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ABSTRACT: Ingestion of high-fructose corn syrup (HFCS) is associated with the risk of both diabetes and obesity. Rare sugar
syrup (RSS) has been developed by alkaline isomerization of HFCS and has anti-obesity and anti-diabetic effects. However, the
influence of RSS on glucose metabolism has not been explored. We investigated whether long-term administration of RSS
maintains glucose tolerance and whether the underlying mechanism involves hepatic glucokinase translocation. Wistar rats were
administered water, RSS, or HFCS in drinking water for 10 weeks and then evaluated for glucose tolerance, insulin tolerance,
liver glycogen content, and subcellular distribution of liver glucokinase. RSS significantly suppressed body weight gain and
abdominal fat mass (p < 0.05). The glucose tolerance test revealed significantly higher blood glucose levels in the HFCS group
compared to the water group, whereas the RSS group had significantly lower blood glucose levels from 90 to 180 min (p < 0.05).
At 30, 60, and 90 min, the levels of insulin in the RSS group were significantly lower than those in the water group (p < 0.0S).
The amount of hepatic glycogen was more than 3 times higher in the RSS group than that in the other groups. After glucose
loading, the nuclear export of glucokinase was significantly increased in the RSS group compared to the water group. These
results imply that RSS maintains glucose tolerance and insulin sensitivity, at least partly, by enhancing nuclear export of hepatic
glucokinase.
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Bl INTRODUCTION
High-fructose corn syrup (HFCS) is commercially produced by

a-glucosidase in vitro and in vivo, resulting in decreased
absorption of glucose.” The other is the effect on glycemic

isomerizing glucose to fructose. The taste of HCEFS is similar to
that of sucrose, and its price is affordable. Thus, HFCS has been
used in various foods, such as beverages, desserts, and
confectionery and bakery products. However, the consumption
of HECS has been reported to be one of the risk factors for
developing diabetes and obesity." Although there is no cure for
diabetes at present, lifestyle changes, such as eating healthy
foods, exercising regularly, and maintaining a healthy body
weight, are advised to prevent high blood sugar levels and delay
the onset of complications. From a preventative point of view,
it is advisible to reduce sugar intake or to replace sugar with
other low-calorie sweeteners. Thus, the development of new
types of sweeteners is awaiting.

p-Allulose, a C; epimer of D-fructose, is one of the rare sugars
that are present in a limited quantity in nature. Studies have
shown that p-allulose has various functlons, such as reducing
postprandial blood glucose elevation.”” In addition, p-allulose
was observed to decrease body weight gain and adipose tissue
welght ¢ Clinical trials using a maltodextrin diet or standard
meal have confirmed that p-allulose suppresses postprandial
blood glucose levels.”® Two mechanisms have been suggested
for the glucose-lowering effect of p-allulose. One is via
inhibition of a-glucosidase; p-allulose inhibits the activity of
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response in the liver; D-allulose promotes the conversion of
blood glucose to glycogen in the liver via glucokinase (GK).”"’
In addition to these mechanisms, another mechanism might be
proposed: competitive inhibition of glucose absorption by D-
allulose in the digestive tract delays an increment in blood sugar
because glucose, fructose, and p-allulose have a common
transporter, GLUT 2, at the basolateral membrane in Caco-2
cells."" Collectively, these mechanisms might have contributed
to decreased postprandial blood glucose in humans.”*

The liver plays an important role in maintaining glucose
homeostasis. Glucose internalized by hepatocytes is phosphory-
lated to glucose 6-phosphate by GK, which is a key step of
glycolysis, glycogen synthesis, and the pentose phosphate
pathway.'>"® GK (also called hexokinase IV) compared to
other hexokinases (I-III) has a relatively low affinity for
glucose and does not undergo an inhibition by glucose 6-

phosphate.'” Thus, GK increases the amount of glycogen in the
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liver, suppressing postprandial blood glucose elevation."* GK in
the liver is regulated by glucokinase regulatory protein (GKRP)
that inhibits the activity of GK by binding to it."” When the
affinity of GK and GKRP is increased by fructose 6-phosphate,
GK remains in the nucleus in an inactive form. However, when
its affinity is reduced by fructose 1-phosphate or high glucose
concentration, GK is transported from the nucleus to the
2% Via an active process. GK increases glucose
utilization in the liver, thus resulting in increased glycogen
content or reduced blood glucose levels. p-Allulose 1-
phosphate, similar to fructose 1-phosphate, reduces affinity
between GKRP and GK, leading to GK activation.””’

Rare sugar syrup (RSS) has been developed by alkaline
isomerization of HFCS.”' RSS is a mixed syrup containing 45%
glucose, 29% fructose, 5% allulose, 5% sorbose, 2% tagatose, 1%
allose, and 13% other sugars. Therefore, RSS containing D-
allulose may activate GK, probably resulting in improved
glycemic control.

The anti-obesity effect of RSS has also been confirmed in
both humans and animals;**** in a clinical trial, the daily intake
of 40 g of RSS for 3 months led to a significant reduction (1.8
kg) in body weight compared to that observed after HFCS
intake.”” Furthermore, our previous study has shown that RSS
inhibits the activity of intestinal a-glucosidase in vitro and is
expected to reduce postprandial blood glucose elevation.” It is
therefore of interest to assess whether RSS, a new sweetener
derived from HFCS, maintains glucose tolerance and insulin
sensitivity and, if so, whether anti-hyperglycemic action of RSS
is mediated by exporting GK from the nucleus to the
cytoplasm. To this end, glucose tolerance and the degree of
GK translocation in rats administered water, HFCS, or RSS in
drinking water were investigated in the present study.

B MATERIALS AND METHODS

Experimental Animals. All animal experiments were approved by
the Meijo University Faculty of Animal Care and Use Committee.
Five-week-old Wistar male rats were purchased (CLEA Japan, Tokyo,
Japan), fed a commercial diet (AIN93-G, Oriental Yeast Co., Ltd,
Tokyo, Japan), and placed in stainless-steel cages under controlled
atmospheric conditions (ie., 22 + 2 °C with a 12 h light/dark cycle).
After 1 week of acclimation, animals were divided into three groups of
12 animals each. Rats were then fed a commercial diet ad libitum and
administered water, HFCS (HFCS42, Nihon Shokuhin Kakou Co.,
Ltd., Tokyo, Japan), or RSS (Matsutani Chemical Industry Co., Ltd,,
Itami, Japan) in drinking water for 10 weeks. We diluted HFCS and
RSS to provide 7% fructose solution, because a fructose solution of
approximately 10% has generally been used in studies to induce insulin
resistance.”* Before administration to animals, we measured the
concentration of total sugar and the composition of sugar by a
conventional method using high-performance liquid chromatography.
The total sugar concentration of the RSS and HFCS solutions was
approximately 25 and 15%, respectively.

Experimental Design. At 8 weeks, the oral glucose tolerance test
was carried out with 2 g of glucose/kg of body weight by oral gavage
after 16 h of fasting. Blood was collected from the tail vein before and
30, 60, 90, 120, and 180 min after glucose loading. For insulin
tolerance test at 8 weeks, a dose of 0.5 IU of insulin/kg of body weight
(Humulin R, Eli Lilly, Indianapolis, IN, U.S.A.) was subcutaneously
administered to rats. Blood was collected from the tail vein before and
after 30, 60, 90, 120, and 180 min after insulin loading. The blood was
then centrifuged, and the plasma was used for measurement of the
levels of blood glucose by a commercial kit (C-II test Wako, Wako
Pure Chemical Industries, Osaka, Japan). Insulin levels were measured
using an enzyme-linked immunoassay kit (Morinaga Institute of
Biological Science, Kanagawa, Japan). The area under the curve
(AUC) was calculated using the trapezoidal method.
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To elucidate the involvement of GK in RSS-induced anti-
hyperglycemic action, an oral glucose tolerance test was carried out
again at 10 weeks and GK translocation and the level of hepatic
glycogen were determined, as described below. Four rats of each group
were sacrificed before and 30 min after a glucose load. The liver was
then dissected and used for GK translocation. For glycogen content,
an additional four rats from each group underwent laparotomy under
anesthesia and the rat livers were perfused through inferior vena cava
with saline, excised, and stored at —80 °C before analysis.

Immunohistochemical Staining of GK. An aliquot of the
excised liver was immobilized with 4% paraformaldehyde. The
immobilized liver was infiltrated in 30% sucrose solution for 48 h at
4 °C. Finally, the liver tissue was infiltrated with OCT compound
(Sakura Finetek, Tokyo, Japan) and frozen in liquid nitrogen.
Cryosections were subjected to immunostaining using an anti-GK
antibody, prepared as described previously.'”*

Analysis of a Distribution of Liver GK in the Nucleus and
Cytoplasm. GK translocation from the nucleus to the cytoplasm was
analyzed through fluorescence imaging. The intensity of fluorescent—
antibody staining in the liver tissue was examined using a fluorescence
microscope and confocal laser microscopy (LSM 510 META, Zeiss,
Oberkochen, Germany)*® and quantified by software Image] [National
Institutes of Health (NIH), Bethesda, MD, U.S.A.).

Analysis of Liver Glycogen. The liver was homogenized with 0.6
M perchloric acid.”® The homogenate was then added to 1 M
potassium bicarbonate followed by 0.2 M acetate buffer to dissolve 1
mg/mL glucoamylase (Oriental Yeast Co., Ltd., Tokyo, Japan). The
reaction solution was incubated for 2 h at 40 °C. Next, the enzymatic
reaction was stopped by adding 500 uL of 0.6 M perchloric acid and
then centrifuged. The supernatant was used for glucose measurement.
The glycogen content was then calculated as glucose equivalent after
converting glucose milligrams to micromolar.

Statistical Analysis. Data are expressed as the mean + standard
deviation (SD). Data were analyzed using the multiple comparisons of
Fisher’s protected least significant difference (PLSD) test. All analyses
were performed with a statistical package (Excel Statistics 2010, SSR],
Co., Ltd,, Tokyo, Japan). Values were considered to be significantly
different when the p value was <0.0S.

B RESULTS

Body weight, calorie intake, and abdominal fat weight were
examined throughout the experiment, as shown in Figure 1.
There was no difference in body weight gain between the water
and HFCS groups, whereas that in the RSS group was
significantly suppressed throughout the experiment (p < 0.05)
(Figure 1A). Average food intake of the HFCS group (15 + 2
g/day) was significantly lower (p < 0.05) than that of the other
two groups (19 =+ 2 in the RSS group and 19 + 4 g/day in the
water group), while average fluid intake of the HFCS group (42
+ 6 g/day) was significantly higher (p < 0.05) than that of the
other two groups (23 + 3 and 19 + 2 g/day in the water and
RSS groups, respectively). Therefore, calorie intake from food
and fluid was not significantly different in the HFCS and RSS
groups, although the daily difference between the water and
other two groups was significant from time to time (Figure 1B).
The weight of the liver and kidney was not influenced by sugars
at 10 weeks (data not shown). The total amount of abdominal
fat, including perirenal, epididymal, and mesenteric fat, was
significantly higher in the HFCS group than that in the water
group, whereas it was significantly lower in the RSS group than
that in the other two groups (Figure 1C).

In the oral glucose tolerance test at 8 weeks, the levels of
blood glucose were determined for 180 min after a load of
glucose (Figure 2A). Although no difference was observed
between the blood glucose levels of the water and RSS groups
before a glucose load (0 min), the levels of blood glucose in
RSS rats were significantly lower than those in the HFCS
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Figure 1. Changes in (A) body weight, (B) total calorie intake, and
(C) abdominal fat weight in rats administrated water, RSS, and HFCS.
Data are expressed as the mean + SD (n = 12 for A and B, and n = 4—
S for C). Different letters (a, b, and c) show a significant difference at p
< 0.0S.

group. Blood glucose levels in the HFCS group from 0 to 180
min were higher than those in the water group, except at 90
min. Glucose levels at 90, 120, and 180 min were significantly
lower in the RSS group than those in the water group. The
AUC of blood glucose response in the HFCS group was higher
than that in the water and RSS groups (Figure 2B).

The levels of insulin were significantly higher in the HFCS
group at baseline than in the water and RSS groups. The HFCS
group had higher values of insulin during the oral glucose
tolerance test than those in the water group. On the other
hand, insulin levels before and during the glucose tolerance test
were lower in the RSS group than those in the HFCS group
(Figure 2C). The AUC of insulin response was significantly
lower in the RSS group than in the water and HFCS groups
(Figure 2D).

The insulin tolerance test showed that the reduction in blood
glucose in the RSS group was significantly higher than that in
the HFCS group (Figure 3).
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Figure 3. Effects of water, RSS, and HFCS on glucose levels during the
insulin tolerance test at 8 weeks. Data are expressed as a percentage of
values at 0 min. Data are expressed as the mean + SD (n = 4).
Different letters (a, b, and c) show a significant difference at p < 0.05.

Before and 30 min after a glucose load at 10 weeks, the
HECS group showed significantly higher levels of glucose than
those in the water and RSS groups (Figure 4A). Similarly,
insulin levels in the HFCS group were higher than those in the
water and RSS groups at 0 min. At 30 min after a glucose
loading, a lower insulin level was found in rats administered
RSS than that in rats receiving water (Figure 4B). We also
examined the hepatic glycogen content before and at 30 min
after a glucose loading (Figure 4C). The glycogen content in
the RSS group was 3 times higher than that in the water and
HECS groups at 0 min. After a glucose loading, the glycogen
content in the HFCS group was significantly lower than in the
water and RSS groups.
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Figure 2. Effects of water, RSS, and HFCS on plasma glucose and insulin levels during the oral glucose tolerance test at 8 weeks: (A) plasma glucose,
(B) AUC of plasma glucose, (C) insulin, and (D) AUC of insulin. Data are expressed as the mean =+ SD (n = 4). Different letters (a, b, and c) show a

significant difference at p < 0.0S.
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Figure 4. Effects of water, RSS, and HFCS on (A) plasma glucose levels, (B) insulin levels, and (C) hepatic glycogen levels during the oral glucose
tolerance test at 10 weeks. Data are expressed as the mean + SD (n = 4). Different letters (a, b, and c) show a significant difference at p < 0.0S
among the three groups at 0 or 30 min. () Significant difference at p < 0.05 compared to the corresponding group at 0 min.
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Figure S. Effects of water, RSS, and HFCS on nuclear export of GK in the perivenous and periportal zones in the liver: (A) representative picture of
immunohistochemical staining of GK in the perivenous (PV) and periportal (PP) zones from rats administered water (upper), HFCS (middle), and
RSS (lower) at 0 min, (B) representative picture of immunohistochemical staining of GK in the PV and PP zones from rats administered water
(upper), HFCS (middle), and RSS (lower) at 30 min after glucose loading, (C) distribution of GK in the cytoplasm in the perivenous zone at 0 and
30 min after glucose loading, and (D) distribution of GK in the cytoplasm in the periportal zone at 0 and 30 min after glucose loading. Data are
expressed as the mean + SD (n = 4). Different letters (a, b, and c) show a significant difference at p < 0.05 among the three groups at 0 or 30 min.
() Significant difference at p < 0.05 compared to the corresponding group at 0 min.
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The nuclear export rate of GK in the perivenous and
periportal zones in the liver before and after glucose loading
was analyzed (panels A—D of Figure S). Panels A and B of
Figure 5 show that the nuclear immunofluorescence in
hepatocytes from HFCS-fed rats is still evident; however, the
cytoplasmic immunofluorescence in hepatocytes from RSS-fed
rats is brighter than that from HFCS-fed rats. When the
distribution in the perivenous zone before a glucose loading
was quantified using an image analyzer, the distribution of GK
in the cytoplasm in the RSS group was higher (46%) than that
in the water group (28%) and that in the HFCS group (21%)
(Figure SC). After glucose loading, the distribution in the
cytoplasm remained lower in the HFCS group (30%)
compared to the water group (46%) and the RSS group
(68%). The same tendency was observed in the periportal
zone; the translocation of GK in the RSS group was higher
(59%) than that in the water group (39%) and that in the
HFCS group (27%) (Figure SD). After glucose loading, the
distribution in the cytoplasm was significantly lower in the
HFCS group (37%) than that in the water group (55%) and
that in the RSS group (78%).

B DISCUSSION

We have previously administered RSS to rats and found that
RSS is associated with lower body weight, abdominal fat, and
fasting insulin levels in rats compared to feeding with starch and
HFCS.** In this study, rats were administered water, RSS, or
HECS in drinking water for 10 weeks to understand the effect
of RSS on glucose metabolism. We observed that glucose
tolerance and insulin sensitivity in rats in the RSS group were
similar or even better than in animals in the water group,
whereas they deteriorated in the HFCS group, indicating that
RSS may be beneficial in maintaining glucose homeostasis.

As shown in Figure 1B, no difference in total calorie intake
was observed between the HFCS and RSS groups. However,
the former group had a significantly higher average body weight
than the latter throughout the experiment. The levels of food
efficiency for the water, HFCS, and RSS groups were 0.67, 0.57,
and 0.44, respectively, with the difference between the water
and RSS groups being significant. In addition, administration of
HEFCS was associated with a greater total adipose tissue weight
than that of water or RSS (Figure 1C), confirming its anti-
obese action, as seen in our previous clinical study”* and animal
studies.”” One of the rare sugars in the RSS, p-allulose, has been
well-studied. The mechanisms behind the anti-obese activity of
it have been proposed; p-allulose decreases hepatic lipogenic
enzymes and enhances energy expenditure.”® We also
calculated the amount of p-allulose ingested in the RSS group
as 900 mg kg™' of body weight day". It is unlikely that this
amount of p-allulose affects body weight gain as a result of the
findings from our previous study that 1500—3000 mg of p-
allulose a day did not increase body weight gain.27 Therefore, it
is possible that other rare sugars in RSS, such as p-sorbose and
D-tagatose, contributed to decreasing body weight. On the basis
of these findings, we have concluded that RSS has anti-obesity
activity. However, studies on the detailed mechanism of RSS-
induced anti-obese action are needed in the future.

As shown in Figure 2, oral glucose tolerance testing
performed at 8 weeks revealed that RSS favorably altered
glucose metabolism; the levels of blood glucose in the RSS
group were the lowest among the three groups. Administration
of water or RSS showed a significantly lower AUC of insulin,
per the results of oral glucose tolerance testing (Figure 2D),
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implying that RSS maintains insulin sensitivity. This finding was
further supported by an insulin tolerance test, as shown in
Figure 3. The decrease in glucose levels after a subcutaneous
injection of insulin was markedly greater in the RSS group than
in the water or HFCS group at 30 and 60 min. Matsuo et al.
have also shown that, after feeding p-allulose, one of the rare
sugars in RSS, to rats for 8 weeks, the levels of plasma glucose
and insulin were significantly lower relative to fructose.” This
anti-hyperglycemic activity of p-allulose was also observed in
db/db mice’® and Otsuka Long-Evans Tokushima Fatty
(OLETE) rats.'’ In clinical studies, when a varying amount
of p-allulose was co-administered with 75 g of maltodextrin, the
AUC for glucose and insulin during glucose tolerance testing
decreased in a dose-dependent manner.” Furthermore, subjects
with a fasting plasma glucose level of 100—126 mg/dL who
received a single dose of S g of p-allulose in tea and a standard
meal containing 84.5 g of carbohydrate exhibited significantly
lower plasma glucose levels at 30 and 60 min than those who
received a standard meal alone.® Previous studies have shown
that p-tagatose (one of the rare sugars in RSS) exerts anti-
hyperglycemic action. The level of glucagon-like peptide-1,
which is involved in secretion of insulin in the pancreas, is
augmented by p-tagatose.” In addition, p-sorbose, one of the
rare sugars in RSS, has been reported to reduce fasting plasma
insulin levels.”® One of the mechanisms underlying the anti-
hyperglycemic activity of RSS may be due to an inhibitory effect
of a-glucosidase because p-allulose, D-tagatose, and D-sorbose
exert a-glucosidase inhibitory action.””"*" Furthermore,
because glucose, fructose, and D-allulose share a common
transporter at the basolateral membrane in Caco-2 cells, as
suggested by Hishiike et al,'' the competitive and suppressive
effect of p-allulose in RSS on glucose absorption may provide
another conceivable mechanism. On the basis of these studies,
RSS containing Dp-allulose, D-sorbose, and D-tagatose also
appears to have anti-hyperglycemic activity.

A glucose load was carried out at 10 weeks to determine the
glycogen content and GK translocation. The levels of blood
glucose, insulin, and hepatic glycogen were also measured
before and 30 min after the glucose load. Administration of
water and RSS exhibited lower glucose and insulin levels than
HECS, as shown in Figure 4, while the glycogen content in the
liver was higher, which probably implies an anti-hyperglycemic
action of RSS. Next, we tried to see if GK translocation is
responsible for the improvement of glucose metabolism
induced by RSS, because GK plays a critical role in glucose
metabolism, shuttling between the nucleus and the cytoplasm
and phosphorylating glucose to %lucose 6-phosphate, the rate-
limiting step in glycolysis.'*~"" Studies have shown that
impaired GK activities in the liver may lead to hyperglycemia.*”
In addition, Toyoda et al. have found that GK translocation is
malfunctioned in Goto-Kakizaki rats, which are models for
diabetes.”* Decreased GK activities were also observed in
patients with impaired glucose tolerance.” Thus, these results
indicate that GK translocation from the nucleus to the
cytoplasm may be a good marker of glucose homeostasis. GK
activity is 1.7 times higher in the perivenous zone than in the
periportal zone.> In this study, the liver was sectioned into two
zones, the periportal and perivenous zones, and the trans-
location of GK from the nucleus to the cytoplasm was
measured in each zone. As shown in panels A and B of Figure S,
the area surrounding the nucleus (green spot) is brighter in
RSS than in HFCS, indicating that more GK exists in the
cytoplasm in the liver of RSS-fed rats. This was confirmed by
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quantifying fluorescence intensity (panels C and D of Figure 5).
The ratio of GK distributed in the cytoplasm (active form) in
the RSS group was highest in both the perivenous and
periportal zones among the three groups, implying that RSS
intake results in a more active form of GK, regardless of the
zone. Thus, glucose homeostasis modulated by RSS is at least
due to stimulated translocation of GK out of the nucleus.
Hossain et al. also observed that p-allulose stimulated GK
translocation in OLETF rats, resulting in improved glucose
tolerance and insulin sensitivity.'” The anti-hyperglycemic
action of D-tagatose has also been known to enhance the
translocation of GK.* Interestingly, these rare sugars have been
reported to increase hepatic glycogen.” Given that GK activity
is related to glycogen synthesis,"" our results suggest for the
first time that RSS containing rare sugars may exert anti-
hyperglycemic activity partially through activated GK and
increased glycogen content. In addition, the protective effect of
p-allulose on pancreas /3 islets, as shown in OLETF rats,"’ may
also contribute to the maintenance of glucose tolerance and the
enhancement of insulin sensitivity in rats fed RSS. Because GK
promotes glycolysis and enhances energy metabolism when
overexpressed in the liver,”® it is of interest to investigate the
relation between the mechanism underlying RSS-mediated
glucose metabolism and energy metabolism, in future studies.

Although HFCS has been reported to impair glucose
homeostasis and cause obesity and diabetes worldwide,
reducing its consumption to prevent these lifestyle-related
diseases is difficult. This report indicates that RSS, which
contains a small amount of p-allulose, D-sorbose, and D-
tagatose, has the potential to maintain glucose homeostasis.
The underlying mechanisms could be in part due to inhibited
or delayed glucose absorption in the small intestine and
enhanced GK translocation in the liver. Further studies are
needed to confirm the RSS role in maintaining glucose
metabolism and to expand on its applicability in the food
industry.
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