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ABSTRACT 
 

Fructose is a monosaccharide found naturally in fruits, honey, and some vegetables. 

It also is added to foods in the form of sucrose, concentrated fruit juices, corn syrup, high 

fructose corn syrup, and crystalline fructose. The addition of fructose to a wide variety of 

foods and beverages has led to a significant increase in fructose consumption over the 

past three decades. This is a cause for concern, because excessive intake of fructose 

causes a variety of pathological effects, including hypertriglyceridemia, visceral 

adiposity, hyperinsulinemia, non-alcoholic fatty liver disease (NAFLD), elevated 

inflame-matory factors, insulin resistance, Type 2 diabetes, and hypertension/ cardio-

vascular disease. These physiological effects of a high fructose diet are well-documented; 

in contrast, relatively little is known about the effects of excessive fructose consumption 

on the central nervous system. The purpose of this chapter is to review the effects of high 

fructose intake in rodents on the brain, with a particular focus on plasticity and memory. 

Evidence implicating elevated triglyceride levels, NAFLD, neuroinflammation, and 

oxidative stress in the pathological effects of a high fructose diet on brain function is 

presented. Sex-dependent effects of elevated fructose consumption and application of 

results from experimental models of fructose consumption to the human population also 

are discussed. 
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INTRODUCTION 
 

Fructose is a monosaccharide found naturally in fruits, honey, and some vegetables. It 

also is added to foods in the form of sucrose (50% fructose), corn syrup, high fructose corn 

syrup (42 or 55% fructose), fruit juice concentrates (over 60% of calories in apple juice), and 

crystalline fructose (almost 100% fructose) [1]. In its various forms, fructose is added to 

countless foods, including carbonated beverages, fruit products (juices, jams, jellies, and 

canned fruit), baked goods, cereals, and dairy products [1]. Indeed, it is a challenge for the 

North American consumer to purchase processed foods that do not contain some form of 

added fructose.  

The addition of fructose to such a wide variety of foods and beverages has led to a 

significant increase in fructose consumption [2, 3]. Between 1970 and 2005, the average 

annual intake of high fructose corn syrup increased in the United States from 0.5 pounds to 59 

pounds, and the average intake of total sugars increased by 19% [4]. The average American‟s 

current fructose intake is estimated to be 10% of total daily energy and is over 17% in the 90
th
 

percentile [2]. Overall, men tend to consume more fructose than women, and adolescent boys 

are the highest consumers, ingesting an average of 75 grams of fructose per day [3]. When 

body weight is corrected for, however, children 1-10 years of age are the highest consumers, 

primarily due to consumption of fruits and fruit products [3]. The majority of fructose 

consumed by the other demographic groups is mostly from added sources [2], rather than 

from naturally-occurring sources, such as fruit. High fructose corn syrup is largely res-

ponsible for the increase in fructose consumption [5-7]. 

Fructose is metabolized differently than glucose, the other main dietary monosaccharide. 

Whereas glucose can be metabolized by all cells, fructose is metabolized primarily by the 

liver [8]. Upon ingestion, fructose is absorbed through the gastrointestinal tract via the 

GLUT5 transporter [9]. It is then transported to the liver via the hepatic portal vein and 

subsequently undergoes glycolysis within hepatocytes [8, 10, 11]. An important difference 

between glucose and fructose metabolism is that fructose metabolism is not regulated by the 

enzyme phosphofructokinase, which limits the production of triglycerides from glycolysis 

[11]. By bypassing this rate-limiting step, fructose ingestion results in larger elevations in 

plasma triglyceride concentrations than does glucose ingestion [12, 13]. Fructose-induced 

increases in plasma triglyceride concentrations are significant within 3 days [13] and persist 

as long as high fructose ingestion continues [13, 14]. Another key difference between fructose 

and glucose is that fructose does not stimulate the release of insulin from the pancreas [15, 

16]. 

 

 

PERIPHERAL EFFECTS 
 

When consumed in excessive amounts, a high fructose diet produces large increases in 

plasma triglyceride concentrations, liver mass [12, 17-20], liver lipid content [19, 21], and 

visceral adipose tissue [22-24]. Despite these increases, fructose consumption does not 

typically increase body mass [18, 19, 25], but see [26]. Excess fructose consumption can lead 

to numerous pathologies in both rodents and humans, including glucose intolerance [27, 28], 

insulin resistance [29-33], Type 2 diabetes [34, 35], non-alcoholic fatty liver disease 
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(NAFLD) [36, 37], hypertension [30, 33, 38], oxidative stress [35, 39], and cardiovascular 

disease [27, 40, 41].  

 

 

CENTRAL EFFECTS 
 

In contrast to the wealth of studies investigating the peripheral consequences of elevated 

fructose consumption, relatively few studies have focused on the effects of fructose on the 

central nervous system. One of the first studies to investigate the effects of excessive fructose 

consumption on brain function tested the effects of feeding hamsters pellets containing 60% 

fructose for 6 weeks [42]. Brain slices were maintained ex vivo, stimulated with insulin, and 

then several proteins in the insulin signaling cascade were quantified using Western blots. 

The results indicated that the high fructose diet produced central insulin resistance. 

Specifically, it reduced phosphorylation of the insulin receptor-β subunit (IR-β), which is the 

initial step that occurs when insulin binds to the insulin receptor (Figure 1). In addition, the 

high fructose diet significantly reduced phosphorylation of insulin receptor substrate-1 (IRS-

1) and Akt/Protein kinase B (Akt/PKB), two downstream effector proteins in the insulin 

signaling cascade (Figures 1, 2). In the hippocampus, the high fructose diet decreased protein 

tyrosine phosphatase, an enzyme involved in regulating the phosphorylation of the insulin 

signaling proteins, and impaired insulin-induced long-term depression (LTD), a measure of 

synaptic plasticity.  
 

 

Figure 1. The effects of eating a control (Ctrl) or high fructose diet (60%; FF) on (a) insulin-mediated 

tyrosine phosphorylation of neural IR-β subunit, (b) insulin-mediated tyrosine phosphorylation of the 

substrate protein IRS-1, (c) total IR-β protein, and (d) total IRS-1 protein (*p < 0.05 vs. control 

hamsters). From [42] used with permission. 
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Figure 2. The effects of eating a control (Ctrl) or high fructose diet (60%; FF) on (a) insulin-mediated 

serine phosphorylation of Akt/PKB protein, (b) insulin-mediated threonine phosphorylation of 

Akt/PKB protein, and (c) total Akt/PKB protein (*p < 0.05 vs. control hamsters). From [42] used with 

permission. 

Since then several other studies have been published indicating that elevated fructose 

consumption impairs normal brain function in a variety of ways. Rats that are fed a 60% 

fructose diet for 6 months demonstrate central leptin resistance as indicated by reduced basal 

phosphorylation levels of signal transducer and activator of transcription 3 (STAT3; a key 

protein in the leptin signaling cascade) in the hypothalamus [43]. Elevated fructose 

consumption also produces neuroinflammation. When rats are provided 10% fructose in the 

drinking water for 4 months, nuclear factor kappa B (NFκB) becomes activated in the 

cerebral cortex [44]. NF-κB is responsible for initiating the transcription of many different 

inflammatory factors, and the activation of this protein is a strong indicator of neuro-

inflammation [45, 46]. Interleukin-1β and tumor necrosis factor-α, two primary inflammatory 

factors, also are significantly elevated in the cortices of fructose-drinking rats, as are levels of 

NADPH oxidase, which indicates oxidative stress [44]. Rats that are given a 23% fructose 

solution in their drinking water for 1 month have reduced neurogenesis in the dentate gyrus 

region of the hippocampus [47]. Finally, rats that are given a 10% fructose solution exhibit 

increased amyloid-β deposits in the cortex and hippocampus [48].  

The fact that a high fructose diet disrupts the effects of insulin in hippocampal neurons 

led us to hypothesize that a high fructose diet would impair memory. This hypothesis is based 

on the fact that the hippocampus plays a pivotal role in memory [49] and converging lines of 

evidence indicate that neural insulin signaling facilitates hippocampal-dependent memory 

[50]. For instance, extensive evidence suggests that peripheral insulin resistance and Type 2 

diabetes are associated with deficits in hippocampal-dependent declarative memory [51-55]. 
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In addition, learning and memory of a spatial water maze experience are correlated with 

activation of the hippocampal insulin signaling pathway [55, 56]. Most importantly, direct 

infusions of insulin into the hippocampus enhance performance in a variety of memory tasks, 

and the memory-enhancing effects of hippocampal insulin administration are not observed in 

diabetic rats [57-59]. Moreover, direct infusion of an insulin antibody into the hippocampus, 

which blocks insulin signaling, impairs memory [57]. 

To test whether a high fructose diet would impair memory, we fed adult male rats either a 

control or 60% fructose diet for 19 weeks and then trained and tested them in the spatial water 

maze [18]. This is a commonly used behavioral measure of hippocampal function because 

hippocampal lesions impair memory in this task [60, 61]. Rats were trained to find a 

submerged platform using extra-maze cues. Learning was assessed by measuring the latency 

to swim to the platform across training trials. Memory was tested 48 h after training, with the 

platform absent. Memory measures included 1) time spent in the area of the pool where the 

platform was previously located (target quadrant), 2) latency to cross the platform location 

(target), and 3) number of target approaches. Swim speed also was measured to assess 

behavior not dependent on mnemonic performance.  

 

 

Figure 3. The effects of eating a control or high fructose (60%) diet for 138 days on the mean (+/-) 

SEM (a) latency to reach the target, (b) number of target approaches, (c) amount of time spent in the 

target quadrant and (d) swim speed during the spatial water maze retention test (*p < 0.05 vs. control 

rats). From [18] used with permission. 

The results showed that the high fructose diet impaired memory. Fructose-fed rats 

exhibited decreased time spent in the target quadrant, an increased latency to reach the target, 

and fewer number of target approaches (Figures 3A-C). The diet did not impair acquisition 

performance during training (Figure 4), which suggests that the fructose diet did not influence 

navigational ability and that the rats were able to learn and retain the location of the platform 
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for short periods of time. The finding that the diet did not affect swim speed supports this 

interpretation (Figure 3D). Deficits were observed exclusively on the retention test given 48 h 

after training, which indicates that the diet specifically impaired long-term storage and/or 

retrieval. Given that postweaning human babies and adolescent males are the highest 

consumers of fructose [3], we conducted a subsequent study where we fed male rats a 60% 

fructose diet starting at weaning (postnatal day 21) and continuing into adulthood [62]. As in 

rats fed the diet starting in adulthood, rats fed the diet at weaning displayed hippocampal-

dependent deficits in adulthood.  

 

 

Figure 4. The effects of eating a control or high fructose (60%) diet for 138 days on the mean (+/-) 

SEM latency to reach the platform during spatial water maze training. From [18] used with permission. 

Ingesting excessive amounts of fructose for extensive periods of time does not always 

impair brain function or memory. For instance, feeding rats a 58% or 60% fructose diet 

protects them against ischemia reperfusion injury [63, 64]. In addition, elevated fructose 

consumption enhances learning of a bar-pressing task in mice [65]. We also have observed 

that female rats may be protected from the effects of a high fructose diet on cognitive 

function. In another study, we fed female rats a 60% fructose diet starting at weaning for a 

short (47 d), middle (88 d), or long (144 d) duration [66]. The short and middle durations 

were selected to test for possible developmental differences, and the long duration was 

selected because a high fructose diet impairs memory in male rats after 138 days [18]. After 

their respective diet durations, the rats were tested on an amphetamine self-administration 

task to test whether a high fructose diet impairs learning that occurs through drug 

reinforcement. The high fructose diet did not affect rates of acquisition of amphetamine self-

administration, the number of infusions earned on either fixed-ratio or progressive-ratio 

schedules of reinforcement, nor the number of active lever presses during extinct-

tion/reinstatement sessions. Follow-up experiments indicated that the 60% fructose diet also 

did not impair spatial water maze memory in these female rats nor in amphetamine-naïve 

female rats. 
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POSSIBLE MECHANISMS 
 

It is likely that fructose acts through multiple processes to produce brain dysfunction, as 

summarized in Figure 5. As the evidence below will show, fructose could impair brain 

function by acting directly on brain cells and/or indirectly via one of its metabolic products.  

 

 

Figure 5. Possible mechanisms through which a high fructose diet may impair memory. 

Whether peripheral increases in fructose can have a direct effect on brain function 

remains to be determined. Several older studies suggest that the transport of fructose across 

the blood brain barrier is extremely limited [67-69]. Recent evidence, however, suggests that 

the brain is responsive to fructose. For instance, cerebellar neurons are able to metabolize 

fructose [70], and fructose sensitive glucose transporters (GLUT5) are found on hippocampal 

and cortical microglia in both humans and rodents [71]. Importantly, drinking a 20% fructose 

solution increases expression of GLUT5 in the hippocampus [72]. A recent fMRI human 

study demonstrated that intravenous fructose infusions decrease cortical activity, whereas 

glucose infusions increase activity in the same brain regions [73]. 

Several lines of evidence support the hypothesis that elevated plasma triglyceride concen-

trations are involved in the memory-impairing effects of a high fructose diet. For instance, 

high fat diets impair hippocampal-dependent memory [74-76], and pharmacological mani-

pulations that lower plasma triglyceride concentrations reverse the memory-impairing effects 

of a high fat diet [75]. We have found that the memory-impairing effects of a high fructose 

diet are slightly, but significantly correlated with the effects of the diet on postmortem plasma 

triglyceride concentrations (Figures 6A, B), but not with the effects of the diet on plasma free 

fatty acids, glucose, insulin, or leptin levels (Figures 7A-F) [18]. It also is worth noting that 

fructose-induced elevations in plasma triglyceride concentrations are less robust in females 
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than in males [66, 77, 78], which may explain, in part, why females are resistant to the 

memory-impairing effects of a high fructose diet.  
 

 

Figure 6. Scatterplots illustrating the association between (a) postmortem plasma TG concentrations 

and latency to reach the target and (b) the number of target approaches (*p < 0.05 vs. control rats). 

From [18] used with permission. 

 

 

Figure 7. The effects of eating a control or high fructose (60%) diet for 138 days on the mean (+/-) 

SEM (a) liver mass, (b) plasma TG concentrations, (c) plasma glucose concentrations, (d) plasma leptin 

concentrations, (e) plasma insulin concentrations and (f) plasma FFA concentrations (*p < 0.05 vs. 

control rats). From [18] used with permission. 
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Fructose-induced increases in plasma triglyceride concentrations could lead to increases 

in brain triglyceride concentrations. A high fat diet supplemented with 20% high fructose 

corn syrup in the drinking water increases cholesterol and disrupts lipid metabolism in the 

hippocampus [79]. Rats with Type 2 diabetes have significantly higher brain triglyceride 

concentrations than do control or Type 1 diabetic rats [80]. The involvement of triglycerides 

in the fructose-induced memory impairment is further supported by evidence showing that 

direct infusions of the triglyceride triolein into the brain ventricles [81], or the free fatty acid 

palmitate into the hippocampus [75], impair memory. In addition, application of triolein to 

hippocampal slices impairs long term potentiation (LTP) [75], the leading candidate synaptic 

mechanism underlying memory [82].  

Fructose-induced elevations in plasma triglyceride concentrations also might impair brain 

function indirectly, by affecting the transport of substances across the blood brain barrier. For 

instance, high fat diet-induced elevations in plasma triglyceride concentrations interfere with 

leptin transport across the blood brain barrier [83]. This is important because peripheral [84] 

and central [85, 86] administration of leptin enhances memory, including hippocampal-

dependent memory. Elevated plasma triglyceride concentrations also prevent insulin-like 

growth factor (IGF-1) from crossing the blood brain barrier [87]. Peripheral administration of 

IGF-1 improves memory in diabetic rats [88] and is associated with better cognitive skills in 

aging humans [89]. 

Our initial hypothesis was that elevated fructose consumption could impair hippocampal 

function by producing hippocampal insulin resistance. Although feeding hamsters a 60% 

fructose diet produces central insulin resistance (Figures 1, 2) [42], research from our 

laboratory indicates that fructose does not have a similar effect in the hippocampi of rats. 

Specifically, we found that feeding rats a 60% fructose diet for 19 weeks did not affect total 

IR-β subunit or total Akt/PKB protein, nor the degree of insulin-stimulated phosphorylation 

of these proteins in the hippocampus [90, 91]. Although we did not measure hippocampal 

insulin concentrations, it is not likely that the fructose diet reduced hippocampal insulin 

concentrations. This is because previous studies indicate that a high fructose diet does not 

reduce peripheral insulin concentrations [62, 92, 93] and the majority of brain insulin 

concentrations is believed to come from the periphery (reviewed in [94]). One possible reason 

why we may not have replicated the finding that a 60% fructose diet decreases insulin-

stimulated phosphorylation of IR-β and Akt/PKB proteins [42] is that we used hippocampal 

slices rather than whole brain slices. That possibility does not seem likely, however, given 

that Mielke and colleagues also found that the high fructose diet impairs other measures of 

insulin function specifically in hippocampal neurons (decreased protein tyrosine phosphatase 

and decreased insulin-stimulated LTD). The fact that we studied rats rather than hamsters 

may account for why we did not replicate these findings. Although both are rodents, rats and 

hamsters do have differences in energy metabolism and regulation. For instance, hamsters 

absorb fructose more rapidly than rats [95]. Also, intra-hypothalamic injections of 

cholecystokinin reduce food intake in rats, but not in hamsters [96, 97]. Rats and hamsters 

differ in a variety of other ways as well, such as in the concentrations of hypothalamic 

catecholamines [98], the inflammatory response to a pulmonary toxic insult [99, 100], and 

cholesterol metabolism in cultured hepatic cells [101]. Regardless of the exact reasons for 

these differences, our findings suggest that hippocampal insulin resistance does not mediate 

the memory-impairing effects of a high-fructose diet in rats. 
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A high fructose diet also may impair memory by disrupting liver function. Feeding rats a 

60% fructose diet is a model of NAFLD, which includes hepatomegaly [18], hypertri-

glyceridemia [18, 37], and increased hepatic lipids [37]. NAFLD encompasses conditions 

ranging from simple hepatic lipid accumulation to severe hepatic cirrhosis [102]. Humans 

with NAFLD consume significantly more fructose than do humans without NAFLD [63, 

103]. Approximately 50% of people with NAFLD also have cognitive impairments, ranging 

from mild to severe [104]. Furthermore, patients suffering from liver cirrhosis experience 

enhanced cognitive performance following a liver transplant [105]. Interesting to note, 

however, is that in our study a high fructose diet produced NAFLD in female rats [90], but 

did not impair their memory [66]. This may indicate that NAFLD may not be the mechanism 

through which a high fructose diet impairs memory, or that females have a mechanism (e.g., 

estrogen) that protects them from the memory-impairing effects of NAFLD. 

Another possibility is that fructose impairs memory by interfering with hippocampal 

neurogenesis. The dentate gyrus region of the hippocampus is one of only two brain areas in 

which new neurons are created throughout the lifespan [106-108]. Interestingly, high fructose 

diets decrease cell proliferation in the hippocampus [47]. In addition, when hippocampal 

neurogenesis is pharmacologically prevented [109], spatial learning is not affected, but 

memory is impaired in the water maze task, which suggests that new neurons are essential for 

the storage and/or retrieval of spatial memories. This pattern of effects (i.e., spared 

acquisition; impaired retention) parallels the effects of fructose in our studies [18]. 

Finally, fructose could impair brain function through a process that involves 

neuroinflammation. It is well documented that neuroinflammation impairs cognition [110-

114]. Also, high fat diets may impair memory, at least in part, via neuroinflammation [115, 

116]. Elevated fructose consumption activates NFκB and elevates interleukin-1β and tumor 

necrosis factor-α in the cerebral cortex of rats [44]. Preliminary evidence from our lab 

suggests that a high fructose diet impairs memory in rats that have the highest levels of 

hippocampal glial fibrillary acidic protein, a neuroinflammatory marker [90]. In addition to 

neuroinflammation, oxidative stress is another possible mechanism through which fructose 

impairs memory. Oxidative stress and inflammatory processes often occur in tandem during 

cellular dysfunction [117, 118]. Elevated levels of oxidative stress are associated with 

impaired cognition [119-121], and antioxidant treatment attenuates cognitive impairments 

[122-124]. High fat diets and high fat/high fructose diets increase hippocampal oxidative 

stress [79, 125]. 

 

 

PHYSIOLOGICAL RELEVANCE 
 

One question is whether the high fructose concentrations employed in rodent studies are 

relevant to humans [126, 127], given that the concentrations are much higher than those 

typically consumed by humans [2, 3]. The differences between rats and humans make it 

impossible to determine what concentrations are directly comparable between rats and 

humans based on intake. Although rats are similar to humans, they are not identical in their 

processing of fructose and lipids [93, 95, 128, 129]. Rats often require much higher doses of 

substances (e.g. analgesics, antidepressants, anxiolytics) than do humans. For instance, 

approximately 0.3 mg/kg of fluoxetine alleviates anxiety symptoms in a full-grown human, 



Detrimental Effects of Excessive Fructose Ingestion on Memory… 91 

but it takes approximately 10 mg/kg of fluoxetine to alleviate anxiety symptoms in a rat [130, 

131]. We can examine relevance to humans by focusing on endpoints rather than on dietary 

component concentrations. A significant amount of correlational evidence implicates high 

fructose consumption in the growing rates of insulin resistance, Type 2 diabetes, and heart 

disease in humans [6, 40, 132-134], all pathologies that a high fructose diet produces in rats. 

Moreover, comparisons of other endpoints suggest that fructose concentrations used in rodent 

studies are not extreme. For instance, in humans, only excessive fructose intake increases 

body weight [135]; whereas, a 60% fructose concentration does not in rats [18, 136]. 

Similarly, high fructose concentrations produce diarrhea in humans [137]; in contrast, we 

observe no such changes in rats. A recent study in rhesus monkeys demonstrates that a high 

fructose diet produces peripheral pathologies (e.g., insulin resistance, metabolic syndrome) 

similar to those seen in rodent studies [138]. This provides strong evidence to support the 

physiological relevance to humans of studies that have employed high fructose 

concentrations. 

 

 

CONCLUSION 
 

A high fructose diet produces a variety of peripheral metabolic disruptions, leading to 

detrimental effects on the brain (e.g., insulin resistance, inflammation, oxidative stress). A 

high fructose diet impairs hippocampal-dependent memory in male rats but does not do so in 

female rats. Although the mechanisms through which elevated fructose ingestion impairs 

memory are not entirely elucidated, possible intermediates include elevated plasma 

triglyceride concentrations, NAFLD, decreased neurogenesis, neuroinflammation, and 

oxidative stress. It is important to consider that humans generally do not eat just a high 

fructose diet. Most imbalanced diets contain an excess of both fat and sugar [4]. A more 

relevant model of diet-induced pathologies may be a high fat/high sucrose diet [139]. 

Although it is imperative to understand the combined effects of all dietary components on 

human pathologies, it also is important that we identify the effects of each dietary component 

individually. Research on high fructose diets has begun to provide some clarity on the role 

that fructose alone plays in the development of diet-related brain dysfunctions. 
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