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Short-term fructose ingestion affects the brain independently 
from establishment of metabolic syndrome

Alberto Jiménez-Maldonado1, Zhe Ying1, Hyae Ran Byun1, and Fernando Gomez-Pinilla1,2,*

1Department of Integrative Biology & Physiology, UCLA, Los Angeles, USA

2Department of Neurosurgery, UCLA Brain Injury Research Center, Los Angeles, USA

Abstract

Chronic fructose ingestion is linked to the global epidemic of metabolic syndrome (MetS), and 

poses a serious threat to brain function. We asked whether a short period (one week) of fructose 

ingestion potentially insufficient to establish peripheral metabolic disorder could impact brain 

function. We report that the fructose treatment had no effect on liver/body weight ratio, weight 

gain, glucose tolerance and insulin sensitivity, was sufficient to reduce several aspects of 

hippocampal plasticity. Fructose consumption reduced the levels of the neuronal nuclear protein 

NeuN, Myelin Basic Protein, and the axonal growth-associated protein 43, concomitant with a 

decline in hippocampal weight. A reduction in peroxisome proliferator-activated receptor gamma 

coactivator-1 alpha and Cytochrome c oxidase subunit II by fructose treatment is indicative of 

mitochondrial dysfunction. Furthermore, the GLUT5 fructose transporter was increased in the 

hippocampus after fructose ingestion suggesting that fructose may facilitate its own transport to 

brain. Fructose elevated levels of ketohexokinase in the liver but did not affect SIRT1 levels, 

suggesting that fructose is metabolized in the liver, without severely affecting liver function 

commensurable to an absence of metabolic syndrome condition. These results advocate that a 

short period of fructose can influence brain plasticity without a major peripheral metabolic 

dysfunction.
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1. Introduction

The rise in consumption of foods high in calories has been associated with an epidemic of 

metabolic disorders over the last thirty years [1]. Dietary fructose has been affirmed as a 

major contributor to the development of obesity, Type 2 Diabetes, and cardiovascular disease 

[2,3], and overall metabolic syndrome (MetS). Data from the third National Health 

Examination Survey (NHANES) reported that approximately 10% of Americans’ daily 

calories is obtained from fructose [4], with daily fructose intakes ranging from 8–23% [5]. 

Development of MetS is associated with impairment of brain function, and a progressive 

decline in cognitive abilities such as learning and memory [6,7]. A deficiency in peripheral 

glucose regulation is one of the primary conditions associated with establishment of MetS, 

and it is likely that its effects spread to the brain leading to functional and structural 

alterations [7,8]. MetS is a chronic condition that takes at least six weeks to develop in rats 

[9], and it is important to determine whether shorter periods of fructose exposure can pose a 

threat for body and brain.

The liver plays a crucial action on the metabolism of fructose [10,11], development of MetS, 

and is one of the primary organs affected by overconsumption of fructose resulting in non-

alcoholic fatty liver disease (NAFLD) [12]. NAFLD is characterized by reduced SIRT1 

levels and altered lipid metabolism, and often associated with the development of MetS [13]. 

The enzyme fructokinase or ketohexokinase (KHK) is important for fructose metabolism 

[14]. It has been shown in the liver that excessive fructose promotes upregulation of GLUT5, 

and elevation in KHK and aldolase B activities [14,15]. GLUT5, a member of the facilitative 

glucose transporter family is specific for fructose transport, and helps in the passive 

transport of fructose across membranes [16] into the brain. In the current report, we have 

explored the short-term effects of fructose consumption on the liver in conjunction with the 

brain to try to establish the initial events associated with the brain pathology.

A potential action of fructose on brain can be manifested in alterations in neuronal and glia 

cells. The neuronal nuclear Antigen (NeuN) is considered a marker of phenotypic and 

functional changes in neurons [17]. Another important factor that results in brain 

dysfunction and interfere with cognition is demyelination [18]. In the CNS, myelin basic 

protein (MBP) found in myelinating oligodendrocytes is indispensable for the formation of 

myelin sheath [19]. Notable reduction in MBP depicts disruption in myelin stability, causing 

degradation of myelin sheath and resultant loss [19,20]. Mitochondrial biogenesis is crucial 

for cell function and its failure can have important implications for the pathogenesis of 

various neurodegenerative diseases [21]; therefore, we also examined molecular systems 

associated with mitochondria, notably PGC-1α and COX2 [9]. PGC-1 α is a transcriptional 

co-activator that plays a critical role in the regulation of mitochondrial biogenesis and 

energy production. The present study reveals that a short-term fructose treatment in rats 

reduces several aspects of cellular plasticity. Information about the early influence of 

fructose ingestion on the molecular roots of brain function and plasticity is crucial for 

understanding the impact of fructose on the initial events that may predispose neurological 

disorders.
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2. Materials and Methods

2.1. Animals and diets

Eighteen male Sprague-Dawley rats (Charles River Laboratories, Inc., MA, USA) (two 

months old; weight 200–220 g) were housed in polyacrylic cages (two animals per cage) in a 

temperature-controlled room (22°C) with a 12- light/12-h dark cycle. All experiments were 

performed in accordance with the United States National Institutes of Health Guide for the 

Care and Use of Laboratory Animals. The animal studies and experimental procedures were 

approved by the University of California at Los Angeles Chancellor’s Animal Research 

Committee (ARC). One week before starting the fructose treatment, all animals were 

maintained under standard conditions (above indicated). Rat chow diet and water were 

supplied ad libitum, after the acclimatization period, the body weight was measured and the 

animals were homogenously divided to the next groups: Control group (C) received water 

only. Fructose 8% (F8), group received water with fructose at 8% (w/v). Fructose 15% 

(F15), group received water with fructose at 15% (w/v), the protocol was applied during 

seven days. All animals were fed with standard rat chow. During the protocol, all the groups 

had free access to food and water. The body weight (BW) of the rats was evaluated before 

and after the fructose treatment. Daily water intake and food intake were measured as the 

difference of the pre weighed portion of food and water before and after a 24 hours period; 

this protocol has been previously reported [22].

2.2. Barnes maze test

To assess learning and memory functions, all rats were tested on the Barnes maze before and 

after experimental diets [7]. The maze was manufactured from acrylic plastic to form a disk 

1.5 cm thick and 115 cm in diameter, with 18 evenly spaced 7 cm holes at its edges. In brief, 

animals were trained to locate a dark escape chamber hidden underneath a hole positioned 

around the perimeter of a disk. The disk was brightly illuminated by four overhead halogen 

lamps to provide aversive stimulus. All trials were recorded simultaneously by a video 

camera installed directly overhead at the center of the maze. Animals were trained with two 

trials per day for ve consecutive days before fructose treatment. A trial was started by 

placing the animal in the center of the maze covered under a cylindrical start chamber; after 

a 10s delay, the start chamber was raised. A training session ended after the animal had 

entered the escape chamber or when a pre-determined time (5 min) had elapsed, whichever 

came rst. To assess memory retention, two trials were given after 1 week of fructose. All 

surfaces were routinely cleaned before and after each trial to eliminate possible olfactory 

cues from preceding animals.

2.3. Glucose Tolerance Test (GTT) and Insulin Tolerance Test

By the end of the fructose treatment, animals were fasted for 12 h, and received i.p. 

Injections of D-glucose (2 g/kg). The blood collected from the tail vein was used for glucose 

measurement at 15 min, 30 min, 60 min and 120 min. After the glucose injection, one hand-

held glucometer and specific test strips (Bayer’s Contour meter) were used during the GTT. 

Blood glucose was calculated as the area under the curve (AUC) for each rat using the 

trapezoidal method. 24 h after the GTT, all the rats were exposed to 4 h fasting, basal 

glucose was determined; immediately after this, the animals received i.p. injection of insulin 
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(Novolin R regular human insulin; 0.75 U/kg), the blood glucose was determined as in GTT. 

Blood glucose response to ITT was calculated as % basal, and the AUC for each rat 

according with the trapezoidal method. The GraphPad Prism FAQ82 5.0 software (USA) 

was employed for AUC analysis, the method used for evaluate the response during the GTT 

and ITT has been reported [23].

2.4. Western blot

The hippocampal and liver tissues (50mg) were homogenized in 10 ml of lysis buffer (137 

mM NaCl, 20 mM Tris–HCl pH 8.0, 1% NP40, 10% glycerol, 1 mM 

phenylmethylsulfonylfluoride (PMSF), 10 μg ml−1 aprotinin, 0.1 mM benzethonium 

chloride, and 0.5 mM sodium vanadate). The homogenate was centrifuged at 12000 g (4 °C) 

for 30 min; the supernatant was collected and used for the protein concentration. The Pierce 

BCA Protein (Thermo scientific, USA) kit was employed to determine the total protein 

concentration; Bovine Serum Albumin (BSA) was used as a standard protein. 50 μg of total 

protein was loaded in each well and resolved by 10% SDS-PAGE acrylamide gel. Proteins 

were then transferred to a PDVF membrane (Millipore, MA, USA). The membranes were 

blocked with 5% nonfat dry milk (Labscientific, USA), and incubated overnight at 4°C with 

one of the following specific primary antibodies anti- NeuN (1/500, MAB377, Millipore); 

anti-Myelin Basic Protein (MBP) (1/1000, # sc-271524, Santa Cruz), anti-Peroxisome 

proliferator activated-receptor gamma, coactivator 1 alpha (PGC-1α) (1/1000 # ST1202, 

Millipore), anti-Cytochrome c oxidase subunit II (COX 2) (1/1000 # sc-23984; Santa Cruz), 

anti-Ketohexokinase (KHK) (1/1000 # sc-366024, Santa Cruz), anti-SIRT1 (Millipore) anti-

GLUT5 (1/1000 # sc-30109, Santa Cruz), anti- Glial fibrillary protein (GFAP) (1/1000, # 

sc-6170, Santa Cruz), anti-Ionized calcium binding adaptor molecule 1 (Iba1), (1: 500# 

sc-32725, Santa Cruz), anti-growth associated protein 43 (GAP-43) (1:1000, # sc-17790, 

Santa Cruz,), anti-β-actin (1/1000, sc-1616, Santa Cruz). The primary antibodies were 

detected with their corresponding secondary antibodies: Horseradish peroxidase (HRP)–

conjugated goat anti-rabbit IgG (1/100,000, #sc-2054 Santa Cruz), HRP conjugated goat 

anti-mouse IgG (1/100,000, #sc-2055 Santa Cruz), HRP conjugated donkey anti-goat IgG 

(1/100,000, #sc-2020, Santa Cruz). The protein bands were detected using a 

chemiluminescent HRP substrate kit (WBKLS0500, Millipore). The membranes were 

scanned (Image Lab Software, Version 3.0, Bio Rad). The relative density of each band of 

interest was measured with the software ImageJ v 1.46. The intensity of the interest band 

was normalized to β-actin.

2.5. Immunohistochemistry

Additional rats (n=18) were anesthetized with isoflurane, and perfused with PBS (pH 7.4), 

followed by 4% paraformaldehyde (4% PFA) in 0.1 M phosphate buffer (PBS, pH 7.4), and 

20% sucrose in 4% PFA. Brain tissues were incubated overnight in 20% sucrose, 4% PFA 

solution at 4°C until they sank. Tissues were then quickly frozen on dry ice and stored at 

−80 °C until the time of use. Coronal sections (30 μm) were cut on a cryostat (CM1900, 

Leica) and kept at −20 °C in an antifreeze solution (30% w/v Sucrose, 30% v/v Ethylene 

glycol, 1% w/v Polyvinylpyrroline-40 in 0.1 M PB) (Watson et al. 1986). After washing 

three times in PBS, free-floating sections were blocked with 0.1% Triton x-100, and 2% 

BSA in PBS for 1 h at room temperature, washed two times in 1X PBS (10 minutes per 
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washing), and incubated in antibodies: Anti NeuN (1/500, MAB377, Millipore); anti MBP 

(1/500, # sc-271524, Santa Cruz), Anti-Glut5 (1/500 # sc-30109, Santa Cruz) diluted in 2% 

BSA in 1X PBS overnight at 4 °C. After washing in PBS, sections were incubated in 

respective secondary antibody (anti rabbit, anti-mouse or anti goat) (Cy3; 1:1000; Jackson 

Immunoresearch) for 1 h at room temperature. Sections were mounted using Prolong Gold 

antifade reagent with Dapi (Life technologies, New York). Images were acquired using the 

Zeiss microscope (Zeiss Imager Z1; Gottingen DE) and Axiovision 4.6 software (Carl Zeiss 

Vision, version 4.6).

2.6. Cortical cell culture

Mixed cortical cell cultures, containing both neurons and astrocytes, were prepared as 

described previously[24] from fetal mice at 14–16 days of gestation. Briefly, dissociated 

cortical cells were plated onto a previously established astroglial cell monolayer in a 24-well 

plate (Nunc) using plating medium (Dulbecco’s modified Eagle medium supplemented with 

20 mM glucose, 38 mM sodium bicarbonate, 2 mM glutamine, 5% fetal bovine serum, and 

5% horse serum). Cytosine arabinoside (10 μM) was added 5–6 days after plating to halt the 

growth of non-neuronal cells. Astroglial cultures were prepared from neocortices of 

newborn mice (Postnatal Day 1–3) and plated at 0.5 hemispheres per 24-well plate, in the 

same plating medium but supplemented with 10% fetal bovine serum and 10% horse serum 

and, treated with 1 or 5 mM of fructose for 1 week in the medium. Glial cultures were used 

for neuronal plating between 14 and 28 days in vitro (DIV), when they formed a confluent 

monolayer. Primary near-pure neuronal cultures were prepared from fetal wild type mice at 

16 days of gestation. Briefly, dissociated hippocampal cells were plated on PLL/laminin-

coated plates (8 hemispheres per 6-well plate) in plating medium (Dulbecco’s modified 

Eagle medium (DMEM; Gibco BRL, Rockville, MD) supplemented with 20 mM glucose, 

38mM sodium bicarbonate, 2 mM glutamine, 5 % fetal bovine serum and 5 % horse serum) 

and adding Cytosine arabinoside (Ara C, 10 μM) 3 days after plating. Dissociated cells were 

used 5 days (DIV 5) after seeding.

Cells were fixed with 4% paraformaldehyde for 1 h and permeabilized with 0.3% Triton 

X-100 for 30 min. After blocking with 2% bovine serum albumin, cells were incubated in 

anti-Glut5 (1:200; Santa Cruz), anti-NeuN (1:500; Millipore), or anti-GFAP (1:750; Abcam) 

antibodies, and Alexa Fluor-conjugated secondary antibodies (1:1000). The 

immunofluorescence staining was visualized under Zeiss microscope (Zeiss Imager. Z1; 

Gottingen, DE) using the Axiovision software (Carl Zeiss Vision, version 4.6). Images were 

collected using a black and white camera (Axiocam MRm, Zeiss, Gottingen, DE).

2.7. Statistical Analysis

All data are presented as mean ± standard deviation (SD). Difference between groups was 

established by the non-parametric t test and one-way analysis of variance (ANOVA) 

followed by Tukey’s test. A p value of p<0.05 was considered statistically significant.
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3. Results

3.1. Short-term fructose ingestion and peripheral glucose regulation

The liver weight/body weight ratio is considered an indicator of MetS [6,25], and no 

significant difference was observed in any of the experimental groups (One way ANOVA, F 

(2, 15) = 0.234, p = 0.794. Table 1). The fructose treatment had no effect on the glucose 

tolerance test (F (2, 15) = 1.017, p=0.385; Fig. 1A, B) nor insulin sensitivity (F (2,15) = 

1.506, p = 0.253. Fig. 1C, D). These data indicate that fructose supplementation at 8% or 

15% for one week did not affect glucose homeostasis, insulin sensitivity, or fatty liver 

disease characteristics.

3.2. Short- term fructose ingestion and metabolic proteins in the liver

The liver is considered as one of the principal splanchnic organs metabolizing ingested 

fructose [10,11]. One of the principal enzymes for fructose metabolism is ketohexokinase 

(KHK) [26], and KHK catalyzes the phosphorylation of fructose to fructose-1-phosphate. In 

the present study, fructose supplementation showed a marked increase in hepatic KHK levels 

(One way ANOVA (F (2,14) = 5.94, p = 0.013) followed by Tukey post hoc test (F8 vs. C: p 

= 0.013; F15 vs. C: p = 0.048). Fig. 2A), suggesting that fructose is metabolized in the liver. 

However, results that fructose supplementation did not alter hepatic SIRT1 levels (One way 

ANOVA, F (2,14) = 1.182, p = 0.335. Fig. 2B) is consistent with the absence of liver/body 

weight changes (Table 1), and the lack of onset of metabolic syndrome (Fig. 1). One of the 

principal features of chronic fructose ingestion is the development of non-alcoholic fatty 

liver disease (NAFLD) characterized by increased free fatty acids levels and hepatic 

adiposity [14]. SIRT1 a class III protein deacetylase is associated with the regulation of 

glucose and lipid metabolism, and activation of SIRT1 down regulates the expression of 

lipogenic enzymes thereby suppressing the development of fatty liver [27].

3.3. Effect of short-term fructose ingestion on hippocampal cells

Fructose supplementation reduced hippocampal weight (One way ANOVA, F (2, 15) = 

7.804, p = 0.004) followed by Tukey post hoc test: F8 vs. C, p = 0.002; F 15 vs. C, p = 

0.008; Fig. 3A); hence we assessed various molecular indicators of cellular structure to 

account for changes in the hippocampus using western blotting. The neuronal nuclear 

protein NeuN is expressed in most of the neurons and serves as a reliable marker of neuronal 

identity [28], and fructose supplementation reduced NeuN levels (One way ANOVA (F (2, 

15) = 19.32, P < 0.0001) followed by Tukey post hoc test: F8 vs C: p < 0.0001; F15 vs. C: p 

= 0.010. Fig. 3B). Interestingly, F8 showed lower NeuN levels compared to F15 (p=0.033; 

Fig. 3B), and NeuN levels were positively correlated with hippocampal weight (r=0.610, 

p=0.009, Fig. 3D). The levels of the myelin MBP [19] were also reduced (One way 

ANOVA, F(2, 15) = 7.363, p = 0.006) after fructose supplementation in F8 group vs C: p = 

0.006; in F15 group vs. C: p = 0.045 (Fig. 3C) and showed positive correlation with the 

hippocampus weight (r=0.503, p=0.03; Fig. 3E). The glial fibrillary acidic protein GFAP 

(marker of astrocytes activation) was unchanged in any of the experimental groups (Data not 

shown). We further aimed at identifying phenotypical changes in the hippocampus in 

response to fructose ingestion using immunostaining. Results revealed a qualitative 

reduction in NeuN expression in the F8 group as compared to the control group in CA3 
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region (Fig. 3F). Similarly, the hippocampal MBP immunohistochemistry appeared to be 

reduced in F8 group in both CA1 and DG regions (Fig. 3G). The overall data indicate that 

short-term fructose ingestion principally affects mainly neuronal parameters.

3.4. Effect of short-term fructose ingestion on axonal markers

Impaired neuronal integrity can be associated with alterations in the dynamics of neuronal 

cytoskeleton or axonal growth with subsequent decrease in brain weight [17]. Therefore, we 

determined the levels of GAP 43 and phosphorylated TAU (pTAU), both of which are known 

to have important roles in axonal function [29,30]. Fructose ingestion for one week reduced 

the GAP 43 levels in hippocampus (One way ANOVA: F (2, 14) = 8.645, P = 0.0041) 

followed by Tukey post hoc test: F8 vs. C; p = 0.004; F15 vs. C: p = 0.034; Fig. 4A). TAU 

protein plays a prominent role in the microtubule stabilization in axon [30], and our results 

showed that short-term fructose supplementation did not alter the levels of pTau in the 

hippocampus (One way ANOVA: F (1,14) = 3.129, p = 0.075; Fig. 4B).

3.5. Effect of short-term fructose ingestion on mitochondrial proteins in the hippocampus

Mitochondrial dysfunction has an early and predominant role in the pathogenesis of 

neurological disorders, and long-term fructose consumption reduces mitochondrial markers 

such as PGC-1α in the hippocampus [9]. Hence, we wanted to determine whether short-term 

fructose ingestion has any effect on PGC-1α in the hippocampus. The levels of PGC-1α 
(One way ANOVA: F (2, 15) = 13.19, p= 0.001) were decreased in both F8 (p= 0.001) and 

F15 (p=0.008) groups as compared to control groups (Fig. 5A). Moreover, we analyzed the 

proteins levels of Cytochrome c oxidase subunit II (COX2), which is coded by 

mitochondrial DNA, and is considered as one of the markers of mitochondrial function in 

the brain [31]. The COX2 levels were considerably reduced (One way ANOVA: F (2, 14) = 

20.51, p<0.0001) after one week of fructose supplementation in F8 group (p = 0.0006) and 

F15 group (p = 0.0001) as compared to controls (Fig. 5B). These data suggest that short-

term fructose ingestion (8% or 15%) compromises mitochondrial function.

3.6. Effect of short-term fructose ingestion on GLUT5 levels in the hippocampus

GLUT5 is considered a specific fructose transporter into cells [16], and its function is 

susceptible to several physiological and disease conditions [16]. We found that levels of 

GLUT5 were elevated in the hippocampus (One way ANOVA: F (2,14) = 8.019, p = 0.004 

followed by Tukey post hoc test: F8 vs. C: p = 0.004 and F15 vs. C: p= 0.04; Fig. 6A)

3.7. Effect of fructose on astrocytic and neuronal cultures

To further evaluate the specificity of the effects of fructose on neurons and astrocytes, we 

conducted in vitro experiments using primary culture of astrocytes. We performed 

preliminary experiments with concentrations ranging from 1mM–200mM, based on levels of 

fructose in the systemic circulation after fructose consumption [32]. At basal levels, the 

fructose concentrations in systemic circulation range from 0.05 to 2 mM [32–34]. The 

results showed that the fructose treatment did not promote qualitative changes in density of 

astrocytes, nor affected GLUT5 levels in astrocytic cultures (Fig. 6B). Next, we performed 

co-culture experiments involving neurons and astrocytes to determine if the interaction 
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between neurons and astrocytes could influence GLUT5. After 1 week of fructose treatment 

(5mM), GLUT5 levels were increased in culture containing both neurons and astrocytes, 

suggesting that either astrocytes requiring neuronal interaction or neurons themselves were 

the main contributor to the increase of GLUT5 levels (Fig. 6C). GLUT5 

immunofluorescence was not qualitatively affected in astrocytic cultures (Fig. 6D) while 

seemed stronger in neuronal culture (Fig. 6E) treated with fructose.

3.8. Food intake and Body weight

We investigated the impact of short-term fructose ingestion on the overall metabolic state of 

the rats. Interestingly, there was no significant difference in the fructose (p=0.11) intake or 

calories (p=0.10) between both F8 and F15 groups (Table 1). This apparent discrepancy can 

be explained by the fact that the water intake was higher in F8 as compared to F15 (Table 1), 

which compensated for the fewer amount of fructose and calories in F8. The total number of 

calories between F8 and F15 groups were not statistically different (One way ANOVA, F 

(2,15) = 0.709, p = 0.507). Control group showed increased food intake as compared to F8 

and F15 groups (Table 1) that seems to explain why the total number of calories were the 

same among the groups. There was no significant difference in body weight between the 

experimental groups at the beginning (F (2,15) = 0.609, p = 0.556) nor by the end of the 

experiments (F (2,15) = 2.830, p = 0.090). Insert Table 1

3.9. Short-term fructose ingestion and cognitive function

All rats were trained in the Barnes maze for spatial learning for five days before being 

exposed to fructose diet. The latency time to find the escape hole was similar in all rats in 

last day. The results did not show significant changes in memory retention test 7 days after 

fructose consumption (C vs F8: p = 0.645; C vs F15: p=0.622; F8 vs F15 p = 0.211). The 

latency time to find the escape hole in memory test were 13.83+/−3.99s for control; 14.41+/

−5.28s for F8; 13.08+/−1.24s for F15.

4. Discussion

The effects of fructose on the brain are being perceived as secondary to establishment of 

peripheral metabolic dysfunction (glucose intolerance, increase in body weight, and obesity) 

[7]. Hence, we sought to determine whether some of the fructose effects on brain could be 

detached from development of MetS. Our results show that short-term fructose 

supplementation that did not alter peripheral metabolic markers of MetS, resulted in a 

marked reduction in hippocampal weight and markers of cellular plasticity. The results also 

showed that fructose elevated levels of GLUT5 which is the main fructose transporter, 

suggesting that fructose could directly impact brain function as neuronal cells are capable of 

metabolizing fructose as an energy substrate [35]. According to our results, short-term 

fructose ingestion disrupts molecular system essential for mitochondrial biogenesis notably 

PGC-1α and COX2 suggesting that mitochondrial dysfunction could be one of the initial 

effects of fructose in the hippocampus. In conclusion, short-term fructose ingestion evokes 

early biochemical and structural alterations in the hippocampus, which could be the initial 

events evolving into dysfunctional neuronal circuits.
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High fructose consumption has paralleled the increasing prevalence of metabolic sequelae 

and is thought to promote disruptions in peripheral metabolism including weight gain, 

insulin resistance, hyperglycemia, hyperinsulinemia or liver fat deposition [36]. The MetS is 

a conglomerate of characteristics including insulin resistance, fasting hyperglycemia, 

glucose intolerance, obesity and dyslipidemia [37,38]. There is a consensus that 3 of these 

features are required to classify as MetS and in our present study the animals did not show 

obesity, glucose intolerance and insulin resistance. According to our results, animals 

consume 9–10 g of fructose per day, such that 30–40% of the caloric intake comes from 

fructose while the 60–70% comes from chow. Since animals exposed to fructose consume 

less chow, the total caloric intake is the same in both groups. The fructose intake in our study 

is about double what reported for fructose consumption in regular adolescent humans (17%; 

[39] of the total caloric intake such that our results are relevant to the ever-increasing portion 

of the population consuming an excessive amount of sugar. Our short-term ingestion of 

fructose did not modify body weight, blood glucose or insulin levels in rats indicating no 

clear signs of obese state or metabolic burden.

Fructose treatment increased levels of KHK in liver, corroborating that fructose metabolism 

takes place in the liver [26]. It is known that KHK is the main enzyme involved in fructose 

metabolism in the liver. An increase in liver/body weight ratio is another MetS indicator 

[6,25], and earlier studies have demonstrated disruptions in glucose metabolism and liver fat 

accumulation in rats exposed to fructose for 14 days [40]. Overconsumption of dietary 

fructose has been implicated as a cause of non-alcoholic fatty liver disease (NAFLD) [12], 

involving altered lipid metabolism and deposition and increased liver weight [13]. In 

addition, low SIRT1 levels in the liver after fructose ingestion has been implicated in the 

pathogenesis of NAFLD. Deletion of SIRT1 in hepatocytes was shown to promote 

disruption in PPARγ signaling and a subsequent decrease in fatty acid beta-oxidation 

[41,42]. Fructose could affect brain function by causing a surge in various peripheral 

metabolic parameters such as insulin levels, adiposity, and triglycerides as some of these 

metabolites could penetrate the brain. However, our findings report that a one-week fructose 

ingestion neither modifies glucose metabolism, liver/body weight ratio, nor alters hepatic 

SIRT1 levels (F (2, 14) = 1.182, P = 0.3356, Fig. 2F) in rats.

Our findings showed that fructose reduces levels of the protein related to structural plasticity 

in the hippocampus concomitant to a reduction in hippocampal weight. Neuroplasticity or 

brain plasticity can be defined as structural or functional changes in brain cells [43] through 

alterations in the size or shape of cellular structures in response to a particular activity [44–

47]. Our short term fructose reduced NeuN protein levels suggesting changes in mature 

neurons, MBP levels indicating changes in the myelin formation (white matter plasticity), 

and GAP-43 levels suggesting modifications in axonal or synaptic sprouting. Similarly, we 

also observed a reduction in NeuN immunoreactivity in CA3 and DG regions of the 

hippocampus. NeuN is expressed in the nucleus and cell body of most neuronal cell types in 

humans and rodents [48], and is regarded as a universal biomarker of neurons [28]. 

Additionally, NeuN levels in the hippocampus were positively correlated with hippocampal 

weight (r=0.59, p=0.008). Reductions in NeuN immunoreactivity has been linked to 

neuronal damage [49]. MBP is the second most abundant protein in the central nervous 

system consisting of an assembly of amino acid residues that aid in the compaction of 

Jiménez-Maldonado et al. Page 9

Biochim Biophys Acta. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



myelin sheath [50], and its degradation can result in demyelinating disease [51]. Our current 

results indicated decreased levels of MBP positively correlated with hippocampal weight 

and qualitative reduction in MBP immunoreactivity in the hippocampus of fructose fed 

animals. A similar pattern was observed for GAP 43, which is involved in axonal growth and 

sprouting [52]. Taken together, these data reveal that short-term fructose supplementation 

disturbs neuronal integrity, which could be the initial steps for developing into alterations in 

cell growth and plasticity.

Given the lack of significant effects of fructose on peripheral metabolism, it is possible that 

fructose can have direct effects on brain function. The hippocampus is structurally plastic 

and particularly vulnerable to nutritional stressors [53,54]. Diets rich in saturated fats and/or 

fructose or combination diets (also termed as ‘Western Diets’) have been shown to 

contribute to inflammation, gliosis, and neuronal stress in the hippocampus [55–57]. 

Furthermore, advanced glycation end-products (AGEs) are elevated in metabolic 

dysfunction and are known to increase the risk of neurodegenerative diseases [58]. Glycation 

of proteins in the brain is induced via the receptor for AGE (RAGE) and further contributes 

to oxidative damage and subsequent mitochondrial dysfunction [59]. Thus, we were 

interested in analyzing the source of changes associated with structural alterations within the 

hippocampus.

Our short-term fructose ingestion disrupts molecular systems essential for mitochondrial 

biogenesis, notably PGC-1α and COX2. Due to the limited regenerative capacity of neurons 

and high-energy demands, impaired mitochondrial function can exert detrimental effects on 

neuronal function and the pathogenesis of various neurodegenerative diseases [21] Our 

previous study reports long-term fructose ingestion compromised mitochondrial function as 

evidenced by a reduced mitochondrial respiratory capacity linked with ATP turnover [9]. 

PGC-1α is a transcriptional co-activator that plays a critical role in the regulation of 

mitochondrial biogenesis and energy production [60], and decreased hippocampal PGC-1α 
levels has been associated with mitochondrial dysfunction in AD [61]. Studies have reported 

that fructose exerts detrimental effects on the mitochondrial activity and impairs the anti-

oxidative defense system [9]. Therefore, it is likely that mitochondrial dysfunction could 

possibly be one of the initial effects of fructose ingestion in the hippocampus. Furthermore, 

it is noteworthy that this effect is induced even before the establishment of MetS.

Given that central inflammation and reactive astrogliosis have been found in the 

hippocampus in response to caloric diets [8], we determined the effect of short term fructose 

supplementation on astroglial activation. Our results did not show significant changes in the 

astrocytic marker GFAP in neither of the experimental groups in vivo. The results of the in 
vitro experiments showing that fructose did alter levels of GLUT5 in mixed astrocyte/

neuronal but not in pure astrocytic cultures seem to indicate that neuronal cells are the main 

cells assimilating fructose. The range of fructose concentrations was selected based on the 

reported fructose concentrations in systemic circulation [32,33]. In our study, we observed a 

robust increase in the levels of GLUT 5 at 5 mM of fructose. We did not find changes in the 

expression of Iba1 (Ionizing calcium-binding adaptor molecule 1); a novel protein 

specifically expressed in activated microglia. Overall, these findings suggest that short-term 

fructose treatment did not induce significant astroglial or microglial activation.
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Our data shows fructose increased the levels of GLUT5 in the hippocampus, which likely 

facilitates fructose uptake into the brain. An emerging line of evidence suggests that fructose 

could directly impact the brain as neuronal cells are capable of metabolizing fructose as an 

energy substrate [35]. GLUT5 is the main fructose transporter in the brain and is essential 

for neuronal function [15,62–64]. Our in vivo and in vitro results indicate that fructose 

ingestion significantly increases GLUT5 levels in the hippocampus, suggesting that fructose 

affects neuronal cells, consistent with alterations in NeuN and MBP. Taken together, these 

data indicate that the specific decrease in hippocampal weight is principally due to the 

reduction of neuronal, myelin and axonal markers in the hippocampus, and the associated 

morphological changes.

It has been shown that peripheral short-term fructose administration reduces cerebral blood 

flow in specific regions such as hippocampus and thalamus [65]. Interestingly, glucose 

administration reduces the cerebral blood flow in hypothalamus, and insula but not in the 

hippocampus [65]. Accordingly, it is possible that our short-term fructose ingestion can 

affect the hippocampus by engaging mechanisms associated with blood supply and 

metabolic alterations even before the establishment of MetS in the periphery. Although 

evidence indicates that fructose intake is linked to cognitive deficits [66,67], our results 

seems to indicate that one-week fructose ingestion is at the early initial phase to consolidate 

disrupted brain plasticity that can be translated into cognitive deficit.

In conclusion, our model of short-term fructose ingestion did not exhibit modifications in 

peripheral metabolic markers such as blood glucose, insulin levels, and liver weight ratio. 

These results indicate that fructose ingestion appears to affect the brain without a major 

involvement of the periphery at this early stage (Fig. 7). The augmented fructose intake in 

the past couple of decades has been a major contributor to the pandemic of MetS. Our 

findings delineate the early molecular and cellular alterations in the hippocampus with 

regards to cellular plasticity, and mitochondrial biogenesis in response to short term fructose 

intake. These results provide further insight into challenges imposed by high fructose 

consumption on brain function and potential neurological disorders.
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KHK ketohexokinase

MBP Myelin Protein Basic

MetS metabolic syndrome

NAFLD non-alcoholic fatty liver disease

NeuN Neuronal Nuclei

PGC1α peroxisome proliferator-activated receptor gamma coactivator-1 alpha
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Highlights

1. Short-term fructose reduces neuronal plasticity before the onset of metabolic 

syndrome.

2. Short-term fructose disturbs mitochondrial biogenesis in the hippocampus.

3. Fructose may predispose the brain to neurological disorders
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Fig. 1. Effects of short-term fructose ingestion on glucose tolerance and insulin sensitivity
(A) Glucose tolerance test (GTT) after one week of fructose supplementation, (B) Area 

under the curve (AUC, arbitrary units) for GTT, (C) Insulin tolerance test (ITT) after 

fructose supplementation, glucose values expressed as percentage of basal levels (D) AUC 

for ITT. F8, F15: 8% and 15% fructose concentration, respectively.
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Fig. 2. Effects of short-term fructose ingestion on metabolic proteins in liver
Levels of KHK (A) and SIRT1 (B). Data are expressed as mean ± standard deviation (SD) 

*p<0.05 vs. C. One-way ANOVA followed by Tukey post hoc comparison. F8, F15: 8% and 

15% fructose concentration, respectively.
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Fig 3. Effects of short-term fructose ingestion on hippocampal weight, neuronal and myelin 
markers
(A) wet hippocampus weight. Data are expressed as mean ± standard deviation. (SD) **p< 

0.005 vs C. One-way ANOVA followed by Tukey post hoc comparison. Levels of the (B) 

Neuronal marker (NeuN) and myelin basic protein MBP (C). Correlation analysis of NeuN 

levels (D) and MBP Vs hippocampal weight (E). Data are expressed as mean ± standard 

deviation (SD) *** p<0.0001 vs C, *p<0.05 vs. C, # p<0.05 vs F8. One-way ANOVA 

followed by Tukey post hoc comparison. Representative immunostaining of NeuN (F) and 

MBP (G) for F8 and Control.
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Fig. 4. Effects of short-term fructose ingestion on axonal markers in hippocampus
(A) Levels of GAP 43 (B) and pTau (B). Data are expressed as mean ± standard deviation 

(SD) **p<0.005 vs C, *p<0.05 vs. C. One-way ANOVA followed by Tukey post hoc 

comparison. F8, F15: 8% and 15% fructose concentration, respectively.
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Fig 5. Effects of short-term fructose ingestion on mitochondrial markers in hippocampus
(A) Levels of PGC-1α (A), and COX 2 (B). Data are expressed as mean ± standard 

deviation (SD). **p<0.005 vs C, *p<0.05 vs. C. One-way ANOVA followed by Tukey post 

hoc comparison. F8, F15: 8% and 15% fructose concentration, respectively.
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Fig. 6. Effects of short-term fructose ingestion on GLUT5 levels
(A) Representative western blot for GLUT5 in the hippocampus. (B) Representative western 

blot for GLUT5 in astrocytes cultures treated with fructose (1, 5mM). (C) Representative 

western blot for GLUT5 in astrocyte-neuron co-culture treated with fructose (5mM). Data 

are expressed as mean ± standard deviation (SD). **p<0.005 vs C, #p<0.05 vs. F8. One-way 

ANOVA followed by Tukey post hoc comparison. Confocal micrographs of GLUT5 in 

astrocytic (D, arrows show astrocytes) or neuronal (E) cultures treated with fructose. 

Hoescht and NeuN stain nuclear elements.
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Fig. 7. Proposed mechanism by which short-term fructose compromises brain function. by 
disrupting the interplay between neuronal plasticity and mitochondrial biogenesis in the 
hippocampus
Fructose is known to be metabolized in the liver (fructolysis); however, it is not clear what is 

the role of peripheral fructose metabolism on the effects of fructose on brain. Long-term 

fructose consumption stimulates events associated with metabolic syndrome (lipid 

deposition, obesity, insulin resistance, etc.), but according to our results, these 

manifestations are not observed after one week of fructose consumption. Ingested fructose is 

rapidly metabolized into fructose-1- phosphate under the action of the enzyme 

ketohexokinase (KHK) through a process called fructolysis. Our results indicate that 

fructose increases the levels of KHK in liver, and suggest that fructose metabolism takes 

place in liver. However, fructose does not alter peripheral metabolic markers of MetS. In the 

brain, fructose alters markers of cellular plasticity such as NeuN, MBP and GAP-43, and 

elevates levels of GLUT5 suggesting that fructose may increase its own transport to the 

brain. Short-term fructose also interferes with molecular system essential for mitochondrial 

biogenesis such as PGC-1α and COX2. Collectively, the schematic illustration portrays the 
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general mechanisms by which short-term high fructose consumption can influence brain 

function, without a major involvement of periphery.
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Table 1

Effect of Fructose on food intake, water intake, kilocalories ingested, fructose intake and liver/body weight 

ratio.

C F8 F15

Food intake (g/rat/day) 33.07 ± 1.04 25.13 ± 1.58* 23.53 ± 3.4*

Water intake (ml/rat/day) 36.33 ± 2.7 84.87 ± 1.03*# 52.0 ± 9.8*

Kcal intake (Kcal/rat/day) 128.8 ± 4.0 123.3 ± 6.4 121.0 ± 18.7

Fructose intake (g/rat/day) 0 6.67 ± 0.09 7.8 ± 1.4

% Kcal provided by fructose 0 20.67 ± 0.51# 24.0 ± 1.54

Liver/Body weight ratio 27.71 ± 2.03 28.70 ± 1.53 28.17 ± 3.47

Data represents mean ± SD; n =18 rats/group

*
p<0.05 vs C

#
p<0.05 vs F15
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