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Summary We previously performed animal studies that suggested that trehalose poten-
tially prevents the development of  metabolic syndrome in humans. To evaluate this possi-
bility, we examined whether trehalose suppressed the progression of  insulin resistance in a 
placebo-controlled, double-blind trial in 34 subjects with a body mass index (BMI) $23. The 
subjects were divided into two groups and were assigned to ingest either 10 g/d of  trehalose 
or sucrose with meals for 12 wk. During the study, body composition and blood biochemi-
cal parameters were measured at week 0, 8, and 12. These parameters were also measured 
4 wk after the end of  intake to confirm the washout of  test substances. In the trehalose 
group, blood glucose concentrations after a 2-h oral glucose tolerance test significantly 
decreased following 12 wk of  intake in comparison with baseline values (0 wk). When a 
stratified analysis was performed in the subjects whose percentage of  truncal fat approached 
the high end of  the normal range, the change in body weight, waist circumference, and 
systolic blood pressure were significantly lower in the trehalose group than in the sucrose 
group. Our data indicated that a daily intake of  10 g of  trehalose improved glucose tolerance 
and progress to insulin resistance. Furthermore, these results suggested that trehalose can 
potentially reduce the development of  metabolic syndrome and associated lifestyle-related 
diseases, such as type 2 diabetes.
Key Words trehalose, glucose tolerance, insulin resistance, lifestyle-related diseases,  
humans

Trehalose is a nonreducing disaccharide composed 
of  two d-glucose residues. In humans, the main dietary 
sources of  naturally occurring trehalose are mush-
rooms, baker’s and brewer’s yeast, and certain types of  
shrimp (1). Our previous studies on metabolic syndrome 
using a mouse model showed that trehalose intake in 
mice fed with a high-fat diet (HFD) suppressed mesen-
teric adipocyte hypertrophy and decreased impaired glu-
cose tolerance in an oral glucose tolerance test (OGTT) 
(2). In the mice fed with HFD, we also found that treha-
lose intake mitigated insulin resistance, reduced mRNA 
expression of  plasminogen activator inhibitor-1 (PAI-1) 
(2), and increased serum high molecular weight (HMW) 
adiponectin (3). These effects were also evident in an 
established obese mouse model when 0.3% (weight/vol-
ume) trehalose was consumed via its addition to drink-
ing water (3). The effective dose was 0.2 g/kg of  body 
weight/d and translated to 10 g/d in humans weighing 

50 kg (3). Thus, these findings suggested that ingestion 
of  10 g/d trehalose is effective for reducing the risk of  
onset of  metabolic syndrome in humans. Furthermore, 
we have shown that trehalose exhibits a protective 
effect on the pancreatic islets of  mice fed with HFD (4). 
Therefore, trehalose is considered a unique functional 
disaccharide that potentially provides a novel dietary 
approach for humans at risk of  or with metabolic 
syndrome.

Metabolic syndrome is defined based on abdominal 
obesity plus two or more metabolic risk factors, includ-
ing impaired glucose tolerance, high blood pressure, and 
dyslipidemia, associated with the presence of  type 2 dia-
betes and arteriosclerosis (5). It is well known that the 
symptoms of  metabolic syndrome are most frequently 
attributed to visceral fat accumulation, which is closely 
associated with adipocyte hypertrophy (6, 7). Hypertro-
phic adipocytes have been shown to reduce insulin sen-
sitivity via the release of  adipocytokines, such as tumor 
necrosis factor-a (TNF-a) and PAI-1, and the decrease 
of  adiponectin (8). Excessive secretion of  these adipocy-
tokines can induce insulin resistance and result in the 
development of  impaired glucose tolerance (8). There-
fore, mitigation of  insulin resistance is very important 
for the prevention of  lifestyle-related diseases, such as 
type 2 diabetes.

E-mail address: akiko.mizote@hb.nagase.co.jp
Abbreviations: BMI, body mass index; HbA1c, hemoglobin 

A1c; HFD, high-fat diet; HMW adiponectin, high molecular 
weight adiponectin; HOMA-IR, homeostasis model assessment 
as an index of  insulin resistance; ND, no data; OGTT, oral glu-
cose tolerance test; PAI-1, plasminogen activator inhibitor-1; 
SD, standard deviation; TNF-a, tumor necrosis factor-a; WO, 
washout.
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As previously stated, it was anticipated that treha-
lose could play a role in preventing the progression of  
insulin resistance. In this study, we examined the effect 
of  trehalose on the progression of  insulin resistance in 
humans. We aimed to clarify whether this disaccharide 
could contribute to the improvement of  glucose toler-
ance and prevention of  lifestyle-related diseases, such as 
type 2 diabetes.

MATERIALS AND METHODS

Test substances. TREHA® (Hayashibara Co. Ltd., 
Okayama, Japan) was used as the trehalose source in 
this study and was subdivided into 3.7 g doses. The 
administered dose was equivalent to 3.3 g of  anhydrous 
trehalose because TREHA® contains more than 98.0% 
of  trehalose dihydrate. Extra-fine granulated sugar 
(Pearl Ace Corp., Tokyo, Japan) was used as the sucrose 
source and was subdivided into 3.3 g doses and served 
as the test substance for the control group during this 
study. In addition, the caloric content of  trehalose is the 
same as that of  sucrose at 4 kcal/g. Both test substances 
were packed in plain silver film bags so that they were 
indistinguishable.

Subjects. Healthy adult volunteers with a body mass 
index (BMI) $23 were recruited, with 43 applicants (41 
males and two females) enrolled in this study. The pur-
pose and prospective outcomes of  the study were fully 
explained to each volunteer. Risk markers for metabolic 
syndrome were considered to be those at values that 
were at the higher end of  the normal-to-mild range, and 
the following criteria were set for selecting the subjects: 
1) body fat percentage, $23% in males and $35% in 
females; 2) percentage of  truncal fat, $23.8% in males 

and $33.0% in females; 3) the homeostasis model 
assessment as an index of  insulin resistance (HOMA-
IR), $1.7 (normal range, ,1.6); or 4) fasting blood 
glucose in the 100–125 mg/dL range (i.e., at the higher 
end of  the normal-to-borderline diabetic range based on 
the Japan Diabetes Society).

The screening test for applicants was conducted 
twice, and 34 subjects (33 males and one female) met at 
least one eligibility criteria and were selected. The sub-
jects were divided into two groups (n517); one group 
received trehalose and the other received sucrose. Nei-
ther group had any significant differences in terms of  
fasting blood glucose, HOMA-IR, or percentages of  body 
or truncal fat. The average age in the trehalose group 
(17 males) and sucrose group (one female, 16 males) 
was 47.967.7 y (range 32–58 y) and 47.266.0 y 
(range 38–57 y), respectively.

Experimental design. The study was designed as a 
double-blind, parallel-group comparison. A single bag 
of  the assigned test substance was taken by each sub-
ject at every meal (3 bags/d) for 12 wk. Therefore, daily 
intake of  the test substances was approximately 10 g/d. 
The manner in which the subjects prepared the test 
substances for ingestion varied from sprinkling them 
on meals to dissolving them in drinks. To evaluate the 
effects of  the test substances, body composition and 
blood biochemical parameters were measured follow-
ing 0, 8, and 12 wk of  intake and after a 4-wk washout 
(WO) period. The study was performed between August 
and November 2012. The experimental design is illus-
trated in Fig. 1.

This study was performed under the supervision of  a 
medical doctor. While the subjects were not given spe-

Fig. 1. Experimental design. The study design is depicted in the flowchart above. Thirty-four subjects were selected by two 
screenings. Each symbol indicates the following measurement parameters: , body composition (body weight, waist cir-
cumference, percentage of  body fat, percentage of  truncal fat, and blood pressure); d, fasting blood glucose, insulin, and 
HbA1c; , total PAI-1, HMW adiponectin, and blood glucose after a 2-h oral glucose tolerance test (OGTT).
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cific instructions on the amount of  diet and exercise, 
they were instructed not to change their lifestyle hab-
its, including their dietary, exercise, and medication 
patterns throughout the study period. To document 
each subject’s lifestyle circumstances during the study 
period, individuals’ exercise regimen, subjective symp-
toms, physical conditions, and medication intake were 
recorded using a check sheet. All subjects had access 
to a doctor who could diagnose their condition when 
necessary during the study period. All subjects provided 
informed consent before entry into the study. This study 
was approved by the Ethics Committee of  Hayashibara, 
Co., Ltd. (Approval number 142) and was conducted in 
accordance with the Declaration of  Helsinki.

Body composition and blood biochemical parameters. All 
biochemical measurements were performed after an 
overnight fast. Body weight and percentage of  body 
fat were measured using body composition monitors, 
HBF-352 (Omron Healthcare Co., Ltd., Kyoto, Japan). 
The percentage of  truncal fat was measured using an 
abdominal fat analyzer, AB-140 (Tanita Corp., Tokyo, 
Japan). Blood pressure was measured using blood pres-
sure monitors, HEM-7020 (Omron Healthcare Co., 
Ltd.). BMI was calculated using the numerical expres-
sion: BMI5body weight (kg)/body height (m2). Waist 
circumference was defined as the circumference at the 
level of  the umbilicus.

Blood glucose, insulin, and hemoglobin A1c (HbA1c) 
were assayed at the Okayama Medical Association test 
center (Okayama, Japan). Total PAI-1 in the blood was 
assayed by SRL, Inc. (Tokyo, Japan). Serum HMW adipo-
nectin was measured using an ELISA kit (DHWAD0, R&D 
Systems, Inc., Minneapolis, MN). HOMA-IR was calcu-
lated using the numerical expression for fasting insulin 
(mU/mL)3fasting glucose (mg/dL) concentrations/405.

OGTT. OGTT was performed using 75 g of  glucose 
at baseline (0 wk) and after 12 wk of  substance intake. 
Blood samples were collected before and 2 h after inges-
tion of  75 g glucose. Blood glucose and insulin concen-
trations were measured at the Okayama Medical Asso-
ciation test center. The composite index was calculated 
as follows: {10,000/square root of  [fasting glucose 
(mg/dL)3fasting insulin (mU/mL)]3[2-h glucose (mg/
dL)32-h insulin (mU/mL)]} (9, 10).

Stratified analysis. It is well known that the percent-
age of  truncal fat reflects the visceral adipose tissue area 
(11). Therefore, we selected subjects whose percent-
age of  truncal fat at week 0 was $23.8% in males and 
$33.0% in females. These selection criteria were based 
on the lower limit of  the high-to-normal range described 
in the instruction manual of  the AB-140 abdominal fat 
analyzer, which corresponded to the mean1(1/2) stan-
dard deviation (SD) for the adult data collected by the 
manufacturer. Thus, 12 subjects in the trehalose group 
and 13 subjects in the sucrose group were selected, 
and the effects of  consuming the test substance were 
analyzed.

Statistical analyses. Data analyses were performed to 
compare the values measured between the two groups 
or the changes from the initial values within each 

group. The data were expressed as mean6SD. Differ-
ences between the two groups were determined using 
an unpaired t-test. The changes from the baseline within 
each group were examined using a paired t-test. A p 
value of  ,0.05 was considered statistically significant.

RESULTS

Subject background
Throughout the study period, each subject ingested 

their test substance a total of  252 times, and the overall 
intake was 831.6 g/subject according to the experimen-
tal design schedule. The rate of  test substance intake was 
not significantly different between the trehalose group 
(97.963.8%) and the sucrose group (94.466.7%).

During the study period, no clinical signs related to 
intake of  the test substance were observed in either 
group. No change in dietary habits was observed, which 
was analyzed using nutrition analysis software (Excel 
Eiyou-kun, version 6.0, Kenpakusya, Tokyo, Japan). 
When caloric intake was compared, no difference was 
observed between the sucrose and trehalose groups at  
either week 0 or week 12. When each caloric intake  
was analyzed as a percentage of  the initial value, no dif-
ference was observed between the two groups (trehalose 
group, 98.3624.6%; sucrose group, 100.1626.4%).
Body composition and blood biochemical parameters

Mean changes in body composition and blood bio-
chemical parameters of  all subjects are shown in Table 
1. The baseline parameters measured were not sig-
nificantly different between the trehalose and sucrose 
groups.

To investigate the effect of  10 g/d trehalose intake 
in each meal on glucose tolerance, blood glucose was 
measured after a 2-h OGTT (Table 1). Before intake of   
the test substances (week 0), there was no significant 
difference in blood glucose after a 2-h OGTT between 
the trehalose and sucrose groups. However, in the tre-
halose group, blood glucose after a 2-h OGTT following 
12 wk of  intake showed a significant decrease in com-
parison with that from 0 wk. On the other hand, blood 
glucose after the 2-h OGTT in the sucrose group follow-
ing 12 wk of  intake was not significantly different com-
pared with the 0 wk value.

The other parameters did not significantly differ 
between the groups or between experimental periods.
Stratified analysis by percentage of  truncal fat

To determine the effect of  trehalose in humans with 
signs of  metabolic syndrome, we selected the subjects 
whose percentage of  truncal fat was at the higher end 
of  the normal range. The measured values of  stratified 
subjects are shown in Table 2. In the stratified subjects, 
blood glucose after a 2-h OGTT following 12 wk of  tre-
halose intake showed a significant decrease compared 
with that before intake, which was similar to the analy-
sis results for all subjects. Furthermore, when compared 
with the percentage of  fasting value in blood glucose 
after a 2-h OGTT at week 12, the trehalose group value 
was significantly lower than that in the sucrose group.
Individual changes of  the measured parameters

To evaluate the suppressive effect of  trehalose in each 
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subject, we analyzed the change of  each parameter 
after 12 wk of  intake (Table 3). When all the subjects 
were analyzed, significant differences were not observed 
among the two groups. However, in the stratified sub-
jects, body weight, waist circumference, and systolic 
blood pressure were significantly lower in the trehalose 
group than in the sucrose group.

DISCUSSION

Using a metabolic syndrome mouse model, we have 
previously shown that trehalose intake mitigates insu-
lin resistance and decreases impaired glucose tolerance 
as assessed using OGTT, and these effects are attributed 
to the suppression of  adipocyte hypertrophy (2, 3). In 
this study, to assess the preventive effect of  trehalose on 
the development of  metabolic syndrome, we examined 
whether this disaccharide suppresses the progression 
of  insulin resistance in humans. Based on our results, 
it was confirmed that a 12-wk intake of  trehalose 
improved glucose tolerance in the subjects who had a 
BMI of  $23. The American Diabetes Association indi-
cates that Asian Americans with a BMI of  $23 have a 
high risk of  developing type 2 diabetes. Therefore, our 
finding indicates that trehalose contributes to reducing 
risk factors for lifestyle-related diseases, such as type 2 
diabetes.

The blood glucose concentrations of  subjects after a 
2-h OGTT were higher than their fasting value, suggest-

ing that their glucose tolerance was slightly impaired. 
In these subjects, trehalose significantly decreased 
blood glucose after a 2-h OGTT following 12 wk of  
intake compared with the baseline value. On the other 
hand, the 12 wk intake of  sucrose failed to decrease the 
same parameter. Fasting blood glucose was not differ-
ent before and after the period of  substance intake in 
either group. These results suggest that regular intake 
of  trehalose increased insulin sensitivity after OGTT and 
this increase probably caused the improvement in glu-
cose tolerance. Our present observation was consistent 
with the results obtained in our previous mouse study. 
Therefore, regular intake of  trehalose exhibited effects 
on humans, as well as mice. Impaired glucose tolerance 
is recognized as the early stage of  type 2 diabetes. Based 
on the results of  our human and mouse studies, there 
is a possibility that trehalose reduces the risk of  type 2 
diabetes development.

Trehalose has been shown to induce lower insulin 
secretion than glucose in oral saccharide tolerance tests 
in humans (12). This property of  trehalose is considered 
to result in the suppression of  adipocyte hypertrophy. 
Insulin promotes storage of  lipids in adipocytes, and its 
excessive secretion can cause hypertrophy of  these cells 
(13, 14). Thus, the results of  this study suggest the pos-
sibility that excessive insulin secretion can be reduced by 
ingesting trehalose with meals. To investigate this pos-
sibility, we are presently considering in vivo experiments 

Table 3. Change in values from baseline for each parameter after 12 wk of  intake.

All subjects Stratified subjects

Trehalose (n517) Sucrose (n517) Trehalose (n512) Sucrose (n513)

Body composition
 Body weight (kg) 20.261.6 0.561.5 20.661.7† 0.961.0
 BMI1 (kg/m2) 20.160.6 0.260.5 20.260.6† 0.360.4
 Body fat (%) 1.461.1 1.761.2 1.061.1 1.861.3
 Waist circumference (cm) 0.362.5 0.462.2 20.862.1† 1.262.0
 Truncal fat (%) 20.262.2 0.561.2 20.762.1 0.761.1
 Systolic blood pressure (mmHg) 23.2610.0 3.2615.1 25.3610.7† 7.5612.9
 Diastolic blood pressure (mmHg) 22.365.1 20.9610.3 22.865.7 1.767.5

Blood biochemical parameters
 Fasting blood glucose (mg/dL) 1.167.3 1.266.9 1.967.6 1.767.8
 Blood glucose after 2-h of  OGTT2 (mg/dL) 218.9627.4 22.4627.0 218.8629.0 0.9629.3

 % of  fasting value 221.4625.9 24.5625.7 223.5628.1 21.7627.4
 Fasting blood insulin (mIU/mL) 2.064.2 0.664.0 3.064.6 0.864.6
 Blood insulin after 2 h of  OGTT (mIU/mL) 25.7626.7 5.4627.3 28.3631.4 7.8630.7

 % of  fasting value 2174.56407.8 2114.66723.1 2233.26441.4 2127.66830.8
 Composite index 1.364.1 20.962.8 1.764.8 20.961.9
 HbA1c (%) 20.160.1 0.060.2 20.160.1 0.060.2
 HOMA-IR3 0.561.1 0.260.9 0.861.2 0.361.0
 Total PAI-14 (ng/mL) 1.1611.3 4.969.4 1.567.8 7.069.4
 HMW adiponectin5 (ng/mL) 121.56421.1 328.96586.5 155.66462.9 217.46546.2

Values are the means6SD. Statistical difference between two groups in the same week was performed unpaired t-test 
(† p,0.05). 1 BMI, body mass index; 2 OGTT, oral glucose trelance test; 3 HOMA-IR, homeostasis model assessment as an  
index of  insulin resistance; 4 PAI-1, plasminogen activator inhibitor-1; 5 HMW Adiponectin, high molecular weight adiko - 
nectin.
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for monitoring insulin secretion after the ingestion of  a 
meal containing trehalose.

It is considered that adipocyte hypertrophy is closely 
associated with the increase of  visceral fat amount (7). 
Thus, we analyzed the effects of  trehalose intake on the 
subjects with slightly increased visceral fat accumula-
tion, based on their percentage of  truncal fat. We found 
that body weight, waist circumference, and systolic 
blood pressure were significantly lower in the trehalose 
group compared with the sucrose group after 12 wk of  
intake. It has been reported that adipocyte hypertrophy 
induces insulin resistance and this aberration is closely 
related to hypertension (15). Because the sample size of  
this study was small, significant differences in HOMA-
IR or composite index, which indicates the degree of  
insulin resistance, were not observed. However, it seems 
likely that trehalose suppresses elevated blood pressure 
by improving insulin resistance in the subjects with 
signs of  increased visceral fat accumulation. To clarify 
this possibility, we are considering an investigation with 
an increased number of  subjects.

Trehalose is hydrolyzed to two glucose molecules by 
the trehalase in the intestine; hence, the concentration 
of  blood glucose after trehalose intake depends on the 
trehalase activity. Oku and Nakamura have described 
how Japanese subjects are divided into two groups, 
those with low and those with high trehalase activity 
(12). These findings imply that the degree of  trehalase 
activity would affect glucose tolerance in our study sub-
jects. To examine this inference, we conducted a treha-
lose loading test in the same subjects (data not shown). 
The subjects were divided into two groups as reported 
by Oku and Nakamura, those with a lower and higher 
blood glucose elevation after trehalose loading. As a 
result, glucose tolerance was similarly improved after 
consumption of  trehalose for 12 wk in both groups. 
There exists a possibility that trehalose exhibits its effects 
in the intestinal tract before it is digested to glucose.

Furthermore, we considered that daily trehalose 
intake may affect the functions of  the intestine, such 
as nutrition absorption, secretion of  hormones, inflam-
matory responses, and composition of  bacterial flora. 
The disaccharide is well known to interact with nutri-
ent components, such as fats and carbohydrates (16, 
17), and it is expected to influence nutritional absorp-
tion. On the other hand, the glucose-dependent insuli-
notropic polypeptide, known as an intestinal hormone, 
stimulates insulin secretion and is involved in adipo-
cyte hypertrophy (18–20). Furthermore, our previous 
mouse study showed that trehalose ingestion caused a 
significant decrease in the total number of  Peyer’s patch 
lymphocytes and a spontaneous release of  the inflam-
matory cytokine interleukin-6 (21). A recent study has 
shown that some sweeteners induce impaired glucose 
tolerance by altering the intestinal microbiota (22). 
These possibilities must be resolved in the future.

In conclusion, we showed that consuming 10 g/d tre-
halose over 12 wk improved glucose tolerance in sub-
jects with signs of  metabolic syndrome. Furthermore, 
these results suggested that trehalose has the ability to 

reduce the risk of  developing lifestyle-related diseases 
induced by insulin resistance associated with metabolic 
syndrome.

Acknowledgments
We thank Dr. Masayoshi Kibata (Hayashibara Clinic) 

for providing valuable advice on the analysis of  our dia-
betological data.

REFERENCES

1) Elbein AD, Pan YT, Pastuszak I, Carroll D. 2003. New 
insights on trehalose: a multifunctional molecule. Gly-
cobiology 13: 17R–27R.

2) Arai C, Arai N, Mizote A, Kohno K, Iwaki K, Hanaya 
T, Arai S, Ushio S, Fukuda S. 2010. Trehalose prevents 
adipocyte hypertrophy and mitigates insulin resistance. 
Nutr Res 30: 840–848.

3) Arai C, Miyake M, Matsumoto Y, Mizote A, Yoshizane C, 
Hanaya Y, Koide K, Yamada M, Hanaya T, Arai S, Fukuda 
S. 2013. Trehalose prevents adipocyte hypertrophy and 
mitigates insulin resistance in mice with established obe-
sity. J Nutr Sci Vitaminol 59: 393–401.

4) Arai C, Yoshizane C, Koide K, Mizote A, Arai N, Hanaya 
T, Arai S, Fukuda S. 2013. Trehalose protects Islets of  
Langerhans in HFD-fed obese mice: A morphometric 
analysis. Nippon Eiyou Shokuryo Gakkaishi (J Jpn Soc Nutr 
Food Sci) 66: 17–24 (in Japanese).

5) Després JP, Lemieux I, Bergeron J, Pibarot P, Mathieu P, 
Larose E, Rodés-Cabau J, Bertrand OF, Poirier P. 2008. 
Abdominal obesity and the metabolic syndrome: contri-
bution to global cardiometabolic risk. Arterioscler Thromb 
Vasc Biol 28: 1039–1349.

6) Kim JI, Huh JY, Sohn JH, Choe SS, Lee YS, Lim CY, Jo 
A, Park SB, Han W, Kim JB. 2015. Lipid-overloaded 
enlarged adipocytes provoke insulin resistance indepen-
dent of  inflammation. Mol Cell Biol 35: 1686–1699.

7) Veilleux A, Caron-Jobin M, Noël S, Laberge PY, Tchernof  
A. 2011. Visceral adipocyte hypertrophy is associated 
with dyslipidemia independent of  body composition and 
fat distribution in women. Diabetes 60: 1504–1511.

8) Jung UJ, Choi MS. 2014. Obesity and its metabolic com-
plications: the role of  adipokines and the relationship 
between obesity, inflammation, insulin resistance, dys-
lipidemia and nonalcoholic fatty liver disease. Int J Mol 
Sci 15: 6184–6223.

9) Matsuda M, DeFronzo RA. 1999. Insulin sensitivity 
indices obtained from oral glucose tolerance testing: 
comparison with the euglycemic insulin clamp. Diabetes 
Care 22: 1462–1470.

10) DeFronzo RA, Matsuda M. 2010. Reduced time points to 
calculate the composite index. Diabetes Care 33: e93.

11) Browning LM, Mugridge O, Chatfield MD, Dixon AK, Ait-
ken SW, Joubert I, Prentice AM, Jebb SA. 2010. Validity 
of  a new abdominal bioelectrical impedance device to 
measure abdominal and visceral fat: comparison with 
MRI. Obesity (Silver Spring) 18: 2385–2391.

12) Oku T, Nakamura S. 2000. Estimation of  intestinal tre-
halase activity from a laxative threshold of  trehalose 
and lactulose on healthy female subjects. Eur J Clin Nutr 
54: 783–788.

13) DiAngelo JR, Birnbaum MJ. 2009. Regulation of  fat cell 
mass by insulin in Drosophila melanogaster. Mol Cell 
Biol 29: 6341–6352.

14) Kokta TA, Strat AL, Papasani MR, Szasz JI, Dodson MV, 



Trehalose Improves Human Glucose Tolerance 387

Hill RA. 2008. Regulation of  lipid accumulation in 3T3-
L1 cells: insulin-independent and combined effects of  
fatty acids and insulin. Animal 2: 92–99.

15) Oka R, Yagi K, Sakurai M, Nakamura K, Nagasawa 
SY, Miyamoto S, Nohara A, Kawashiri MA, Hayashi K, 
Takeda Y, Yamagishi M. 2012. Impact of  visceral adi-
pose tissue and subcutaneous adipose tissue on insulin 
resistance in middle-aged Japanese. J Atheroscler Thromb 
19: 814–822.

16) Higashiyama T. 2002. Novel functions and applications 
of  trehalose. Pure Appl Chem 74: 1263–1269.

17) Ohtake S, Wang YJ. 2011. Trehalose: current use and 
future applications. J Pharm Sci 100: 2020–2053.

18) Yip RG, Wolfe MM. 2000. GIP biology and fat metabo-
lism. Life Sci 66: 91–103.

19) McIntosh CH, Widenmaier S, Kim SJ. 2009. Glucose-

dependent insulinotropic polypeptide (Gastric Inhibitory 
Polypeptide; GIP). Vitam Horm 80: 409–471.

20) Getty-Kaushik L, Song DH, Boylan MO, Corkey BE, Wolfe 
MM. 2006. Glucose-dependent insulinotropic polypep-
tide modulates adipocyte lipolysis and reesterification. 
Obesity (Silver Spring) 14: 1124–1131.

21) Arai N, Yoshizane C, Arai C, Hanaya T, Arai S, Ikeda M, 
Kurimoto M. 2002. Trehalose ingestion modifies muco-
sal immune responses of  the small intestine in mice. J 
Health Sci 48: 282–287.

22) Suez J, Korem T, Zeevi D, Zilberman-Schapira G, Thaiss 
CA, Maza O, Israeli D, Zmora N, Gilad S, Weinberger A, 
Kuperman Y, Harmelin A, Kolodkin-Gal I, Shapiro H, 
Halpern Z, Segal E, Elinav E. 2014. Artificial sweeten-
ers induce glucose intolerance by altering the gut micro-
biota. Nature 514: 181–186.


