
data; HN, NN, MA and MH interpreted results of experiments; HN and NN 
prepared figures; HN drafted manuscript; HN, NN, and MF edited and revised 
manuscript. All authors read and approved the final manuscript.

https://doi.org/10.1186/s12986-022-00685-1
https://doi.org/10.1186/s12986-022-00685-1
http://www.editage.com


Page 9 of 10Nakajima et al. Nutrition & Metabolism           (2022) 19:50 	

Funding
This work was supported by Japan Society for the Promotion of Science (JSPS 
KAKENHI Grant Number 19K23999).

Availability of data materials
The data that support the fndings of this study are available from the cor-
responding author upon reasonable request.

Declarations

Ethics approval and consent to participate
The protocols of this study were approved by the Committee for Animal 
Research, Kyoto Prefectural University of Medicine.

Consent for Publication
All authors consent to the publication of the manuscript.

Competing Interests
N.N received grant support from Japan Society for the Promotion of Science 
(JSPS KAKENHI Grant Number 19K23999) (JSPS KAKENHI Grant Number 
20K16158) and The Japan Food Chemical Research Foundation, and received 
personal fees from Novo Nordisk Pharma Ltd. and Kowa Pharmaceutical Co. 
Ltd. Y.H. received grants from Asahi Kasei Pharma, and received personal fees 
from Novo Nordisk Pharma Ltd., Sanofi K.K., Ono Pharmaceutical Co., Ltd., 
Kowa Co. Ltd., Takeda Pharmaceutical Co., Ltd., Sumitomo Dainippon Pharma 
Co., Ltd., Daiichi Sankyo Co. Ltd., and Mitsubishi Tanabe Pharma Co., outside 
the submitted work. T.S. received personal fees from Kowa Pharma Co. Ltd., 
Eli Lilly Japan K.K., Mitsubishi Tanabe Pharma Co, Novo Nordisk Pharma Ltd., 
Takeda Pharma Co., Ltd., Sanofi K.K., Kissei Pharma Co., Ltd., Taisho Toyama 
Pharma Co. Ltd., Astellas Pharma Inc., Kyowa Hakko Kirin Co. Ltd.,MSD K.K. and 
Ono Pharma Co. Ltd. outside the submitted work. E.U. received grant support 
from the Japanese Study Group for Physiology and Management of Blood 
Pressure, the Astellas Foundation for Research on Metabolic Disorders (Grant 
number: 4024), the Japan Society for the Promotion of Science, Mishima Kaiun 
Memorial Foundation,and received personal fees from Daiichi Sankyo Co. Ltd, 
Nippon Boehringer Ingelheim Co., Ltd., Takeda Pharmaceutical Company Ltd., 
MSD K.K., Ono Pharmaceutical Co. Ltd., Kowa Pharmaceutical Co. Ltd., Kyowa 
Hakko Kirin Co. Ltd., Sumitomo Dainippon Pharma Co. Ltd., Novo Nordisk 
Pharma Ltd., Mitsubishi Tanabe Pharma Co., Taisho Pharmaceutical Co. Ltd., 
Sanofi K.K., and AstraZeneca K.K., outside the submitted work. Donated Fund 
Laboratory of Diabetes therapeutics is an endowment department, sup-
ported with an unrestricted grant from Taisho Pharmaceutical Co. Ltd., Ono 
Pharmaceutical Co. Ltd., and Taiyo Kagaku Co. Ltd. M.A. received personal fees 
from Sumitomo Dainippon Pharma Co. Ltd., Takeda Pharmaceutical Co. Ltd., 
Kowa Pharmaceutical Co. Ltd., Chugai Pharmaceutical Co. Ltd., Novo Nordisk 
Pharma Ltd., Abbott Japan Co. Ltd., AstraZeneca K.K., and Ono Pharmaceuti-
cal Co. Ltd., outside the submitted work. M.Y. received personal fees from 
Sumitomo Dainippon Pharma Co. Ltd., MSD K.K., Daiichi Sankyo Co. Ltd., Kowa 
Co. Ltd., AstraZeneca PLC., Ono Pharmaceutical Co, Ltd., Kyowa Hakko Kirin Co. 
Ltd., Kowa Pharmaceutical Co. Ltd., and Takeda Pharmaceutical Co. Ltd. outside 
the submitted work. M.H. received grants from Ono Pharma Co. Ltd., Nippon 
Boehringer Ingelheim Co. Ltd., AstraZeneca K.K., Yamada Bee Farm, Oishi 
Kenko inc., and received personal fees from Ono Pharma Co. Ltd., AstraZeneca 
K.K., Sumitomo Dainippon Pharma Co, Ltd., Kowa Pharma Co. Ltd.,Mitsubishi 
Tanabe Pharma Corp., Daiichi Sankyo Co. Ltd., Sanofi K.K., and Eli Lilly, Japan, 
outside the submitted work. M.F. received grants from Takeda Pharma Co. 
Ltd.,Ono Pharma Co. Ltd., Mitsubishi Tanabe Pharma Corp., Oishi Kenko inc., 
Taisho Pharma Co. Ltd.,MSD K.K., Nippon Boehringer Ingelheim Co. Ltd., Kissei 
Pharma Co. Ltd., Daiichi Sankyo Co. Ltd., Sanofi K.K., Novo Nordisk Pharma 
Ltd.,Astellas Pharma Inc., Tejin Pharma Ltd., Sumitomo Dainippon Pharma Co. 
Ltd., Kowa Pharma Co. Ltd., Sanwa Kagagu Kenkyusho CO. Ltd., Eli Lilly, Japan, 
K.K., Terumo Corp., Kyowa Kirin Co. Ltd.,Yamada Bee Farm, Nippon Chemiphar 
Co., Ltd., Abbott Japan Co. Ltd., and Johnson & Johnson K.K. Medical Co., and 
received personal fees from Nippon Boehringer Ingelheim Co., Ltd., Mitsubishi 
Tanabe Pharma Corp., Kowa Pharma Co. Ltd., Sanofi K.K., Taisho Pharma 
Co., Ltd., Takeda Pharma Co. Ltd., Astellas Pharma Inc., Kyowa Kirin Co. Ltd., 
Sumitomo Dainippon Pharma Co. Ltd., Kissei Pharma Co., Ltd., Novo Nordisk 
Pharma Ltd., MSD K.K., Ono Pharma Co. Ltd., Sanwa Kagaku Kenkyusho Co. 
Ltd., Eli Lilly Japan K.K., Bayer Yakuhin, Ltd., Abbott Japan Co. Ltd., AstraZeneca 
K.K., Daiichi Sankyo Co. Ltd., Mochida Pharma Co. Ltd., Teijin Pharma Ltd., 

Terumo Corp, Medtronic Japan Co. Ltd., Nipro Corp. and Arkray Inc., outside 
the submitted work. The other authors have nothing to disclose. The authors 
declare that there are no competing of interest.

Author details
1 Department of Endocrinology and Metabolism, Graduate School 
of Medical Science, Kyoto Prefectural University of Medicine, 465 Kajii‑cho, 
Kawaramachi‑Hirokoji, Kamigyo‑ku, Kyoto 602‑8566, Japan. 2 Department 
of Pediatrics, Graduate School of Medical Science, Kyoto Prefectural University 
of Medicine, Kyoto, Japan. 3 AiSTI SCIENCE Co., Ltd, Wakayama, Japan. 4 Agilent 
Technologies Japan, Ltd, Tokyo, Japan. 

Received: 1 October 2021   Accepted: 12 July 2022

References
	1.	 Gibson GR, Hutkins R, Sanders ME, Prescott SL, Reimer RA, Salminen SJ, 

Scott K, Stanton C, Swanson KS, Cani PD, et al. Expert consensus docu-
ment: the International Scientific Association for Probiotics and Prebiotics 
(ISAPP) consensus statement on the definition and scope of prebiotics. 
Nat Rev Gastroenterol Hepatol. 2017;14(8):491–502.

	2.	 Hong YH, Nishimura Y, Hishikawa D, Tsuzuki H, Miyahara H, Gotoh C, 
Choi KC, Feng DD, Chen C, Lee HG, et al. Acetate and propionate short 
chain fatty acids stimulate adipogenesis via GPCR43. Endocrinology. 
2005;146(12):5092–9.

	3.	 Boushra D, Lukas VO, Bram V, Kristin V. The role of short-chain fatty acids 
in microbiota-gut-brain communication. Nat Rev Gastroenterol Hepatol. 
2019;16(8):461–78.

	4.	 Inoue D, Kimura I, Wakabayashi M, Tsumoto H, Ozawa K, Hara T, Takei 
Y, Hirasawa A, Ishihama Y, Tsujimoto G. Short-chain fatty acid receptor 
GPR41-mediated activation of sympathetic neurons involves synapsin 2b 
phosphorylation. FEBS Lett. 2012;586(10):1547–54.

	5.	 Shimizu H, Masujima Y, Ushiroda C, Mizushima R, Taira S, Ohue-Kitano 
R, Kimura I. Dietary short-chain fatty acid intake improves the hepatic 
metabolic condition via FFAR3. Sci Rep. 2019;9(1):1–10.

	6.	 Kimura I, Ozawa K, Inoue D, Imamura T, Kimura K, Maeda T, Terasawa K, 
Kashihara D, Hirano K, Tani T, et al. The gut microbiota suppresses insulin-
mediated fat accumulation via the short-chain fatty acid receptor GPR43. 
Nat Commun. 2013;4(May):1–12.

	7.	 Canfora EE, Meex RCR, Venema K, Blaak EE. Gut microbial metabolites in 
obesity, NAFLD and T2DM. Nat Rev Endocrinol. 2019;15(5):261–73.

	8.	 Mills EL, Pierce KA, Jedrychowski MP, Garrity R, Winther S, Vidoni S, 
Yoneshiro T, Spinelli JB, Lu GZ, Kazak L, et al. Accumulation of suc-
cinate controls activation of adipose tissue thermogenesis. Nature. 
2018;560(7716):102–6.

	9.	 Shoaib M, Shehzad A, Omar M, Rakhaa A, Razaa H, Sharifb HR, Shakeela A, 
Ansaria A, Niazi S. Inulin: properties, health benefits and food applica-
tions. Carbohydr Polym. 2016;147:444–54.

	10.	 De Wiele T, Van BN, Possemiers S, Jacobs H, Verstraete W. Prebiotic effects 
of chicory inulin in the simulator of the human intestinal microbial eco-
system. FEMS Microbiol Ecol. 2004;51(1):143–53.

	11.	 Hoving LR, Katiraei S, Pronk A, Heijink M, Vonk KD, Bouazzaoui FA, Ver-
meulen R, Drinkwaard L, Giera M, Harmelen V, et al. The prebiotic inulin 
modulates gut microbiota but does not ameliorate atherosclerosis in 
hypercholesterolemic APOE*3-Leiden.CETP mice. Sci Rep. 2018;8(1):1–10.

	12.	 Li L, Zhang L, Zhou L, Jin M, Xu L. Chain length-dependent inulin allevi-
ates diet-induced obesity and metabolic disorders in mice. Food Sci Nutr. 
2021;9(7):3470–82.

	13.	 Igarashi M, Morimoto M, Suto A, Nakatani A, Hayakawa T, Hara K, Kimura 
I. Synthetic dietary inulin, Fuji FF, delays development of diet-induced 
obesity by improving gut microbiota profiles and increasing short-chain 
fatty acid production. PeerJ. 2020;2020(4):e8893.

	14.	 Wada T, Sugatani J, Terada E, Ohguchi M, Miwa M. Physicochemical 
characterization and biological effects of inulin enzymatically synthesized 
from sucrose. J Agric Food Chem. 2005;23(53):1246–53.

	15.	 Gargari BP, Dehghan P, Aliasgharzadeh A, Jafar-Abadi MA. Effects of 
high performance inulin supplementation on glycemic control and 
antioxidant status in women with type 2 diabetes. Diabetes Metab J. 
2013;37(2):140–8.



Page 10 of 10Nakajima et al. Nutrition & Metabolism           (2022) 19:50 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	16.	 Wang X, Wang T, Zhang Q, Xu L, Xiao X. Dietary supplementation with 
inulin modulates the gut microbiota and improves insulin sensitivity in 
prediabetes. Int J Endocrinol. 2021;2021:1–8.

	17.	 Kawai S, Takagi Y, Kaneko S, Kurosawa T. Effect of three types of 
mixed anesthetic agents alternate to ketamine in mice. Exp Anim. 
2011;60(5):481–7.

	18.	 Martina S, Matthias R, Renate S, Grabner GF, Hutter S, Kotzbeck P, Benedikt 
P, Eichmann TO, Yamada S, Knittelfelder O, et al. Pharmacological inhibi-
tion of adipose triglyceride lipase corrects high-fat diet-induced insulin 
resistance and hepatosteatosis in mice. Nat Commun. 2017;8:14859.

	19.	 Parlee SD, Lentz SI, Mori H, MacDougald OA. Quantifying size and num-
ber of adipocytes in adipose tissue. In: Methods in enzymology, vol. 537. 
Academic Press Inc.; 2014. p. 93–122.

	20.	 Tschöp MH, Speakman JR, Arch JR, Auwerx J, Brüning JC, Chan L, Eckel 
RH, Farese RV Jr, Galgani JE, Hambly C, et al. A guide to analysis of mouse 
energy metabolism. Nat Methods. 2011;9(1):57–63.

	21.	 Hashimoto Y, Hamaguchi M, Kaji A, Sakai R, Osaka T, Inoue R, Kashiwagi 
S, Mizushima K, Uchiyama K, Takagi T, et al. Intake of sucrose affects 
gut dysbiosis in patients with type 2 diabetes. J Diabetes Investig. 
2020;11(6):1623–34.

	22.	 Demigné C, Jacobs H, Moundras C, Davicco MJ, Horcajada MN, Bernalier 
A, Coxam V. Comparison of native or reformulated chicory fructans, or 
non-purified chicory, on rat cecal fermentation and mineral metabolism. 
Eur J Nutr. 2008;47(7):366–74.

	23.	 Gao X, Pujos-Guillot E, Martin JF, Galan P, Juste C, Jia W, Sebedioet JL. 
Metabolite analysis of human fecal water by gas chromatography/mass 
spectrometry with ethyl chloroformate derivatization. Anal Biochem. 
2009;393(2):163–75.

	24.	 Salminen S, Bouley C, Boutron M-C, Cummings JH, Franck A, Gib-
son GR, Isolauri E, Moreau MC, Roberfroid M, Rowland I. Functional 
food science and gastrointestinal physiology and function. Br J Nutr. 
1998;80(S1):S147–71.

	25.	 Coussement PAA. Nutritional and health benefits of inulin and oligof-
ructose inulin and oligofructose: safe intakes and legal status 1, vol. 129; 
1999.

	26.	 Hamer HM, Jonkers D, Venema K, Vanhoutvin S, Troost FJ, Brummer RJ. 
Review article: the role of butyrate on colonic function. Aliment Pharma-
col Ther. 2008;27(2):104–19.

	27.	 Chambers ES, Viardot A, Psichas A, Morrison DJ, Murphy KG, Zac-Varghese 
SE, MacDougall K, Preston T, Tedford C, Finlayson GS, et al. Effects of 
targeted delivery of propionate to the human colon on appetite regula-
tion, body weight maintenance and adiposity in overweight adults. Gut. 
2015;64(11):1744–54.

	28.	 Cancelas J, Villanueva-Peñacarrillo ML, Valverde I, Malaisse WJ. Synergistic 
insulinotropic effects of succinic acid dimethyl ester and exendin-4 in 
anaesthetized rats. Int J Mol Med. 2001;8(3):269–71.

	29.	 Vadder F, Kovatcheva-Datchary P, Zitoun C, Duchampt A, Bäckhed F, Mith-
ieux G. Microbiota-produced succinate improves glucose homeostasis 
via intestinal gluconeogenesis. Cell Metab. 2016;24:151–7.

	30.	 Fernández-Veledo S, Ceperuelo-Mallafré V, Vendrell J. Rethinking suc-
cinate: an unexpected hormone-like metabolite in energy homeostasis. 
Trends Endocrinol Metab. 2021;32(9):680–92.

	31.	 Chouchani ET, Kazak L, Spiegelman BM. Mitochondrial reactive oxygen 
species and adipose tissue thermogenesis: bridging physiology and 
mechanisms. J Biol Chem. 2017;292(41):16810–6.

	32.	 Murphy MP. How mitochondria produce reactive oxygen species. Bio-
chem J. 2009;417(1):1–13.

	33.	 Kimura I, Ozawa K, Inoue D, Imamura T, Kimura K, Maeda T, Terasawa K, 
Kashihara D, Hirano K, Tani T, et al. The gut microbiota suppresses insulin-
mediated fat accumulation via the short-chain fatty acid receptor GPR43. 
Nat Commun. 2013;4:1–12.

	34.	 Sahuri-Arisoylu M, Brody LP, Parkinson JR, Parkes H, Navaratnam N, Miller 
AD, Thomas EL, Frost G, Bell JD. Reprogramming of hepatic fat accumula-
tion and “browning” of adipose tissue by the short-chain fatty acid 
acetate. Int J Obes. 2016;40(6):955–63.

	35.	 Wu J, Boström P, Sparks LM, Ye L, Choi JH, Giang AH, Khandekar M, Nuutila 
P, Schaart G, Huang K, et al. Beige adipocytes are a distinct type of ther-
mogenic fat cell in mouse and human. Cell. 2012;150(2):366–76.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Inulin reduces visceral adipose tissue mass and improves glucose tolerance through altering gut metabolites
	Abstract 
	Aim: 
	Materials and methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Animals and diet composition
	Indirect calorimetry
	Intraperitoneal glucose tolerance test (IPGTT)
	Histological examination
	Measurement of metabolites in the content of jejunum, feces, and portal vein serum
	Measurement of lipidome in eWAT​
	Statistical analysis

	Results
	Inulin reduced increase in visceral adipose tissue
	Inulin activates energy metabolism
	UCP1 expression of white adipose tissue
	Inulin increases fecal and serum succinic acid and SCFA
	Effect of inulin on fatty acid profile in visceral adipose tissue

	Discussion
	Conclusions
	Acknowledgements
	References


