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Abstract

Purpose of Review—Excessive sugar and particularly fructose consumption has been proposed 

to be a key player in the pathogenesis of metabolic syndrome and kidney disease in humans and 

animal models. However, besides its dietary source, fructose can be endogenously produced in the 

body from glucose via the activation of the polyol pathway. In this review, we aim to describe the 

most recent findings and current knowledge on the potential role of endogenous fructose 

production and metabolism in disease.

Recent Findings—Over the recent years, the activation of the polyol pathway and endogenous 

fructose production has been observed in multiple tissues including the liver, renal cortex and 

hypothalamic areas of the brain. The activation occurs during the development and progression of 

metabolic syndrome and kidney disease and results from different stimuli including osmotic 

effects, diabetes and ischemia. Even though the potential toxicity of the activation of the polyol 

pathway can be attributed to several intermediate products, the blockade of endogenous fructose 

metabolism either by using fructokinase deficient mice or specific inhibitors resulted in marked 

amelioration of multiple metabolic diseases.

Summary—New findings suggest that fructose can be produced in the body and that the 

blockade of tis metabolism could be clinically relevant for the prevention and treatment of 

metabolic syndrome and kidney disease.
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Introduction

Fructose, a monomeric sugar with unique metabolic properties

Metabolic syndrome is a common condition characterized by one or several of the following 

features: obesity, insulin resistance, dyslipidemia, fatty liver and high blood pressure. It is 

estimated that over one third of the population meet the criteria for having metabolic 
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syndrome and excessive consumption of sugar has been closely linked to the development of 

multiple of these features in humans and animal models (1–4). Dietary sugar contains both 

glucose and fructose, either as disaccharides (sucrose) or monosaccharides in solution (high 

fructose corn syrup, HFCS). Although both glucose and fructose have been implicated in the 

pathogenesis of metabolic syndrome, fructose seems to be particularly relevant due to its 

unique metabolism. While glucose has been postulated to increase the risk for metabolic 

syndrome through the actions of hyperinsulinemia to drive glycogen and fat storage; 

fructose is thought to work primarily by inducing insulin resistance and triggering 

lipogenesis and blocking fat oxidation(5–7). This is now recognized to be linked with the 

unique and rapid metabolism via the enzyme fructokinase -also known as ketohexokinase or 

khk- in the gut and liver that acutely reduces intracellular ATP levels and increasing 

nucleotide turnover into uric acid(8). In this regard, liquid fructose but not glucose elevate 

plasma uric acid levels in overweight subjects.

Fructose-dependent uric acid accumulation is considered to be a major mechanism whereby 

this sugar induces its metabolic effects. Excessive production of uric acid in the liver and 

other organs has been shown to induce mitochondrial dysfunction and inactivation of the 

enzyme AMP-activated protein kinase (AMPK) (9) leading to reduced fat oxidation, 

increased lipogenesis and de novo gluconeogenesis which underlie the development and 

progression of fatty liver, dyslipidemia and insulin resistance. The metabolic effects of 

fructose on nucleotide turnover and uric acid generation have been documented not only in 

animal models but also in humans(10).

Of interest, even though glucose metabolism itself does not cause an immediate significant 

nucleotide turn-over or uric acid generation, recent evidence suggest that some of this sugar 

is directly converted to fructose, and that the metabolism of this endogenously produced 

fructose could be an important deleterious step in the pathogenesis of metabolic syndrome.

The polyol pathway and the endogenous production of fructose

Fructose and glucose are structural isomers. However, the natural conversion of each other 

does not naturally occur and thus require complex enzymatic reactions. For example, it is 

well documented that in the liver, and most recently in the gut, fructose metabolism 

produces glucose by providing direct gluconeogenic substrates (dihydroxyacetonephosphate 

and glyceraldehyde) as well as lactate (11). In contrast, fructose can be enzymatically 

produced through three different enzymatic routes. Fructose is obtained by isomerization of 

either glucose, mannose or xylose as well as by dehydrogenation of sorbitol. Glucose 

isomerization through glucose isomerase is part of the processing of HFCS. Of interest, 

while isomerization of glucose, mannose and xylose are important substrates of fructose 

production in plants, as a means to produce either sucrose (in fruits) and inulin (fructose 

polymers in roots and stalks), these metabolic routes are not documented in most mammals. 

Therefore, the only mechanism for endogenously producing fructose known to date in 

humans is from sorbitol as part of the polyol pathway.

The polyol pathway is a metabolic route constituted by two enzymes, aldose reductase that 

converts glucose into sorbitol and sorbitol dehydrogenase which further metabolizes it to 

fructose (figure 1). Of interest, while sorbitol dehydrogenase is ubiquitously expressed in the 
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majority of tissues and organs, constitutive aldose reductase expression is limited to 

hypertonic areas of the inner medulla and papilla of the kidney. Sorbitol dehydrogenase is 

nearly absent in the inner medullar and papilla of the kidney and thus, the high levels of 

aldose reductase in this part of the kidney results in sorbitol accumulation which is an 

important osmolyte for a proper urinary concentrating mechanism. Based on this, it is 

thought that under normal conditions, the polyol pathway is mostly inactive in the majority 

of tissues and organs. This is supported by the observation that circulating fructose levels 

both fasting and post-prandial are markedly lower than glucose levels (12).

However, newly evidence now suggest that this pathway can be activated in vivo. Francey et 

al recently were able to determine in healthy individuals ingesting a glucose/fructose 

solution, rates of endogenous fructose appearance in plasma (12). Also, and consistent with 

the presence of an active polyol pathway, fructokinase expression is not only limited to 

tissues involved in metabolizing dietary fructose as it has been reported to be present in 

brain, pancreas and heart among other tissues (13). In this regard, Hwang et al, demonstrated 

the activation of the polyol pathway in the human brain with concomitant production of 

fructose from glucose (14)and Oppelt et al. showed that specific regions of the brain are 

capable of fructose metabolism (15). Consistently, and as shown by Song et al, the activation 

of the polyol pathway in the hypothalamus leads to endogenous fructose generation and 

metabolism which stimulate the production and release of the antidiuretic hormone, 

vasopressin (13).

To date, three major mechanisms have been shown to stimulate aldose reductase expression, 

and the polyol pathway: hypertonic stress, hypoxia and hyperglycemia. Of these, high 

tonicity is probably the most established stimulant of aldose reductase expression (16). 

Osmotic effects on aldose reductase expression have been shown in multiple tissues besides 

the papilla of the kidney and include the nucleus pulposus, lens and retina. More recently, 

our group has shown in mice that slightly hypertonic solutions markedly raise the tonicity of 

the portal vein and the systemic circulation and activate aldose reductase and the polyol 

pathway in the liver and brain during the development of features of metabolic syndrome 

including fatty liver, insulin resistance, obesity and high blood pressure (17). The effects of 

ischemia in activating the polyol pathway expression are also well-documented. Expression 

of aldose reductase is markedly repressed by vasodilators like nitric oxide (18).

The regulation of aldose reductase expression is mediated at the transcriptional level. 

Nuclear Factor of activated T cells 5 (NFAT5, also known as tonicity enhancer binding 

protein or TonEBP) activates the transcription of aldose reductase upon stimuli. Of interest, 

expression and activity of NFAT5 has been reported in multiple organs and tissues even at 

isoosmolar conditions (19–21) further supporting the concept that the polyol pathway can be 

potentially activated anywhere in the body. It has been shown that oxidative stress is the 

main driver in the activation of aldose reductase in cells and, in these settings, aldose 

reductase would act to detoxify lipid peroxides produced under oxidative conditions. In this 

regard, the role of uric acid in the activation of the polyol pathway has gained much interest 

recently. Uric acid is produced from ATP depletion as a by-product of fructose metabolism 

and even though it has important anti-oxidant properties, we and others have shown that 

intracellularly, uric acid can act as a prooxidant at high concentrations by stimulating 
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NADPH-dependent superoxide production in the cytosol and mitochondria (9). Huang et al 

first reported that uric acid could stimulate aldose reductase expression in endothelial cells 

and that its blockade in hyperuricemic mice protected against endothelial cell dysfunction 

(22). Our group has recently proved a critical role for hepatic uric acid in activating NFAT5 

and the polyol pathway thus producing endogenous fructose during the pathogenesis of fatty 

liver (21). Interestingly, uric acid also stimulates the expression of fructokinase in mice and 

human hepatocytes thus exacerbating the metabolism of endogenous and dietary fructose 

(23).

Endogenous fructose metabolism and its role in disease

The toxicity of the polyol pathway can be attributed to multiple factors. On one hand, an 

exacerbated flux through the polyol pathway results in the expenditure of cofactors for 

aldose reductase (NADPH) and sorbitol dehydrogenase (NAD+) leading to a redox state 

change and metabolic imbalances. Also, increased flux causes a significant decrease in the 

activity of glutathione reductase secondary to NADPH depletion. Sorbitol accumulation has 

been proposed to be an important mediator in cataracts and while important in the inner 

medulla of the kidney and the papilla, it can cause hyperosmotic swelling elsewhere 

deranging the cell membrane, and causing leakage of amino acids and glutathione.

High Glycemic Diets and Endogenous Fructose—To determine the relative 

importance of endogenous fructose production and metabolism in metabolic syndrome, our 

group first analyzed the response of fructokinase knockout mice to products with a high 

glycemic index. By feeding mice high glucose/no fructose-containing solutions, we 

identified the activation of the polyol pathway in the liver of mice. This activation was 

characterized by the up-regulation of aldose reductase, the production of sorbitol and the 

accumulation and metabolism of endogenous fructose. Of interest, not only aldose reductase 

knockout mice showed a marked protection against high-glucose induced metabolic 

syndrome but also similar protection was observed in fructokinase-deficient animals. 

Fructokinase knockout mice fed glucose demonstrated significantly reduced fatty liver, 

hyperinsulinemia, hyperleptinemia and body weight gain compared to wild type 

counterparts (24). This observation would suggest that the polyol pathway is involved in the 

pathogenesis of metabolic syndrome by producing and metabolizing endogenous fructose. 

The initial work developed with high glucose solution was then expanded to other organs 

and conditions. In diabetes for example, hyperglycemia has been shown to induce the 

expression of aldose reductase in multiple organs and tissues including the lens, retina, 

peripheral nerves and the renal mesangium. It has been reported that while under normal 

conditions a minimal amount of glucose enter into the polyol pathway, in diabetes 

approximately 30 % of glucose flux into this metabolic route (25). Of interest, in diabetic 

tissues, the blockade of aldose reductase significantly ameliorated inflammation and 

oxidative stress suggestive of an important role of the polyol pathway in the pathogenesis of 

diabetic complications.

High Salt Diets, Blood Pressure and Metabolic Syndrome—High salt diets are 

strongly linked with hypertension in epidemiological studies, and there is strong support that 

modest salt restriction is important in the control of blood pressure and reduction of 
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cardiovascular events, especially in older individuals and African Americans with 

hypertension. While the association with blood pressure is well known, more recently it has 

been reported that high salt diets may also predict the development of obesity, metabolic 

syndrome and diabetes (17, 26). We recognized that a high salt diet would transiently 

increase osmolality, especially in the portal vein and liver, and that this could be a 

mechanism for inducing AR and the polyol pathway. We therefore performed studies in 

which mice were administered high salt diets, especially by giving drinking water that was 

slightly hypertonic (17). This resulted in the induction of AR and the production of fructose 

in the liver. While initially animals appeared mildy catabolic, over time they developed 

marked leptin resistance with the development of many features of metabolic syndrome 

including obesity, fatty liver and insulin resistance. Mice lacking fructokinase were 

completely protected despite drinking similar amounts of salt. Furthermore, we found that 

western diet with added salt also showed increased metabolic features compared to western 

diet alone. Finally, we documented that a high salt diet was epidemiologically linked with 

increased risk for fatty liver and diabetes in a cohort of healthy Japanese adults. Thus, these 

studies suggest that a high salt diet could contribute risk for obesity through a mechanism 

that involves endogenous fructose production.

Diabetic Nephropathy and Chronic Kidney Disease—Recently, our group 

demonstrated that in mice, and during the progression of diabetic nephropathy, the proximal 

tubule of the kidney activates the polyol pathway possibly secondary to both high glucose 

and hyperosmolar conditions resulting in endogenous fructose production and metabolism 

(27). Similar degree of activation was observed in wild type and fructokinase deficient mice. 

However, the blockade of endogenous fructose metabolism in the kidney cortex of 

fructokinase knockout mice resulted in substantial improvement in both diabetes-associated 

renal injury and dysfunction. Furthermore, a key role for endogenous fructose production 

and metabolism in renal proximal tubular cells has been proposed as a potential mechanism 

in the pathogenesis of Mesoamerican nephropathy (28), a idiopathic type of chronic kidney 

disease associated with exposure to severe heat and recurrent dehydrating conditions. It has 

been hypothesized that under hot and dehydrating conditions, increased plasma osmolality 

induce the activation of aldose reductase in the proximal tubule of the kidney which is one of 

the major sites where sorbitol dehydrogenase and fructokinase are expressed, and therefore 

fructose is produced endogenously from glucose and metabolized thus causing the 

inflammation and tubular injury that characterize this condition.

Acute Kidney Injury—Besides chronic kidney disease, the activation of the polyol 

pathway and endogenous fructose production has also been observed in models of acute 

kidney injury. In this regard, increased urinary fructose has been observed in pediatric 

patients undergoing ischemic acute kidney injury following cardiac by-pass and the 

blockade of fructokinase either by using fructokinase knockout mice or specific inhibitors 

was shown to prevent and even be relevant to treat kidney injury after an ischemic insult (8). 

Furthermore, blockade of fructokinase has also been reported to be beneficial in another 

model of acute kidney injury, contrast-induced nephropathy, a particular case of renal 

damage associated with the three main stimulants of aldose reductase expression, 

hypertonicity (radiocontrast agents are hyperosmolar), ischemia and diabetes (8).
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Hereditary Fructose Intolerance: A State of Fructose Sensitivity—A critical role 

for endogenous fructose metabolism has also been proposed in hereditary fructose 

intolerance (HFI). HFI is an orphan genetic disease characterized for the deficiency of 

aldolase B. People with HFI are asymptomatic. However, after fructose ingestion, the lack of 

aldolase B results in the accumulation of fructose-1-phosphate and the depletion of ATP and 

phosphate pools leading to cell death mainly in gut and liver. Consistent with marked 

depletion of ATP pools following fructose exposure, hyperuricemia is commonly found in 

subjects with HFI. Of interest, high levels of uric acid following a fructose challenge have 

also been recently reported in heterozygous carriers (29) suggesting that a reduced 

expression of aldolase b could be associated with metabolic changes despite not presenting 

the characteristic clinical manifestations of HFI. The most important clinical sign following 

fructose intake in HFI, is acute and severe hypoglycemia (30). Even though the blockade of 

fructokinase has been shown to be effective, no pharmacological treatment has been 

clinically tested or approved to date for HFI and the only recommended approach is to avoid 

the intake of sugar. However, even with little or no ingestion of fructose, individuals with 

HFI often develop episodes of hypoglycemia, show signs of general ill health and exhibit 

symptoms of chronic fructose intoxication. One possibility that could explain these episodes 

relates to the fact that fructose is heavily substituted in the diet by foods with high glycemic 

index like dextrose. Excessive glucose consumption in aldolase b deficient subjects could 

lead to the activation of the polyol pathway and endogenous production of fructose.

Conclusion

In summary, over the last 5 years, and as depicted in Figure 1, mounting evidence support 

the relevance for endogenous fructose production and metabolism in the pathogenesis of 

metabolic syndrome and associated conditions including kidney disease. Although the 

majority of evidence has been obtained from animal models, the presence of an active polyol 

pathway has also been described in humans. However its relative importance in human 

metabolic disease still remains to be elucidated and warrants further studies.
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Key points

1. Endogenous fructose production is occurring in multiple tissues in the 

pathogenesis of metabolic syndrome and renal disease.

2. Endogenous fructose production is mediated by the up-regulation of aldose 

reductase and the activation of the polyol pathway

3. Blockade of endogenous fructose metabolism could be clinically relevant for 

the prevention and treatment of metabolic syndrome and kidney disease.
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Figure 1: 
Schematic of endogenous fructose production and metabolism in mammals. While bacteria, 

plants and yeast can produce fructose by isomerization of other polyols. In humans and most 

mammals, fructose can only be endogenously produced from glucose and sorbitol by the 

polyol pathway. While fructose can also be converted back into glucose, further metabolism 

of fructose stimulates triglyceride and uric acid accumulation which in turn contribute to the 

pathogenesis of features of metabolic syndrome and kidney disease along with other 

important factors including elevated free fatty acids, inflammation, oxidative stress, low 

energy expenditure, overfeeding or smoking among others. Abbreviations: AR: aldose 

reductase, SDH sorbitol dehydrogenase, KHK: fructokinase, AldoB: Aldolase B, DHAP: 

Dihydroacetonephosphate.
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