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Effect of a Novel Palatinose-Based Liquid Balanced Formula (MHN-01)
on Glucose and Lipid Metabolism in Male Sprague-Dawley Rats

After Short- and Long-Term Ingestion

Hidekazu Arai, Akira Mizuno, Kaoru Matsuo, Makiko Fukaya, Hajime Sasaki, Hirofumi Arima, Motoi Matsuura,
Yutaka Taketani, Toshio Doi, and Eiji Takeda

ostprandial hyperglycemia and hyperinsulinemia are often present in obese subjects with glucose intolerance in whom

nsufficient early phase insulin secretion and subsequent delayed hyperinsulin response are observed. To address this

roblem, a novel palatinose-based enteral formula designated as MHN-01 was developed for the prevention of postprandial

yperglycemia and hyperinsulinemia. The effects of MHN-01 on carbohydrate and lipid metabolism in Sprague-Dawley (SD)

ats were compared with those of the standard balanced formula (SBF). After a bolus intragastric injection of each formula

quivalent to 0.9g/kg carbohydrate, the peak levels of plasma glucose (PG) and insulin (IRI) in peripheral and portal veins of

he MHN-01 group were significantly lower than those of the SBF group. The areas under the curve of PG and IRI in the

HN-01 group were 58.0% and 43.1% of those in the SBF group in the femoral vein and 65.0% and 69.3% in the portal vein,

espectively. In the 2-month study, serum levels of IRI and triglyceride in peripheral blood in the MHN-01 group decreased and

hose in the SBF group increased compared with initial levels. Consequently, both levels in the MHN-01 group were

ignificantly lower than those in the SBF group. In addition, the amount of accumulated fat in abdominal adipose tissue and

iver tissue of the MHN-01 group was markedly reduced in comparison to that of the SBF group. Insulin sensitivity, evaluated

s glucose infusion rate using the hyperinsulinemic euglycemic clamp technique, in the MHN-01 group was higher than that

n the SBF group. Thus, in comparison to SBF, MHN-01 suppressed postprandial hyperglycemia and hyperinsulinemia,

educed visceral fat accumulation, and improved insulin sensitivity. Therefore, human study on the effects of MHN-01 on

arbohydrate and lipid metabolism will be recommended to confirm whether MHN-01 may be a useful functional food for the

reatment and prevention of insulin resistance.
2004 Elsevier Inc. All rights reserved.
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HE WORLD TOTAL of people with diabetes mellitus is
expected to increase from the current estimate of 150

illion to 220 million in 2010 and 300 million in 2025.1,2

ronounced changes in the human environment, and in human
ehavior and lifestyle, have accompanied globalization and
ave resulted in escalating rates of both obesity and type 2
iabetes.
The insulin secretory pattern of type 2 diabetes involves

mpairment in the rapid, pulsatile secretion of insulin in re-
ponse to an increase in blood glucose. Obese subjects with
ype 2 diabetes, especially soon after the onset of diabetes,
sually exhibit postprandial hyperglycemia with delayed hy-
erinsulinemia. It is recognized that insulin resistance causes
ostprandial hyperglycemia3,4; however, it is also possible that
mpairment of early insulin secretion in response to an oral
lucose load (OGL) is the reason why postprandial hypergly-
emia occurs.5 Insulin-resistant individuals with normal �-cell
unction have virtually the same glucose response as insulin-
ensitive subjects. An important characteristic of insulin resis-
ance is that it is, at least initially, somewhat reversible. An
vernight infusion of insulin to lower blood glucose concen-
rations into the normal range is associated with an improve-
ent of insulin secretion.6 Similarly, patients with early type 2

iabetes who are placed on a hypocaloric diet show a marked
mprovement in early phase insulin secretion over a period of
everal months.7,8

Because even modest increases in postprandial glucose val-
es can be a risk factor for cardiovascular disease,9 patients
ith diabetes would probably benefit from early and effective
ealtime treatment. The meal-induced activation of homeosta-

is in patients with type 2 diabetes can be reduced by decreas-
ng postprandial hyperglycemia.10 Therefore, strategies to re-

uce postprandial hyperglycemia and hyperinsulinemia

etabolism, Vol 53, No 8 (August), 2004: pp 977-983
epresent an important approach to improving glycemic control
n patients with type 2 diabetes mellitus and may even prevent
he deterioration of glucose metabolism in impaired glucose
olerance and the subsequent progression to diabetes. Thus,
here is a strong need for the development of an enteral feeding
roduct that produces an attenuated postprandial glycemic in-
rease.

Palatinose (isomaltulose), which is present in honey, has
hown promise as a noncariogenic caloric sweetener.11,12 A
revious study clearly demonstrated that the increase in plasma
lucose (PG) and insulin (IRI) after palatinose ingestion was
ignificantly smaller than that after sucrose.13 Furthermore,
alatinose has been shown to be an insulin-sparing caloric
weeteer with a lower glycemic index than sucrose in type 2
iabetic patients and streptozotocin-diabetic animals.14,15 The
ifference may be due to a difference in digestibility because
alatinose is digested to glucose and fructose by the intestinal
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978 ARAI ET AL
somaltase and the hydrolysis of palatinose by a homogenate of
uman intestinal mucosa was one fourth that of sucrose.16

owever, palatinose was completely cleaved and absorbed.17

In this study, a palatinose-based formula (MHN-01) for
umans was prepared, and the effects of bolus and 2-month
dministration of this diet on glucose and lipid metabolism in
prague-Dawley (SD) rats were compared with those of a
extrin-based standard balanced formula (SBF) (MEIBAL-
NCE 200; MEIJI MILK PRODUCTS) for humans and MF

or rats.

MATERIALS AND METHODS

reparation and Composition of the Palatinose-Based
nteral Formula

The novel enteral liquid formula designated as MHN-01 was pre-
ared by the replacement of dextrin in SBF with 55.7% palatinose
mong carbohydrates (Table 1). MHN-01 contains palatinose,
ranched dextrin, xylitol, and other carbohydrates containing dietary
ber and mixed carbohydrates from raw material as the principal
arbohydrates, and the percentages of protein, fat, and carbohydrates in
he formula are 20%, 29.7%, and 50.3%, respectively. The commer-
ially available conventional enteral formula (SBF) that was used for
omparison contains dextrin and sucrose as the principal carbohydrates,
nd the percentages of protein, fat, and carbohydrates are 16%, 25%,
nd 59%, respectively. Spray-dried powder versions of MHN-01 and
BF were prepared for use in the 2-month study.

nimals

All rats were cared for in accordance with the National Institutes of

Table 1. Composition of the Administered Formulas

and Standard Meal

MHN-01 SBF MF

Energy (kJ/mL) 4.19 4.19
(kJ/g) 19.4 18.0 15.1

Energy balance
Protein (energy %) 20.0 16.0 27.3

Milk protein (%)* (100) (100)
Fat (energy %) 29.7 25.0 14.0

SFA (%)† (10.9) (9.0)
MUFA (%)† (72.3) (45.0)
PUFA (%)† (15.1) (40.0)
Other fatty acid (%)† (1.7) (6.0)

Carbohydrate (energy %) 50.3 59.0 58.7
Sucrose (%)‡ (0) (2.8)
Branched dextrin (%)‡ (23.9) (0)
Dextrin (%)‡ (0) (97.2)
Palatinose (%)‡ (55.7) (0)
Xylitol (%)‡ (5.3) (0)
Other carbohydrate (%)‡ (15.1) (0)

Abbreviations: SBF, standard balanced formula; MF, control diet for
ats (protein: 246g/kg, fat: 56g/kg, carbohydrate: 528g/kg); SFA, satu-
ated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyun-
aturated fatty acid; other carbohydrate is dietary fiber and mixed
arbohydrates from raw material. Palatinose and xylitol have energy
ontents of 16.76kJ/g and 12.57 kJ/g, respectively.
*% of nutrient in protein;
†% of nutrient in fat;
‡% of nutrient in carbohydrate.
ealth (NIH) Guidelines for the Care and Use of Laboratory Animals. s
hirty male SD rats, 12 weeks of age (weight �350 g) for experiment
(short-term: bolus intragastric injection) and 20 weeks of age (weight
550 g) for experiment 2 (long-term: 2-month study), were purchased

rom Japan SLC (Hamamatsu, Japan) and used for the following
xperiments after being acclimated for 1 week with food and water
vailable ad libitum.

atheterization

Catheterization was performed as described previously.18 In the
utrient loading study, under sodium pentobarbital anesthesia (50
g/kg body weight [BW]), a silicon rubber catheter was inserted into

he left femoral vein, and a polyethylene tube (sp 8; Natsume, Tokyo,
apan) was inserted into the portal vein through the splenic vein, and
he line of the catheter was led out through subcutaneous tissue to an
ntravenous hyperalimentation (IVH) kit (Bio-Cannula; Bio-Medica,
saka, Japan). In the long-term study, after 2 months of feeding the test

ormulas, silicon rubber catheters (FT-025, Bio-Medica) were inserted
nto the left femoral vein and into the left jugular vein, and the clamp
tudy was conducted on the 5th day after catheterization. Catheterized
ats were kept in a special IVH cage (BG-781, Bio-Medica) and were
ontinuously infused with physiologic saline until the test.

olus Intragastric Administration of MHN-01, SBF, or
-Glucose

On the fifth day after catheterization, all tests were conducted after
n overnight fast and while the animals were conscious. Nutrient bolus
oading was performed on 30 rats, which had been randomly allocated
nto 3 groups of 10 rats each. MHN-01, SBF, or 15% D-glucose
olution containing an equal amount of carbohydrate (0.9 g/kg) was
dministered orally, because the total amount of carbohydrate was
mportant in determining the postprandial blood glucose increase. Ac-
ually, 7.16 mL/kg BW of MHN-01 (energy 30.0 KJ/kg, carbohydrates
.90 g/kg BW, fat 0.24 g/kg, protein 0.36 g/kg), 6.11 mL/kg BW of
BF (energy 25.6 KJ/kg, carbohydrates 0.90 g/kg, fat 0.17 g/kg, protein
.24 g/kg), and 6 mL/kg BW of 15% D-glucose solution (energy 15.1
J/kg, carbohydrates 0.90 g/kg) were administered. Blood samples
ere withdrawn from the catheter using a 1.0-mL syringe and collected

nto chilled tubes containing EDTA and dipeptidylpeptidase IV inhib-
tor (Linco Research, St Charles, MO) at 0, 15, 30, 60, 90, and 120
inutes for the determination of PG and IRI and at �10, 0, 15, 30, 45,

nd 60 minutes for the determination of truncated glucagon-like
eptide-1 (tGLP-1), respectively.

ong-Term Feeding of MHN-01, SBF, or Control MF Diet

The 2-month study was performed using 30 rats (age, 20 weeks).
W and food intake were monitored daily during a 1-week acclimation
eriod. The animals were divided into 3 groups of 10 rats each. One
roup received spray-dried MHN-01 powder, the second received
pray-dried SBF powder, and the third received MF (Oriental Yeast,
okyo, Japan) that is standard diet for rats. A paired feeding program,
hich supplies different formulas (16.4 g/d of MHN-01, 17.7 g/d of
BF, 21.2 g/d of MF) with equal energy amount to all 3 groups of rats
as conducted to compare the effect of each diet (Table 2). The
utrient composition (carbohydrate, fat, and protein) of the diets actu-
lly consumed was 159.8 KJ/d, 94.3 KJ/d, and 63.5 KJ/d in MHN-01,
88.28 KJ/d, 79.78KJ/d, and 51.08 KJ/d in SBF and 187.88 KJ/d, 44.88
J/d, and 87.38 KJ/d in MF, respectively. After 8 weeks, hyperinsu-

inemic euglycemic clamp tests were performed. Diarrhea was not
ound in any rats throughout the study.

easurement of In Vivo Glucose Disposal and Hepatic
lucose Uptake

Insulin-mediated whole-body glucose uptake was measured in con-

cious rats using the hyperinsulinemic euglycemic clamp technique as
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979EFFECT OF PALATINOSE-BASED FORMULA
eported previously.19 After an overnight fast, each rat received an
nfusion of insulin (Eli Lilly, Kobe, Japan) at a rate of 60 pmol/kg/min
or 3.5 hours and an infusion of 10% of glucose solution, which was
tarted at time zero through the catheter in the jugular vein. The
nfusion rate was adjusted to clamp PG at approximately 5.0 mmol/L.
lood samples for determination of PG level were obtained from the
atheter in the femoral vein at 3-minute intervals throughout the study.
ata on total body glucose uptake were represented by the mean values

or the glucose infusion rate (GIR) at 120 minutes during the final 20
inutes. After determination of baseline GIR during the clamp, glucose
as orally administrated at a dose of 0.2 g/kg BW.20 Thereafter, the

lamp was continued and the extent of decrease of GIR was monitored
or 1.5 hours to evaluate hepatic glucose uptake (HGU), which was
sed as an indicator of insulin sensitivity in the liver.

reparation of Organs

On the fifth day after the clamp study, the rats were killed under
vernight fasting, and the organs were quickly removed for the bio-
hemical studies. The liver tissue of each rat was immediately frozen in
iquid N2 for measurement of triglyceride (TG) concentration in the
iver tissue. The extraction of lipids from liver tissue was performed as
escribed by Folch et al.21

ssays

PG was determined by the glucose oxidase method (Advantage II;
oche Diagnostics, Mainz-Hechtsheim, Germany), IRI was determined
y a commercially available enzyme-linked immunosorbent assay
ELISA) kit (Morinaga, Yokohama, Japan), and plasma tGLP-1 level
as determined by a commercially available ELISA kit (Linco Re-

earch). TG levels in serum and liver tissue were determined by an
nzymatic method (Wako, Osaka, Japan).

alculation of HGU

After an OGL during hyperinsulinemic euglycemic clamp,20 the
lucose appearance rate (Ra (t)) is calculated by the formula:

Ra (t) � [OGL (t) � HGU (t)] � GIR (t)

where OGL (t), the rate of absorption of OGL by the intestine at time
t); HGU (t), the rate of HGU of OGL at time (t); and GIR (t), GIR at
ime (t). The glucose disappearance rate from the systemic circulation
RdT (t)) is calculated by the formula:

RdT (t) � RdP (t) � RdS (t)

where RdP (t) and RdS (t) are extrasplanchnic and splanchnic
lucose disappearance rates from the systemic circulation at time (t),
espectively. Under hyperinsulinemic euglycemic clamp conditions, Ra

Table 2. Food Intake, Body Weight, and Body Weight Gain of Rats

Fed MHN-01, SBF, or MF

MHN-01 SBF MF

Food intake (kJ/d) 317.6 � 3.8* 318.9 � 1.8 319.9 � 1.5
(g/d) 16.4 � 0.2 17.7 � 0.1 21.2 � 0.1

Body weight (g)
Day 0 (20 wk of age) 556 � 12 554 � 5 551 � 5
Day 56 589 � 13 621 � 12 620 � 10
Day of clamp 586 � 9 617 � 12 615 � 7

Body weight gain (g/d) 0.6 � 0.1 1.2 � 0.2† 1.2 � 0.1†

*Values are mean � SEM, n � 10.
†P � .05 (v MHN-01).
t) is equal to RdT (t), therefore t
RdP (t) � RdS (t) � [OGL(t) � HGU (t)] � GIR (t)

HGU can be calculated from the difference between the amount of
ngested glucose and the summation of GIR decrements after glucose
ngestion.

�(HGU (t) � RdS (t)) � �OGL (t) � �(RdP (t) � GIR (t)). Total
GU was expressed as a percentage of OGL.

alculations and Statistical Analysis

All results are presented as the means � SEM. The statistical
ignificance of the difference was analyzed by analysis of variance
ANOVA), followed by Student’s t test for individual comparison of
ean values. The data for plasma TG levels at each time point were

nalyzed by the Wilcoxon single-ranks test. P � .05 was considered
tatistically significant.

RESULTS

hanges in PG and IRI Levels in Femoral and Portal Veins
fter Intragastric Administration of MHN-01, SBF, or
lucose

At 15 minutes after intragastric administration of MHN-01,
BF, or glucose, the peak levels of PG in the femoral vein were
.5 � 0.3, 8.2 � 0.3, and 8.2 � 0.4 mmol/L (P � .01: MHN-01
SBF, P � .05: MHN-01 v glucose), respectively, and those in

he portal vein were 7.6 � 0.3, 10.6 � 0.4, and 11.0 � 0.5
mol/L (P � .001: MHN-01 v SBF, MHN-01 v glucose),

espectively (Fig 1A and C). The total incremental area (area
nder the curve [AUC]) of PG from the basal level for 120
inutes after MHN-01 ingestion was significantly smaller than

hat after SBF or glucose ingestion, and the values were
62.0 � 14.2, 279.5 � 28.5, and 283.7 � 51.3 mmol � min/L
P � .01: MHN-01 v SBF, P � .05: MHN-01 v glucose),
espectively, in the femoral vein, and 139.0 � 15.5, 214.0 �
5.0, and 264.0 � 18.0 mmol � min/L (P � .05: MHN-01 v
BF, P � .001: MHN-01 v glucose), respectively, in the portal
ein (Fig 2A).
The peak levels of IRI in the femoral vein at 15 minutes after

ngestion of MHN-01, SBF, or glucose were 62.8 � 0.1, 112 �
1.7, and 110.5 � 6.7 pmol/L (P � .05: MHN-01 v SBF, P �

01: MHN-01 v glucose), respectively, and those in the portal
ein were 78.3 � 3.2, 125.8 � 8.3, and 111.3 � 3.3 pmol/L
P � .01: MHN-01 v SBF, P � .001: MHN-01 v glucose),
espectively (Figs 1B and D). The AUC of IRI in the femoral
ein 120 minutes after MHN-01 ingestion was significantly
maller than that after SBF ingestion. The values were
,392.0 � 160.0, 3,230.0 � 391.7, and 2,826.7 � 173.3 pmol �

in/L (P � .001: MHN-01 v SBF, MHN-01 v glucose), re-
pectively. The AUCs of IRI in the portal vein were 2,389.0 �
0.0, 3,445.0 � 130.7, and 3,821.1 � 118.3 pmol � min/L (P �
001: MHN-01 v SBF, MHN-01 v glucose), respectively (Fig
B).
A significant response of tGLP-1 was detected at 45 minutes

fter administration of the nutrients, and the response curve for
0 minutes did not show any differences between the MHN-01
nd SBF groups (data not shown). tGLP-1 was not measured in

he glucose group.
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980 ARAI ET AL
lucose and Fat Metabolism After Oral Administration of
HN-01, SBF, or MF for Two Months

Food intake and BW. From 20 to 27 weeks of age, daily
ood intake and BW did not differ significantly among the

HN-01, SBF, and MF groups; however, BW gain in the
HN-01 group was lower than in other 2 groups (Table 2).
Fasting PG, IRI, and TG levels. After ingestion of MHN-01,

BF, or MF for 2 months, fasting PG levels were not different
mong the 3 groups, but the IRI level in the MHN-01 group was
ignificantly lower than that in the SBF group (P � .01) (Table 3).
fter 2 months, the TG level markedly decreased by 34% (from
.81 � 0.09 mmol/L to 0.54 � 0.04 mmol/L, P � .05) in the
HN-01 group and increased by 23% (from 0.92 � 0.09 mmol/L

o 1.13 � 0.12 mmol/L, P � .05) in the SBF group; it did not
hange in the MF group. The TG level of the MHN-01 group was
ignificantly lower than that of the SBF group (P � .001). The
oncentrations of serum free fatty acid (FFA) and total cholesterol
id not differ among the 3 groups.

nsulin Sensitivity Evaluated by Hyperinsulinemic Euglycemic
lamp

Insulin sensitivity in the MHN-01, SBF, and MF groups was

Fig 1. Changes in PG and IRI in the femoral vein and the portal v

G in femoral vein, (B) IRI in femoral vein, (C) PG in portal vein, (D) IR

P < .01 (v MHN-01), *P < .001 (v MHN-01), ##P < .05 (v SBF), **P <
valuated by the hyperinsulinemic euglycemic clamp test with t
GL as described in Materials and Methods. The GIR, which
eflected the insulin sensitivity in peripheral tissues, of the

HN-01 group was significantly higher than that of the SBF
roup (0.94 � 0.03 v 0.76 � 0.03 mmol/kg/min, respectively,
� .05); however, it was not different from that of the MF

roup (0.83 � 0.11 mmol/kg/min) (Fig 3A). The rate of HGU,
hich might reflect insulin sensitivity in the liver, was signif-

cantly higher in the MHN-01 group than in the SBF group
57.4 � 3.4 v 40.0% � 1.1%, respectively, P � .05). It was not
ifferent from that of the MF group (52.1% � 3.9%) (Fig 3B).

eights of Adipose Tissues, Liver, and Pancreas

The weights of epididymal, mesenteric, and retroperitoneal
dipose tissues were significantly lower in the MHN-01 group
han in the SBF group (P � .05) (Table 4). The weights of liver
nd pancreas in the MHN-01 group were higher than in the
BF group (P � .05). The concentration of TG in the liver in

he MHN-01 group was significantly lower than that in the SBF
roup (P � .05).

DISCUSSION

In subjects fed enteral feeding products and mixed meals, the

ter oral administration of MHN-01 (E), SBF (■ ), and glucose (‚). (A)

ortal vein. Values are means � SE for n � 10. #P < .05 (v MHN-01),

(v SBF).
ein af

I in p
otal amount of carbohydrate is important in determining the
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981EFFECT OF PALATINOSE-BASED FORMULA
ostprandial blood glucose increase.22-26 In contrast, abundant
iterature supports the idea that the source of carbohydrate
ffects postprandial glycemic response.27-29 In an oral bolus
oading of this study, PG levels in the femoral and portal veins
t 15 and 30 minutes in the MHN-01 (a palatinose-based liquid
alanced formula) group were significantly lower than those in
he SBF and glucose groups. The peak values of PG at 15 and
0 minutes in the MHN-01 group were less than 5.5 mmol/L,
lthough a pattern of insulin response at 15 minutes seemed to
e evoked. The insulinogenic index (�IRI/�PG) at 15 minutes
id not differ among the 3 groups. This indicates that MHN-01
id not affect early phase insulin response. In addition, the
GLP-1 response did not show any differences between

HN-01 and SBF. Therefore, it seems that MHN-01 may spare
nsulin by diminishing the elevation of PG after ingestion.

In the 2-month ingestion study, MHN-01 administration
owered serum TG and IRI levels and improved insulin sensi-
ivity. This is likely due primarily to the low glycemic index of
he palatinose in MHN-01. In addition, the stimulating effect on
nsulin secretion may differ between MHN-01 and SBF so that

HN-01 spares insulin secretion. Thus, MHN-01 could be
sed not only in the treatment of impaired glucose tolerance
nd diabetes, but also in the prophylaxis of them. Both meta-

Fig 2. AUC after 120 minutes

f PG and IRI in the femoral vein

nd the portal vein during oral

dministration of MHN-01 (white

ar), SBF (black bar), or glucose

hatched bar). (A) AUC of glucose,

B) AUC of insulin. Values are

eans � SE for n � 10. *P < .001

v MHN-01), †P < .01 (v MHN-01),

P < .05 (v MHN-01).

Table 3. Concentration of Serum Lipids, Plasma Glucose,

and Plasma Insulin

MHN-01 SBF MF

Free fatty acid (mEq/L) 0.6 � 0.06* 0.6 � 0.02 0.62 � 0.06
Cholesterol (mmol/L) 2.08 � 0.16 2.08 � 0.12 2.14 � 0.14
Triglyceride (mmol/L) 0.54 � 0.04 1.31 � 0.12‡ 0.89 � 0.1†§
Glucose (mmol/L) 4.51 � 0.26 4.9 � 0.25 4.62 � 0.39
Insulin (pmol/L) 50.2 � 3.7 74.2 � 2.0‡ 52.8 � 6.7�

*Values are mean � SEM, n � 10.
†P � .01 (v MHN-01);
‡P � .001 (v MHN-01),
§P � .05 (v SBF);

�P � .01 (v SBF).
olic and epidemiologic evidence suggest that replacing high-
lycemic-index forms of carbohydrates with low-glycemic-
ndex carbohydrates could reduce the risk of type 2 diabetes.30

ifferences in the pattern of postprandial glucose response
ffer a potential explanation for the conflicting results on
nsulin sensitivity, with the possibility that increases in insulin
xposure may affect insulin sensitivity through downregulation
f insulin action.29 Therefore, it seems that MHN-01 belongs to
new category of functional foods.
Palatinose has the specific characteristic of delaying diges-

ion and absorption, but it is completely absorbed.16,17 The
ncrease in BW was blunted and the accumulation of fat in
bdominal adipose tissue and liver tissue was lessened in rats
onsuming MHN-01. These data interestingly indicate that
ostprandial glucose and insulin levels affect BW and body fat
ven though the intake was the same amount of energy. The

Table 4. Weight of Adipose Tissues, Liver, and Pancreas and

Hepatic Content of Triglycerides

MHN-01 SBF MF

Abdominal fat
Epididymal (g/kg

BW) 14.5 � 1.2* 23.8 � 2.4‡ 17.7 � 1.2�

Mesenteric (g/kg
BW) 11.6 � 0.6 22.0 � 1.3§ 15.8 � 1.4†

Retroperitoneal
(g/kg BW) 19.6 � 1.2 29.7 � 1.9§ 21.2 � 1.5¶

Liver (g) 22.7 � 0.5 20.3 � 0.8‡ 22.3 � 0.7
Pancreas (g) 2.1 � 0.1 1.9 � 0.2 1.9 � 0.1
Triglyceride in liver

(mmol/g tissue) 77.9 � 10.1 136.7 � 20.3† 103.9 � 12.4

*Values are mean � SEM, n � 10 in each group.
†P � .05 (v MHN-01);
‡P � .01 (v MHN-01);
§P � .001 (v MHN-01);
�P � .05 (v SBF);

¶P � .01 (v SBF).
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ffects of MHN-01 could be due to the suppression of the
xcess calories exposed in adipocytes, which were controlled
y insulin. In fact, lean body mass among the 3 groups was not
ifferent.
An �-glucosidase inhibitor (�-GI) significantly decreased

he BW, the postprandial increase in PG, and reduced resis-
ance to insulin in patients with impaired glucose tolerance.31-34

ecause insulin resistance is an important factor in the devel-
pment of type 2 diabetes, such an effect of �-GI could have a
ole in delaying the progression of impaired glucose tolerance
o diabetes. It would also possibly explain why �-GI treatment
as associated with an increased reversion to normal glucose

olerance.
Insulin resistance is characterized by the inability of insulin

o increase glucose uptake in the normal manner in peripheral
uscle and adipose tissues35 and to suppress hepatic glucose

utput. Increased fatty acid levels are recognized as key com-
onents of the pathogenesis of insulin resistance.36 High-fat
eeding and elevation of circulating FFA are clearly sufficient
o induce peripheral and hepatic insulin resistance.37-40 Fasting
G levels after 2 months increased in the SBF group; in
ontrast, they decreased in the MHN-01 group. Therefore, the

ncreased insulin resistance observed in the SBF group could be i

REFEREN

5. Bruce DG, Chisholm DJ, Storlien LH, et al: Physiological im-

p
d

i
2

m
r
1

g
d

elated to abnormalities in lipid metabolism. Furthermore, post-
randial hyperglycemia with subsequent hyperinsulinemia was
lso observed in the SBF group; this deterioration was not
bserved in the MHN-01 group. Thus, the partial replacement
f complex digestible carbohydrates with palatinose in an en-
eral formula can improve glycemic control in subjects with
ostprandial hyperglycemia and hyperinsulinemia induced by
nsulin resistance.

The SD rat is metabolically normal and is not analogous to
umans with early type 2 diabetes and insulin resistance. The
act that an insulin sensitizing effect was detectable in these rats
dministered MHN-01 is encouraging, but should be followed
p with study in an insulin-resistant rat model, of which there
re several available. Further studies on the effects of other
utrients besides palatinose in MHN-01 on carbohydrate and
ipid metabolism will be required in various models of hyper-
nsulinemia/insulin resistance, because insulin secretion can be
ore potently stimulated by oral loading of lipids or amino

cids in addition to glucose compared with glucose alone.41

owever, the results observed in this study using mixed meals
ay encourage human study to confirm whether MHN-01 may

e a useful functional food for the treatment and prevention of

Fig 3. (A) GIR and (B) HGU

during hyperinsulinemic eugly-

cemic clamp with OGL in

MHN-01 (white bar), SBF (black

bar), and MF (hatched bar)

groups. Values are means � SE

for n � 10. *P < .05 (v MHN-01).
nsulin resistance.
CES
1. Amos AF, McCarty DJ, Zimmet P: The rising global burden of
iabetes and its complications: Estimates and projections to the year
010. Diabet Med 14:S1-S85, 1997
2. King H, Aubert RE, Herman WH: Global burden of diabetes,

995-2025: Prevalence, numerical estimates and projections. Diabetes
are 21:1414-1431, 1998
3. Lillioja S, Mott DM, Howard BV, et al: Impaired glucose toler-

nce as a disorder of insulin action: Longitudinal and cross-sectional
tudies in Pima Indians. N Engl J Med 318:1217-1225, 1988

4. Reaven G, Miller R: Study of the relationship between glucose
nd insulin responses to an oral glucose load in man. Diabetes 17:560-
69, 1968
ortance of deficiency in early prandial insulin secretion in non-insulin-
ependent diabetes. Diabetes 37:736-744, 1988
6. Laedtke T, Kjems L, Porksen N, et al: Overnight inhibition of

nsulin secretion restores pulsatility and proinsulin/insulin ratio in type
diabetes. Am J Physiol 279:E520-E528, 2000
7. Savage PJ, Bennion LJ, Flock EV, et al: Diet-induced improve-
ent of abnormalities in insulin and glucagon secretion and in insulin

eceptor binding in diabetes mellitus. J Clin Endocrinol Metab 48:999-
007, 1979
8. Savage PJ, Bennion LJ, Bennett PH: Normalization of insulin and

lucagon secretion in ketosis-resistant diabetes mellitus with prolonged
iet therapy. J Clin Endocrinol Metab 49:830-833, 1979

9. United Kingdom Prospective Diabetes Study (UKPDS) 13: Rel-



a
m
d

i
t
f

s
1

m
1

i
d

p
2

n
H

d
o
c
5

A
4

a
d

c
b
k
v

e
u
O

t
1

i
o
1

n

b
3

D

f
2

s
D

i

s
w

A

r

o
D

o
L

t
i

t
f

g

t
c

f
c

h
d

d
c

l
n

r
w

983EFFECT OF PALATINOSE-BASED FORMULA
tive efficacy of randomly allocated diet, sulphonylurea, insulin, or
etformin in patients with newly diagnosed non-insulin-dependent

iabetes followed for three years. BMJ 310:83-88, 1995
10. DiMarchi RD, Chance RE, Long HB, et al: Preparation of an

nsulin with improved pharmacokinetics relative to human insulin
hrough consideration of structural homology with insulin-like growth
actor l. Horm Res 41:93-96, 1994 (suppl 2)

11. Siddiqui IR, Furgala B: Isolation and characterization of oligo-
accharides from honey. Part 1. Disaccharides. J Api Res 6:139-145,
967
12. Lingstrom P, Lundgren F, Birkhed D, et al: Effects of frequent
outhrinses with palatinose and xylitol on dental plaque. Eur J Oral Sci

05:162-169, 1997
13. Kawai K, Okuda Y, Yamashita K: Changes in blood glucose and

nsulin after an oral palatinose adlninistration in normal subjects. En-
ocrinol Jpn 32:933-936, 1985
14. Kawai K, Yoshikawa H, Murayama Y, et al: Usefulness of

alatinose as a caloric sweetener for diabetic patients. Horm Metab Res
1:338-340, 1989
15. Okuda Y, Kawai K, Chiba Y, et al: Effects of parenteral palati-

ose on glucose metabolism in normal and streptozotocin diabetic rats.
orm Metab Res 18:361-364, 1986
16. Dahlquist A, Auricchio S, Semenza G, et al: Human intestinal

isaccharidases and hereditary disaccharide intolerance: The hydrolysis
f sucrose, isomaltose, palatinose (isomaltulose), and 1,6-�-oligosac-
haride (isomalto-oligosaccharide) preparation. J Clin Invest 42:556-
62, 1963
17. Lina BAR, Jonker D, Kozianowski G: Isomaltulose (palatinose):
review of biological and toxicological studies. Food Chem Toxicol

0:1375-1381, 2002
18. Mizuno A, Murakami T, Otani S, et al: Leptine affects pancre-

tic endocrine functions through the sympathetic nervous system. En-
ocrinology 139:3863-3870, 1998
19. Mizuno A, Noma Y, Kuwajima M, et al: Changes in islet

apillary angioarchitecture coincide with impaired beta cell function
ut not with insulin resistance in male Otsuka-Long-Evance-To-
ushima fatty rats: Dimorphism of the diabetic phenotype at an ad-
anced age. Metabolism 48:477-483, 1999
20. Kawamori R, Matsuhisa M, Kinoshita J, et al: Pioglitazone

nhances splanchnic glucose uptake as well as peripheral glucose
ptake in non-insulin dependent diabetes mellitus. AD-4833 Clamp-
GL Study Group. Diabetes Res Clin Pract 41:35-43, 1998
21. Folch J, Lees MS, Stanley GH: A simple method for the isola-

ion and purification of total lipids from animal tissues. J Biol Chem
16:497-509, 1957
22. Thomas BL, Laine DC, Goetz FC: Glucose and insulin response

n diabetic subjects: Acute effect of carbohydrate level and the addition
f soy polysaccharide in defined-formula diets. Am J Clin Nutr 48:
048-1052, 1988
23. Slama G, Klein JC, Delage A, et al: Correlation between the

ature and amount of carbohydrate in meal intake and insulin delivery
y the artificial pancreas in 24 insulin-dependent diabetics. Diabetes
0:101-105, 1981
24. Bantle JP: Clinical aspects of sucrose and fructose metabolism.

iabetes Care 12:56-61, 1989
25. Bantle JP, Laine DC, Thomas J: Metabolic effects of dietary

ructose and sucrose in type I and type II diabetic subjects. JAMA
56:3241-3246, 1986
26. Peters AL, Davidson MB, Eisenberg K: Effect of isocaloric

ubstitution of chocolate cake for potato in type I diabetic patients.
iabetes Care 13:888-892, 1990
27. Foster-Powell K, Miller JB: International tables of glycemic

ndex. Am J Clin Nutr 62:871S-893S, 1995 (suppl)
28. Sugiyama M, Tang AC, Wakaki Y, et al: Glycemic index of

ingle and mixed meal foods among common Japanese foods with
hite rice as a reference food. Eur J Clin Nutr 57:743-752, 2003
29. Daly M: Sugars, insulin sensitivity, and the postprandial state.

m J Clin Nutr 78:865S-872S, 2003 (suppl)
30. Willett W, Manson J, Liu S: Glycemic index, glycemic load, and

isk of type 2 diabetes. Am J Clin Nutr 76:274S-280S, 2002 (suppl)
31. Chiasson J-L, Josse RG, Leiter LA, et al: The effect of acarbose

n insulin sensitivity in subjects with impaired glucose tolerance.
iabetes Care 19:1191-1194, 1996
32. Chiasson J-L, Josse RG, Gomis R, et al: Acarbose for prevention

f type 2 diabetes mellitus: The STOP-NIDDM randomised trial.
ancet 359:2072-2077, 2002
33. Tuomilehto J, Lindstrom J, Eriksson JG, et al: Prevention of

ype 2 diabetes mellitus by changes in lifestyle among subjects with
mpaired glucose tolerance. N Engl J Med 344:1343-1350, 2001

34. Knowler WC, Barrett-Connor E, Fowler SE, et al: Reduction in
he incidence of type 2 diabetes with lifestyle intervention or met-
ormin. N Engl J Med 346:393-403, 2002

35. Saltiel AR, Kahn CR: Insulin signalling and the regulation of
lucose and lipid metabolism. Nature 414:799-806, 2001
36. Krebs M, Krssak M, Nowotny P, et al: Free fatty acids inhibit

he glucose-stimulated increase of intramuscular glucose-6-phosphate
oncentration in humans. J Clin Endocrinol Metab 86:2153-2160, 2001

37. Shang W, Yasuda K, Takahashi A, et al: Effect of high dietary
at on insulin secretion in genetically diabetic goto-kakizaki rats. Pan-
reas 25:393-399, 2002

38. Muurling M, Jong MC, Mensink RP, et al: A low-fat diet has a
igher potential than energy restriction to improve high-fat diet-in-
uced insulin resistance in mice. Metabolism 51:695-701, 2002
39. Ahren B, Scheurink AJ: Marked hyperleptinemia after high-fat

iet associated with severe glucose intolerance in mice. Eur J Endo-
rinol 139:461-467, 1998

40. Akiyama T, Tachibana I, Shirohara H, et al: High-fat hyperca-
oric diet induces obesity, glucose intolerance and hyperlipidemia in
ormal adult male Wistar rat. Diabetes Res Clin Pract 31:27-35, 1996
41. Van Loon LJC, Saris WHM, Verhagen H, et al: Plasma insulin

esponses after ingestion of different amino acid or protein mixtures
ith carbohydrate mixture. Am J Clin Nutr 72:96-105, 2000


	Effect of a Novel Palatinose-Based Liquid Balanced Formula (MHN-01) on Glucose and Lipid Metabolism in Male Sprague-Dawley Rats After Short- and Long-Term Ingestion
	MATERIALS AND METHODS
	Preparation and Composition of the Palatinose-Based Enteral Formula
	Animals
	Catheterization
	Bolus Intragastric Administration of MHN-01, SBF, or D-Glucose
	Long-Term Feeding of MHN-01, SBF, or Control MF Diet
	Measurement of In Vivo Glucose Disposal and Hepatic Glucose Uptake
	Preparation of Organs
	Assays
	Calculation of HGU
	Calculations and Statistical Analysis

	RESULTS
	Changes in PG and IRI Levels in Femoral and Portal Veins After Intragastric Administration of MHN-01, SBF, or Glucose
	Glucose and Fat Metabolism After Oral Administration of MHN-01, SBF, or MF for Two Months
	Food intake and BW.
	Fasting PG, IRI, and TG levels.

	Insulin Sensitivity Evaluated by Hyperinsulinemic Euglycemic Clamp
	Weights of Adipose Tissues, Liver, and Pancreas

	DISCUSSION
	REFERENCES


