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Abstract

High fructose consumption is a risk factor for diabetes. Type 2 diabetes is as-
sociated with cognitive and memory impairment. To determine if fructose
intake might affect memory function independently of diabetes development,
we investigated the effects of monosaccharides on memory in prediabetic
state. We examined whether 2.5% apple juice solution could influence cogni-
tive function in salt-sensitive Dahl rats using passive avoidance methods.
Furthermore, we examined the role of monosaccharides intake in cognitive
function and oxidative stress in the brain. Four-week consumption of either
apple juice or 2.5% fructose did not affect the blood glucose concentrations;
however, apple juice, but not fructose, significantly decreased cognitive func-
tion compared with that of control rats given water. Second, Wistar rats aged
4 weeks were assigned to four groups given water, or 1.25% glucose, or fruc-
tose, or galactose solutions for 11 weeks. The fructose group had only slightly
higher blood glucose concentrations than the control group. However, mem-
ory function engraved at age of 7 weeks and evaluated for 8 weeks in a passive
avoidance test, was significantly decreased in the fructose and galactose
groups compared with those in the glucose group. Oxidative stress in the
brain, assessed by the tissue malondialdehyde (MDA) content, was signifi-
cantly increased in the fructose group compared with that in the control
group, and the decrease in cognitive function significantly correlated with the
MDA content. These findings suggest that long-term apple juice consump-
tion decreases memory function, possibly through an increase in oxidative
stress in the brain, in turn induced by fructose overloading. Fructose-induced
cognitive dysfunction is likely mediated by mechanisms other than insulin
resistance.

DOI: 10.4236/jbm.2018.610007 Oct. 26, 2018 52

Journal of Biosciences and Medicines


http://www.scirp.org/journal/jbm
https://doi.org/10.4236/jbm.2018.610007
http://www.scirp.org
https://doi.org/10.4236/jbm.2018.610007
http://creativecommons.org/licenses/by/4.0/

E. Yabe et al.

Keywords

Fructose, Cognitive Function, Type 2 Diabetes, Dahl Rat

1. Introduction

According to National Health and Nutrition Surveillance in Japan, the preva-
lence of diabetes has been increasing over the decades [1]. More than 90% of
Japanese patients have type 2 diabetes, whereas Caucasian people in the US and
Europe commonly suffer from type 1 diabetes. The reason for the high preva-
lence of type 2 diabetes in Japan is not clear; however, genetic background, life
style, and food culture may contribute to the regional differences.

Recent studies have reported a role of excessive fructose intake in the onset of
type 2 diabetes in rodents and humans [2] [3] [4] [5] [6]. Elderly people in Japan
generally consume at least 150 g of sweet fruits per day [7]. Based on a fructose
content of 15°Bx, this amount translates to an average daily fructose intake of as
much as 22 g. In US, averaged fructose intake reaches 48 g (37% of all sugar),
and such high fructose intake is a potential risk factor for type 2 diabetes [8].
Diabetes is a main cause of renal impairment and end-stage renal disease re-
quiring hemodialysis or kidney transplants. Proteinuria and insulin glycosyla-
tion or hypersecretion play critical roles in diabetic renal impairment. Therefore,
fructose intake management is important to reduce the risk of obesity and di-
abetes in Japan.

Evidence is emerging that obesity and type 2 diabetes are often associated with
cognitive impairment [9] [10] [11] [12] [13]. With the elderly population grow-
ing, the number of potentially affected individuals has been increasing. However,
it is not clear whether cognitive dysfunction is a consequence of diabetes. Fa-
voring causation are reports of impaired glucose utilization, decreased insulin
sensitivity in the central nervous system and increased glycosylation in hippo-
campal cells responsible for memory in diabetic patients [10] [14]. Furthermore,
hyperinsulinemia has been shown to accelerate the processes of neural aging and
neurodegeneration [12]. In addition, evidence exists that fructose-induced di-
abetes is associated with impaired cognition, likely through the disruption of the
blood-brain barrier (BBB) [15] [16]. The BBB is susceptible to oxidative stress;
therefore, fructose-related cognitive impairment may be mediated by an increase
in oxidative stress in the brain.

Given that fructose increases oxidative stress on its own, it is important to dis-
tinguish clinically between cognitive impairment resulting from diabetes and
that associated with excessive intake of fructose per se. To this end, in the
present study, we tested the hypothesis that low-dose fructose intake might be
associated with cognitive impairment in prediabetes. Further, we examined the
role of cerebral oxidative stress caused by excessive fructose consumption in

cognitive impairment in rats.
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2. Materials and Methods

2.1. Experimental Design

2.1.1. Experiment L. Effects of Apple Juice on Cognitive Function
Four-week-old salt-sensitive Dahl rats were challenged with 1% (w/v) NacCl so-
lution for 3 weeks (Sankyo Laboratory, Tokyo, Japan) to increase the blood
pressure, and then randomly assigned to 1) a control group given water or 2) a
group given 2.5°Bx straight apple juice (approximately 6-fold diluted commer-
cially available pure juice). The rats were maintained on water or apple juice for
4 weeks. Regular 0.6% (w/w) NaCl chow (Oriental Kobo Co., Ltd.), and drinking
water or juice solution were available ad libitum during the experiment.

Per 100 mL, the 2.5°Bx apple juice given to the rats contained 33 mg of pro-
tein, 16 mg of lipid, 2.0 g of carbohydrate, 0.5 mg of Na’, 12.8 mg of K*, 0.3 mg
of Ca*, and 0.5 mg of Mg™", with a total energy value of 7.3 kcal. The regular
chow used in the present study was made according to the American Institute of
Nutrition recommendations for animal research (AIN-76 and AIN-93). For
every 100 g, the chow mix contained 23.8 g of protein, 5.1 g of lipid, 54.0 g of
carbohydrate, 3.2 g of fiber, 0.24 g of Na*, 0.87 g of K*, and 1.11 g of Ca’**, with
other micronutrients and vitamins, and a total energy value of 357 kcal. Each
solution and the chow were available ad libitum for 11 weeks.

At the end of the experiment, each rat was placed in a metabolic cage and a 24
hr urine sample was collected [17] [18]. After 12 hr fasting, the rats were anes-
thetized with pentobarbital (75 mg/kg body weight [BW]), and blood samples
and the organs of interest were obtained. The samples were stored under —80°C

until the assay.

2.1.2. Experiment II. Effects of Long-Term Intake of Monosaccharides on
Cognitive Function

Wistar male rats aged 4 weeks were purchased from Sankyo Laboratory. The rats
were fed a regular chow diet (Oriental Kobo). At the age of 7 weeks, the rats
were randomly assigned to 1) a control group given water, 2) a group given
1.25% (w/v) glucose solution (Wako Pure Chemicals, Tokyo, Japan), 3) a group
given 1.25% (w/v) fructose solution (Wako Pure Chemicals), or 4) a group given
1.25% (w/v) galactose solution (Wako Pure Chemicals).

At the end of the experiment, each rat was placed in a metabolic cage and a 24
hr urine sample was collected [17] [18]. After 12 hr fasting, the rats were anes-
thetized with pentobarbital (75 mg/kg body weight [BW]), and blood samples
and the organs of interest were obtained. The samples were stored under —80°C

until the assay.

2.2. Biochemical and Blood Pressure Measurements

The systolic blood pressure was determined by the tail-cuff method (Natsume
Manometer-Tachometer model KN-210-1, Tokyo, Japan) [17] [18]. Protein ex-
cretion in the urine was determined using the Protein assay kit (BioRad, Tokyo,

Japan). Blood and urine electrolytes were determined by an autoanalyzer. Blood
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glucose concentrations were determined by the glucose oxidase method.

2.3. Evaluation of Learning Ability by the Passive Avoidance Task

The behavioral experiments were performed in a quiet, diffusely lighted room
(indirect light from 25-Watt lamps placed 1.5 m above the animals; O'HARA &
CO., Ltd., Tokyo, Japan) [19] [20] [21]. After the rats had acclimated to the test
room, they were trained in a conventional step-through passive avoidance appa-
ratus that was divided into two chambers, one light and the other dark (Figure
1). The apparatus had a stainless-steel grid floor, and the chambers were sepa-
rated by a sliding door. Each animal was placed initially in the safe lighted
chamber with the slit door closed. After 60 s of equilibrium stabilization, the slit
door to the dark chamber was opened. After the rat stepped into the dark room,
the door was closed and an electric foot shock (75 V, 500 mA; parameters de-
termined according to previous studies [19]) was delivered. After 10 s, the door
was re-opened and the rat regained access to the safe light room. Through a se-
ries of such procedures, the rats memorized the risk of a foot shock in the dark
compartment and its avoidance in the light one.

To determine how well the memory was preserved, response latency was
measured. Briefly, the shock generator was turned off and the rats were placed in
the safe light chamber. The time to enter the dark chamber was measured, for a

maximum of 400 s. Longer response latencies indicated better memory function.

2.4. Evaluation of Oxidative Stress in the Brain

To assess oxidative stress in the brain, we measured malondialdehyde (MDA)

Figure 1. Passive avoidance apparatus. The apparatus had two chambers, light room (left)
and dark room (right), separated by a slit door indicated by a white arrow. The right de-
vice is a controller to place an electric shock to engrave the memory as detailed in text.
The latency time more than 400 secs was considered as maintaining the memory.
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generation in whole-brain homogenates [22] [23]. Briefly, the entire brain was
isolated, rinsed with ice-chilled fresh Dulbecco’s phosphate-buffered solution
(D-PBS), and quickly homogenized in 50 mmoles/L D-PBS, pH 7.4, at 4°C using
a Polytron ultrasonic blender (Central Scientific Commerce, Inc., Tokyo, Japan).
The homogenate was spun at 1300 g at 4°C for 10 min. An aliquot of the super-
natant was incubated at 37°C for 30 min, and the reaction was terminated with
20% trichloroacetic acid (1:1, v/v). The assay mixture was immediately centri-
fuged at 2000 g at 4°C for 15 min. Two mL of the supernatant was heat-treated
at 100°C for 15 min with 0.4 mL of 0.12 M thiobarbituric acid solution, pH 7.4.
The optical absorbance of malondialdehyde (MDA) was measured at 532 nm by
a Hitachi U-3200 spectrophotometer (Hitachi Ltd., Tokyo, Japan). The protein
concentration of the 1300 g supernatant was measured using the BioRad Protein

assay kit.

2.5. Statistical Analysis

All statistical analyses were performed using STATISTICA software (StatSoft,
Tulsa, OK). Values were expressed as means + SD and checked by Kolmogo-
rov-Smirnov Tests for normality before assessment of statistical significance.
Differences were assessed by Student’s t test or one-way analysis of variance fol-
lowed by post-hoc Tukey HSD test for parametric analysis and Mann-Whitney
or Friedman ANOVA and Kendall Coeff of Concordance test for non-parametric
analysis. The correlation was assessed by Pearson correlation analysis. P-values

less than 0.05 were considered statistically significant.

2.6. Declarations

We followed the guidelines for experimental animal handling, and our study was
approved by the Animal Care Committee of the Kyoritsu Women’s University
(#15001). The experiment was conducted in accordance with the National Insti-
tutes of Health (NTH) guidelines.

3. Results

3.1. Experiment I. Effects of Apple Juice on Cognitive Function

To investigate the effects of fructose-rich foods on cognitive function, we ex-
amined whether apple juice affected memory function in a genetic rat model of
human metabolic syndrome. Salt-sensitive Dahl rats develop salt-induced
hypertension with decreased insulin sensitivity. To minimize insulin resistance
due to fructose loading, we used lower concentrations of apple juice (2.5°Bx) for
4 weeks than those required for induction of type 2 diabetes as reported pre-
viously [24].

No differences in the blood glucose concentration were observed between
fructose-loaded and control rats, as shown in Table 1. In contrast, the systolic
blood pressure at week 4 was 5.9% lower in the fructose group than in the con-
trol group (p < 0.05). The memory function data are shown in Figure 2. The
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Table 1. Basal data on body weight, SBP and BS.

Group Body weight (grams) SBP (mmHg) BS (mg/dL)
Period wk 0 wk 4 wk 0 wk 4
Control 204.2 £16.1 311.4+16.7 163.4 +6.2 153.5+6.8 1345+11.3
Fructose 202.8 £+4.8 3164 +16.5 155.8 £ 8.1 146.1 £ 3.2 129.7 £10.8
Apple juice 204.2+11.3 300.0 £20.0 159.1 £ 6.4 144.7 £ 9.7* 134.0 £ 15.5

Control, control group given water; Fructose, fructose group given 5% fructose solution; apple juice, rats
given apple juice; SBP, systolic blood pressure; BS, 12-hr fasting blood glucose concentrations. Values are
expressed as means + SD. Differences are analyzed by Student’s t test. *p < 0.05 vs control rats at wk 4.

600
~ 1 control

500 fructc;se

400 B.. & - - )
) L
$ 300 IR e )
o) R i R
£ 200 b b
= o)
? 100 1 R
5 1 | t*
= 0 L apple juice

-100

-200

wk0 wk2 wk4

Experimental Period(week)

Figure 2. The effects of apple juice on memory function. Wk 0, prior to loading the solu-
tions; wk 2, at week 2; wk 4, at the end of study; open circle, control rats; open square, rats
given fructose solutions; and closed circle, the rats given apple juice. The differences were
assessed by Mann-Whitney U test. *p < 0.05 vs control rats.

latency time was significantly decreased (by 60%) in rats given apple juice com-

pared with that in control rats (p < 0.05).

3.2. Experiment II. Effects of Long-Term Intake of
Monosaccharides on Cognitive Function

Based on the data in Exp I, we investigated the role of oxidative stress in cogni-
tive impairment in rats given fruit juice solution.

Although the mean BW increased in an age-dependent manner, no significant
differences were found among the experimental groups either at day 28 or day
56 (Figure 3). Moreover, no significant differences were observed in BW gain
among the four groups.

The blood glucose concentrations are shown in Figure 4. The glucose con-

centration in the fructose group was slightly higher than those in the other
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Figure 3. Body weight during the experiment. Body weights at day 28 are shown in the
left columns and those at day 56 in the right columns. There were no differences in body
weights among the experimental groups. The differences between the groups were as-
sessed by Mann-Whitney U test.
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Figure 4. Blood glucose concentrations. Blood glucose concentrations after 12-hr fast-
ing. Differences were assessed by Mann-Whitney U test. There were no group differ-

ences.

groups; however, the difference was not statistically significant (Mann-Whitney

U test; p = 0.118 vs. control, p = 0.443 vs. glucose, and p = 0.125 vs. galactose).
The effects of monosaccharides on the response latency in the step-through

passive avoidance task, a useful index of learning ability, are shown in Figure 5.

Memory function was well preserved in the control and glucose groups throughout
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Figure 5. The effects of monosaccharides on memory function. Open circles, control;
close circles, glucose group; open triangle, fructose group; and open square, galactose.
Mean values (n = 7 for each) were demonstrated and SD values were not shown. The
group differences during the experiment were assessed by Friedman ANOVA and Ken-
dall Coeff of Concordance test; fructose vs control, p < 0.05, fructose vs glucose, p < 0.001
vs glucose, and galactose vs glucose, p < 0.001. The differences at each day were assessed
by Mann-Whitney U test. 'p < 0.1,p < 0.05, **p < 0.001 and ***p < 0.0001 vs glucose.

the experiment. In contrast, memory in the fructose group declined at days 14,
28, and 56 compared with that in the control and glucose groups. The group dif-
ferences were significant (Friedman ANOVA test; p < 0.05 for fructose vs. con-
trol, p < 0.001 for fructose vs. glucose). The galactose group also exhibited lower
memory function compared with the glucose group.

We measured cerebral MDA concentrations to assess oxidative stress in the
brain. As shown in Figure 6(a), the brain MDA content tended to be higher in
the fructose group than in the other experimental groups, the difference being
significant with the glucose group (p < 0.05). Moreover, the latency time signifi-
cantly correlated with the brain MDA concentration (r = —0.46, p < 0.05) as
shown in Figure 6(b).

4. Discussion

In this study, we demonstrated that, similar to fructose consumption, drinking
diluted apple juice was associated with impaired memory. We reported that 15%
fructose loading for 10 weeks causes apparent type-2 diabetes in rats. In this
study, to reduce the influence of glucose metabolism, we used 2.5°Bx juice,
which corresponded to lower dosage compared to that used for fructose loading
in our previous study [24].

In this setting, no effect on the blood sugar concentration was observed; how-

ever, apple juice consumption was associated with impaired memory function
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Figure 6. Oxygen stress in the brain. Oxygen stress measured as MDA concentrations in
the brain was demonstrated in graph (a). The differences were assessed by Mann-Whitney U

test. *p < 0.05 vs glucose. In graph (b), Pearson’s correlation between MDA concentra-
tions and memory function as assessed as latency time was demonstrated.

and a decreased systolic blood pressure compared with those of control rats. The
latter result indicates that such low concentrations of apple juice do influence
the rat cardiovascular system. However, no correlation was found between blood
pressure levels and memory function (r = —0.064, ns), suggesting that the mem-
ory impairment in rats given apple juice was not caused by the blood pressure
reduction. Each 100 mL of 2.5°Bx apple juice contained 12.8 mg of K*, translat-
ing into a daily intake of 42 - 62 mg/kg BW based on the animals weighing 200 -
300 g and consuming approximately 100 mL of juice a day. This intake is equiv-
alent to 2.1 - 3.1 g/50kg BW in humans, which is enough to reduce the blood

pressure.
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We reported previously that long-term intake of 15% (w/v) fructose solution
caused type 2 diabetes in Wistar rats [24]. In these rats, increased blood glucose
concentrations were associated with elevated blood insulin concentrations, thereby
increasing the homeostasis model assessment of insulin resistance (HOMA-IR).
The association of fructose loading with the onset of insulin resistance is in
agreement with reports from other laboratories [2] [3] [4] [5] [6]. Interestingly,
evidence is emerging that overt type 2 diabetes increases the risk of cognitive
impairments [9]-[14]. Long-term hyperglycemia injures vascular walls and leads
to a decrease in the cerebral blood flow. In addition, both insufficient glucose
utilization and hyperinsulinemia impair cerebral cells responsible for memory
function. Hyperinsulinemia due to insulin resistance down regulates insulin re-
ceptor expression and consequently accelerates the processes of neural aging and
neurodegeneration.

Type 2 diabetes induced by long-term fructose intake has been reported to be
associated with a decline in cognitive function [10] [11] [12] [13]. However, it is
not clear whether the memory impairment is caused by diabetes or the excessive
intake of fructose. In fact, evidence exists that fructose is cytotoxic through re-
duction-oxidation reactions [15] [16]. An important finding of the present study
is that memory impairment, as assessed by the passive avoidance test, precedes
overt type 2 diabetes: blood glucose concentrations did not increase following
fructose loading in our experiments. These results show that the memory func-
tion deficits observed in fructose-fed rats are unlikely to be mediated by im-
paired glucose metabolism.

Takechi, et al reported that fructose loading disrupted the BBB and increased
its permeability in mice prior to cognitive function impairment [15]. The BBB is
a target of oxidative stress. Moreover, it is reported that oxidative stress increases
blood-brain barrier permeability and induces alterations in occludin during hy-
poxia-reoxygenation [25]. Indeed, we demonstrated that oxidative stress in rats
given fructose was higher than in those fed glucose. Moreover, the stress level
was negatively correlated with memory function. These results strongly suggest
that memory dysfunction in fructose-fed rats was mediated by increased oxida-
tive stress and BBB disruption. Thus, insulin resistance may induce cognitive
dysfunction before glucose metabolism is impaired.

Galactose loading was associated with cognitive impairment; however, oxida-
tive stress was not increased in the brain. Cui ef al reported that long-term ad-
ministration of D-galactose in s.c. (100 mg/kg) for 7 weeks causes neurodegene-
ration with oxidative stress in serum [26]. However, memory impairment due to
galactose loading is reportedly associated with neurodegeneration, decreased
immune responses, advanced glycation end product (AGE) formation and gene
transcriptional changes. Mechanism of memory impairment may be different
between these monosaccharides.

We examined glucose, fructose and galactose in this study because these are

the main monosaccharides in daily life. Some of monosaccharides interest us for
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health benefits on glucose metabolism and this is our next step to investigate.

5. Conclusion

We have demonstrated that long-term fructose intake is associated with im-
paired memory function and increased oxidative stress in the rat brain. Memory
was also impaired in rats given apple juice rich in fructose, without overt hyper-
glycemia. These results suggest that fructose-intake-associated memory impair-
ment is not related to insulin resistance but, rather, is caused by fructose loading
per se. Fructose intake may need to be reduced to the minimum level required

for healthy living.
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