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Abstract

Purpose of Review—The objective of this review is to provide up-to-date and comprehensive 

discussion of tissue-specific fructose metabolism in the context of diabetes, dyslipidemia, and 

nonalcoholic fatty liver disease (NAFLD).

Recent Findings—Increased intake of dietary fructose is a risk factor for a myriad of metabolic 

complications. Tissue-specific fructose metabolism has not been well delineated in terms of its 

contribution to detrimental health effects associated with fructose intake. Since inhibitors targeting 

fructose metabolism are being developed for the management of NAFLD and diabetes, it is 

essential to recognize how inability of one tissue to metabolize fructose may affect metabolism 

in the other tissues. The primary sites of fructose metabolism are the liver, intestine, and kidney. 

Skeletal muscle and adipose tissue can also metabolize a large portion of fructose load, especially 

in the setting of ketohexokinase deficiency, the rate-limiting enzyme of fructose metabolism. 

Fructose can also be sensed by the pancreas and the brain, where it can influence essential 

functions involved in energy homeostasis. Lastly, fructose is metabolized by the testes, red blood 

cells, and lens of the eye where it may contribute to infertility, advanced glycation end products, 

and cataracts, respectively.
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Summary—An increase in sugar intake, particularly fructose, has been associated with the 

development of obesity and its complications. Inhibition of fructose utilization in tissues 

primary responsible for its metabolism alters consumption in other tissues, which have not been 

traditionally regarded as important depots of fructose metabolism.
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Introduction

There is a worldwide epidemic of obesity, insulin resistance, and type 2 diabetes mellitus 

(T2DM). A major risk factor for development of obesity and its complications was thought 

to be increased intake of calorie-dense high-fat diet. Emphasis on detrimental effects of 

dietary fat over the last 30 years has resulted in decreased consumption of saturated fat [1]. 

Unfortunately, this success did not translate into a significant decrease in the prevalence of 

obesity.

A recent paradigm shift has focused more attention on harmful effects of sugar as a driver 

of the obesity epidemic [2]. Dietary sugars are predominantly composed of fructose and 

glucose monosaccharides. Fructose intake is more strongly associated with obesity and 

particularly with development of its comorbidities, such as dyslipidemia, insulin resistance, 

and fatty liver disease. These effects of fructose are mediated via a complex interplay of 

several metabolic pathways, at least some of which appear to be independent of excess 

caloric intake [3, 4]. Increased awareness about negative health effects of dietary sugar 

prompted the FDA to propose new food labels, which emphasize disclosing the amount of 

added sugar in our food [5]. Furthermore, several cities in the USA [6, 7] and countries 

around the globe have implemented a tax on sugar-sweetened beverages as a way to reduce 

their intake and combat the obesity epidemic [8–10]. The general public also participates in 

this paradigm shift as low-sugar, high-fat diets, such as Atkins’ New Diet Revolution and 

South Beach Diet, are becoming increasingly more popular [11].

While the evidence linking sugar intake with obesity and its complications is strong, 

the mechanism how these effects are mediated is not clearly defined. This has led to 

unprecedented interest in understanding fructose metabolism, in an attempt to identify 

therapeutic targets to decrease harmful health effects associated with fructose intake.

In this review, we discuss how tissue-specific fructose metabolism contributes to the 

development of obesity and its complications, focusing primarily on diabetes, dyslipidemia, 

and nonalcoholic fatty liver disease (NAFLD). First, we review human studies linking 

dietary fructose intake with the development of insulin resistance and T2DM. Next, we 

describe organ-specific fructose metabolism in the liver, intestine, and kidney, the primary 

sites of fructose metabolism. Additionally, we discuss fructose metabolism in the muscle, 

adipose tissue, the pancreas, and the brain, which have been traditionally overlooked as 

important sites of fructose metabolism.
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Clinical Studies Linking Fructose Consumption to Obesity and Diabetes

Increased intake of dietary sugar and fructose in particular has been associated with a 

myriad of metabolic complications including insulin resistance and T2DM [3]. We recently 

reviewed studies where hypercaloric fructose supplementation leads to the development of 

hepatic and systemic insulin resistance [12]. In short-term studies providing up to 25% 

of additional energy needs from fructose-sweetened drinks, fructose intake is associated 

with the development of hepatic insulin resistance, primarily manifesting as increased 

hepatic glucose production [13–16]. Much lower amounts of fructose providing 10–15% 

of additional calories, but over a longer time span, likewise result in the development of both 

hepatic and whole-body insulin resistance [17–19]. Studies utilizing hypercaloric fructose 

feeding have been criticized as increased energy intake alone can induce insulin resistance.

Interestingly, even energy neutral intake of fructose-sweetened drinks can lead to the 

development of insulin resistance and diabetes [20–23], suggesting that fructose intake may 

be an independent risk factor for the development of hepatic insulin resistance. Indeed, 

a meta-analysis of eight studies reporting outcomes in 310,819 participants found that 

individuals in the highest quintile of sugar-sweetened beverage (SSB) intake (1–2 servings/

day) had a 26% greater risk of developing T2DM than those in the lowest quintile of SSB 

intake (none or < 1 serving/month) [24]. This increase in T2DM risk remains even after 

adjusting for adiposity associated with SSB intake. Another meta-analysis of 17 cohorts 

including 38,253 cases found that consuming one SSB serving per day was associated with 

18% greater incidence of T2DM before adjustment for adiposity, whereas the risk remained 

13% higher, after adjusting for adiposity [4].

Association with increased fructose intake and insulin resistance is not only observed in 

studies utilizing sugar- or fructose-sweetened drinks, but also with consumption of solid 

diets high in sugar. For example, in a cross-over trial, 24 adult men and women consumed 

5%, 18%, or 33% of total daily calories as sucrose or the same amount of wheat starch 

for 6 weeks. Mean glucose levels, and insulin responses to a sucrose load, were higher for 

men and women consuming 18% and 33% sucrose diets versus the 5% sucrose diet [22]. 

Similarly, replacing 30% of calories from wheat with sucrose for 6 weeks in 19 glucose-

intolerant adult subjects increased fasting serum insulin, glucose, and insulin response to a 

sucrose load [23]. In another cross-over study, 12 men with hyperinsulinemia and 12 healthy 

age- and BMI-matched men were provided standardized equicaloric meals that contained 

either 0, 7.5, or 15% of the energy requirement as fructose in solid food for 5 weeks. The 

subjects consuming 15% fructose diet had increased glucose and insulin responses to a 3-h 

oral sucrose tolerance test when compared with the 0% fructose diet group [21]. Moreover, 

consumption of an isocaloric diet containing high fructose (25% energy requirement) for 9 

days increased hepatic glucose production during a euglycemic-hyperinsulinemic clamp in 

eight healthy men when compared to their baseline on low-fructose diet (starch provided in 

place of fructose) [20].

For the sake of completeness, it should be noted that not all studies found a positive 

association between increased intake of SSB with increased weight gain and T2DM [25]. 

However, a comprehensive analysis of systematic reviews found that most studies (83%) 
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reporting that scientific evidence is insufficient to support a positive association with 

SSB consumption and weight gain had some financial conflict of interest with the food 

industry [26]. Thus, the preponderance of evidence suggests that increased intake of sugar, 

particularly fructose, is associated with increased weight gain and risk of T2DM.

Fructose Transport and Metabolism

Fructose metabolism in many ways overlaps with that of glucose; however, there are 

important differences (Fig. 1). Fructose is transported into tissues via facilitated diffusion, 

mainly through glucose transporters 2 and 5 (GLUT2 and GLUT5) [27]. GLUT5 is the 

sole transporter specific for fructose with limited ability to transport glucose or galactose. 

GLUT2, on the other hand, is an efficient carrier for glucose and glucosamine. Other 

transporters such as GLUT7, GLUT8, GLUT9a/b, GLUT11, and GLUT12, as well as 

the sodium- and glucose-linked transporters SGLT4 and SGLT5, possess varying degrees 

of fructose selectivity and capacity [28]. Tissue-specific distribution of these transporters 

determines their availability to transport fructose. The first step of intracellular fructose 

metabolism is mediated by ketohexokinase (KHK), also known as fructokinase, which 

converts fructose to fructose 1-phosphate [29]. KHK is the rate-limiting enzyme in fructose 

metabolism. There are two isoforms of KHK produced by alternative splicing of exon 3. 

KHK-C is the main isoform responsible for fructose metabolism and is highly expressed 

in the intestine, liver, and kidney [30]. Tissue-specific distribution of KHK-C is thought 

to be the reason why these organs are considered major sites of fructose metabolism. 

Conversely, KHK-A isoform is ubiquitously expressed, although it has much lower affinity 

for fructose (Km 7 mM) than KHK-C (Km 0.8 mM) [31, 32]. The second enzyme of 

fructose metabolism, fructose-bisphosphate aldolase, or simply aldolase (Aldo), converts 

fructose 1-phosphate to dihydroxyacetone phosphate (DHAP) and glyceraldehyde (GA). 

There are three aldolase isoforms A, B, and C, which have unique tissue distribution. AldoA 

is expressed in muscle and erythrocytes, AldoB is mainly expressed in the liver, whereas 

AldoC is expressed in the brain [33]. Aldolase is not specific for fructose metabolism, 

as it also catalyzes a step in glycolysis to convert fructose-1,6 bisphosphate into DHAP 

and glyceraldehyde 3-phosphate (GA3P). Whereas DHAP is a common metabolite between 

fructolysis and glycolysis, fructose-derived GA is a more specific product of fructolysis 

and is the center of fructose metabolic crossroads [34]. Triokinase/FMN cyclase (TKFC) 

converts GA to GA3P and appears to be specifically regulated by dietary fructose. Its 

activity increases with fructose (but not glucose) refeeding, decreases with fasting, and 

recovers to baseline following 20 h of refeeding [36]. GA can also be catabolized 

by aldehyde dehydrogenase (ALDH) to eventually form pyruvate, the end product of 

glycolysis. The third metabolic fate of fructose-derived GA is its conversion to glycerol 

by alcohol dehydrogenase (ADH), which is then phosphorylated by glycerol kinase (GK) 

to form glycerol 3-phosphate, the backbone of triglyceride synthesis. The specificity of an 

increase in ALDH and ADH following fructose versus glucose intake is uncertain; however, 

several reports indicate that dietary fructose, but not glucose, increases alcohol metabolism 

[37–39].

In addition to fructose and glucose metabolism converging onto common intermediates, 

glucose can endogenously be converted to fructose via the polyol pathway [40]. First, 
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glucose is reduced by aldose reductase (AR) to form sorbitol, which is metabolized 

by sorbitol dehydrogenase (SDH) to form fructose. In spite of their interconversion and 

convergence onto the same metabolic end products, more fructose carbons, as compared to 

glucose, are incorporated into lactate and triglycerides, suggesting that carbon flux through 

fructolysis and glycolysis pathways is different. Indeed, glycolysis is regulated by insulin, 

citrate, and ATP via their action on phosphofructokinase, whereas fructose metabolism is 

not regulated by insulin or end products of carbohydrate metabolism (Fig. 1). Furthermore, 

phosphorylation of fructose by KHK in the liver is 10 times faster than phosphorylation of 

glucose by glucokinase (GCK) [32]. Due to rapid conversion of fructose and ATP to fructose 

1-phosphate and ADP by KHK, fructose metabolism activates AMP deaminase leading to 

purine degradation and the production of uric acid. Unlike fructolysis, glycolysis is slower 

and regulated by feedback inhibition; therefore, glucose metabolism does not lead to ATP 

depletion or uric acid production. In summary, although fructose and glucose metabolism 

share many common intermediaries, the unique early enzymes of fructose metabolism (e.g., 

KHK and TKFC), and rapid and unregulated flux through the pathway may account for 

starkly different effects of fructose and glucose on whole-body metabolism.

Intestinal Metabolism of Fructose

The intestine is the first organ exposed to dietary fructose. Fructose is absorbed across 

the intestinal epithelium by the facilitative glucose transporters. GLUT2, 5, 7, and 9 are 

expressed on the small intestinal apical surface [41, 42]. GLUT5 is thought to be the main 

fructose transporter and is highly specific for fructose transport [38]. Global deletion of 

GLUT5 markedly decreases blood fructose levels in mice fed a high-fructose diet [43, 

44]. GLUT2, localized on the basolateral side of the enterocyte, is responsible for fructose 

trafficking from the cytoplasm to the blood. Although GLUT7 [45] and GLUT9 [46] are 

expressed in the small intestine and are able to transport fructose, their role in intestinal 

fructose transport seems to be modest [47, 48], and GLUT9 appears to be a more specific 

urate transporter [49]. Thus, the main fructose transporters in the small intestine are GLUT5 

and GLUT2.

Intestinal fructose metabolism is upregulated by a feed-forward loop as fructose-gavaged 

mice exhibit an increased expression of fructolytic genes such as GLUT5, KHK, and 

AldoB [50]. Fructose treatment in vitro increased Glut5 mRNA in enterocytes, Paneth 

and goblet cells, but not in intestinal stem cells [51]. As a consequence, perfusing the 

intestine with a high-fructose solution increases fructose uptake in the rat [52]. Intestinal 

fructose metabolism is required for GLUT5 upregulation as the non-metabolizable fructose 

analog 3-O-methylfructose only modestly increases GLUT5 expression [53]. Additionally, 

abolishing intestinal fructose metabolism by knockout of KHK prevents fructose-induced 

GLUT5 upregulation [50, 54]. On the contrary, Glut2 expression is not increased by high-

fructose content in the intestinal lumen [55]. Thioredoxin-interacting protein (TXNIP), 

a member of the arrestin-like protein family regulating oxidation/reduction balance [56], 

regulates fructose transport by directly binding to GLUT5 and GLUT2 [57]; co-expression 

of TXNIP with GLUT2 and GLUT5 increases fructose uptake in a human epithelial 

colorectal adenocarcinoma cell line [57]. Conversely, deletion of TXNIP in mice reduces 

plasma levels of fructose and its uptake by peripheral tissue such as the liver, heart, 
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and kidney after fructose gavage [57]. On a transcriptional level, mRNA expression of 

genes regulating fructose transport (Glut5, Txnip) and metabolism (Khk, AldoB, Tkfc) are 

regulated by carbohydrate response element-binding protein (ChREBP) transcription factor 

[58]. Thus, ChREBP knockdown leads to intestinal fructose malabsorption and symptoms 

resembling irritable bowel syndrome, diarrhea predominant subtype [59–61].

Traditionally, the liver has been considered the main organ that metabolizes fructose. 

Recently, it has been shown that the small intestine plays an important role in metabolizing 

a small amount of dietary fructose. Using stable isotope tracers, Jang et al. showed that 

the small intestine, and especially the jejunum, has the highest level of labeled fructose 

1-phosphate [62•]. They concluded that 3–5 g of dietary fructose load is metabolized by 

the small intestine (around 90%), while only a small amount of fructose reaches the liver at 

this dose [62•]. Another recent study confirmed that fructose is metabolized in the intestine, 

but that the intestinal microbiome converts fructose to acetate, which is used as a substrate 

for de novo lipogenesis (DNL) in the liver [63]. Dietary fructose that reaches the liver 

serves primarily to turn on the lipogenic machinery. Utilizing liver- and intestine-specific 

KHK knockout mice, it has been concluded that intestinal fructose metabolism mediates 

sugar intake, whereas hepatic fructose metabolism drives metabolic dysfunction [64•]. In 

aggregate, these studies suggest that intestinal fructose metabolism protects the liver from 

excess lipid accumulation and insulin resistance. Similarly, increased intestinal fructose 

metabolism, achieved by knockdown of hypoxia-inducible factor 1 (HIF1), protects mice 

from development of NAFLD and insulin resistance [65, 66].

Intestinal Fructose Metabolism in Metabolic Diseases

Fructose metabolism by the intestine contributes to the association of fructose consumption 

with the development of T2DM. GLUT5 and GLUT2 are significantly enhanced in brush-

border membrane vesicles from streptozotocin-diabetic rats [67, 68]. Similarly, duodenal 

biopsies from humans with T2DM showed a three- to fourfold increase in GLUT5, 

GLUT2, and SGLT1 expression levels, as compared with those from non-diabetic controls, 

suggestive of increased intestinal monosaccharide absorption in patients with T2DM 

[69]. These studies paved the way for the discovery of human GLUT5 inhibitors as 

potential therapeutic targets to treat T2DM [70]. In addition to intestinal monosaccharide 

transport, fructose intake has been linked with aberrant incretin responses. Kuhre et al. 

found that fructose stimulates glucagon-like peptide-1 (GLP-1), but not glucose-dependent 

insulinotropic polypeptide (GIP), secretion in mice, rats, and humans [71]. Similarly, acute 

fructose loading induced greater GLP-1 responses in obese adolescents, as compared with 

their lean peers [72]. In contrast, GLP-1 response was higher in the lean group after 

glucose ingestion and GIP response was similar in both groups. The authors concluded 

that fructose consumption by obese subjects might contribute to hyperinsulinemia through a 

GLP-1-mediated mechanism.

The intestine plays an important role in whole-body lipid metabolism, as it absorbs 

dietary fats and packages them into chylomicrons for systemic distribution. Increased 

intestinal chylomicron and VLDL production is observed in patients with metabolic 

syndrome, compared with lean age-matched controls [73]. Fructose feeding for 3 weeks in 
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hamsters increased secretion of intestinally derived apolipoprotein B48 (apoB48)–containing 

lipoproteins in close parallel with increased intestinal de novo lipogenesis. Inhibition 

of fatty acid synthesis by cerulenin, a fatty acid synthase inhibitor, resulted in a dose-

dependent decrease in intestinal apoB48 secretion [74]. Using mouse intestinal organoids, 

Al-Jawadi et al. showed that the increased fructose-induced lipogenic gene expression is 

dependent on KHK [75]. Furthermore, fructose feeding leads to insulin resistance in the 

intestine. Sixty minutes after insulin administration, circulating levels of apoB48-containing 

lipoproteins were decreased in chow-fed, but not in fructose-fed, animals [76]. This effect 

was normalized by restoring insulin sensitivity upon treatment with rosiglitazone, an insulin 

sensitizer [77]. Effects of fructose to increase intestinal lipoprotein production are also 

observed in humans. Intraduodenal infusion of Intralipid plus fructose, under pancreatic 

clamp conditions, increased both apoB48 and apoB100 production in healthy male subjects, 

when compared with Intralipid alone [78]. Together, these studies indicate that intestinal 

lipoprotein production contributes to fructose-induced dyslipidemia.

Intestinal fructose metabolism also contributes to the development of NAFLD via its effect 

on gut dysbiosis and intestinal permeability. Studies in mice fed high-fructose diet revealed 

that fructose increases intestinal permeability [79]. This was associated with a decrease in 

expression of genes involved in the regulation of the tight junction barrier in the small 

intestine, including Ocln and Tjp1 [79]. Moreover, Volynets et al. observed decreased Muc2 
expression associated with decreased mucus thickness in the colon of mice when fructose 

was added to a western diet [80]. As a consequence of increased intestinal permeability, 

circulating levels of endotoxin were higher in the portal vein [80]. Numerous studies 

associate endotoxemia with progression of liver injury in patients with NAFLD ([81, 82]). 

Interestingly, when mice fed fructose were treated with non-absorbable antibiotics, hepatic 

lipid accumulation was significantly reduced ([80, 83]). High-sugar diets are known to 

decrease microbial diversity within 1 week of feeding ([84, 85]). These studies suggest that 

the intestinal microbiome, in part, mediates liver injury induced by fructose.

Fructose Metabolism in the Liver

Once absorbed by the small intestine, dietary fructose enters portal circulation and is 

transported into the liver to undergo rapid first-pass metabolism. Since GLUT5 is not 

expressed in the liver [86], GLUT2 and GLUT8 are the most abundant fructose transporters 

in hepatocytes ([33, 87]). However, GLUT2 has much lower affinity for fructose (Km = 11 

mM) than GLUT5 (Km = 6 mM) and GLUT8 (Km = 2 mM) [88], and the portal fructose 

concentration after a fructose-containing meal is estimated to be only 5 mM. This opens 

the possibility that other transporters play an important role in fructose transport into the 

liver. Fructose can also be transported by GLUT7, GLUT9, GLUT11, and GLUT12, some of 

which have Km for fructose less than 1 mM [89]. Indeed, GLUT8, 9, and 10 are expressed 

in the liver [86], and at least GLUT8 has been shown to be important for fructose transport 

into the hepatocytes [87]. In spite of whole-body and liver-specific GLUT8 knockout mice 

transporting less fructose and being protected from fructose-induced NAFLD, GLUT8 is 

thought to account only for 25% of fructose transport into hepatocytes [90].
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Once inside hepatocytes, fructose is rapidly phosphorylated by ketohexokinase-C, which 

is abundantly expressed in the liver. Hepatic KHK is increased in mice fed fructose [91], 

sucrose [92], or HFD [93]. Hypoxia increases KHK expression in the liver, but it is unknown 

whether this is HIF1 dependent [94•]. Hepatic KHK is also upregulated by uric acid [95], 

a byproduct of AMP degradation generated by metabolism of fructose. Similar to KHK 

regulation in the intestine, ChREBP mediates KHK upregulation in the liver [95]. The 

crucial role of ChREBP in fructose metabolism is demonstrated in liver-specific ChREBP 

knockout mice, which develop marked transaminitis and hepatomegaly when fed diets 

containing fructose. The ChREBP null mice are unable to upregulate KHK and display 

elevated glycogen accumulation when challenged with a high-fructose diet [96]. The second 

enzyme of fructose metabolism, AldoB, is very important for fructose metabolism in the 

liver. Patients with a generic deficiency of AldoB develop hereditary fructose intolerance, 

which is manifested by abdominal pain, vomiting, diarrhea, hypoglycemia, hyperuricemia, 

and in extreme cases liver failure and death, when exposed to dietary fructose [97]. In 

AldoB-deficient mice, these symptoms can be ameliorated by knockdown of KHK-C, which 

prevents hepatic fructose metabolism [98].

Hepatic Fructose Metabolism in Metabolic Diseases

On a molecular level, several properties of fructose metabolism prime the liver for 

development of hepatic insulin resistance. These include the strong propensity of fructose 

to increase hepatic de novo lipogenesis, decrease mitochondrial fatty acid oxidation, induce 

endoplasmic reticulum stress, and trigger hepatic inflammatory responses [12]. Furthermore, 

fructose metabolism may have more direct effects on insulin signaling by decreasing levels 

of insulin receptor and insulin receptor substrate 2 expression, and by upregulating protein 

tyrosine phosphatase non-receptor type 1 (PTP1b), a negative regulator of insulin signal 

transduction [12]. Hyperinsulinemia, as a result of insulin resistance, further stimulates 

hepatic lipogenesis [99] and decreases fatty acid oxidation leading to a vicious cycle of 

metabolic dysregulation.

Fructose strongly stimulates hepatic DNL [100] and increases lipid secretion, contributing to 

dyslipidemia. Indeed, in healthy subjects, 7 days of high-fructose diet increased ectopic 

hepatic lipid deposition and serum VLDL-triacylglycerol levels [15]. This effect was 

exaggerated in healthy offspring of patients with T2DM. The effects of fructose to increase 

serum cholesterol may be even more dramatic. In a cross-over study, fourteen healthy 

subjects consumed a high-fructose diet (20% of energy from fructose) for 28 days or 

an isocaloric high-starch diet containing < 3% fructose. A high-fructose diet resulted 

in significantly higher fasting serum total and LDL cholesterol when compared with a 

high-starch diet [101]. A meta-analysis of 37 clinical trials confirmed that higher intake 

of dietary sugars significantly raises total cholesterol, LDL-C, and HDL-C, an effect 

that was independent of changes in body weight [102]. Mechanistic studies in animals 

found that fructose stimulates VLDL and ApoB overproduction by doubling levels of 

microsomal triglyceride transfer protein, a key enzyme involved in VLDL assembly [103]. 

The mechanism of how fructose induces hypercholesterolemia is largely unknown and is 

the subject of ongoing research in our lab. We find that dietary fructose increases hepatic 

cholesterol levels, while knockdown of KHK specifically in the liver decreases hepatic 
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and serum cholesterol. These data suggest that hepatic fructose metabolism is sufficient 

to induce hypercholesterolemia. Whereas dietary fructose induces dyslipidemia, fructose 

restriction improves it. Ten days of isocaloric fructose restriction in patients with metabolic 

syndrome reduced LDL-C, apoB, ApoC-III, and ApoE, paralleling changes in insulin 

sensitivity ([104, 105]). Thus, fructose induces dyslipidemia by stimulating hepatic lipid 

synthesis, an effect that is dependent on hepatic KHK.

Fructose was traditionally thought to be primarily metabolized by the liver in rats [106] 

and humans [107]. Furthermore, expression and enzymatic activity of all proteins involved 

in fructose metabolism are sufficiently high in human liver, pointing to the important 

physiologic role of this organ in fructose metabolism [108]. Indeed, as fructose intake 

has increased in our diet, fructose has emerged as one of the primary risk factors for 

development of NAFLD [109]. In the liver, fructose stimulates DNL [93•] and decreases 

mitochondrial fatty acid oxidation [110]. Effects of fructose to decrease fatty acid oxidation 

via its effects on post-translational modification of mitochondrial proteins are of particular 

interest to our group [110–112]. Furthermore, increased fructose intake has been found to 

correlate with severity of liver fibrosis [113] and KHK is elevated in humans with biopsy-

proven NAFLD [109]. Fructose potentiates its metabolism, so patients with NAFLD are 

more sensitive to the adverse metabolic effects of dietary fructose [114]. In animal studies, 

knockdown of KHK protects mice from the development of NAFLD and insulin resistance 

[91–93]. A large body of literature associates dietary fructose intake with development of 

NAFLD, and this topic has been covered by other reviews [115–118]. Lastly, due to a strong 

association of fructose with the development and progression of NAFLD, KHK inhibitors 

are being developed for the treatment of NAFLD [119].

Fructose Metabolism in the Kidney

Once fructose is absorbed by the intestine and portal fructose is extracted by first-pass 

metabolism through the liver, maximal systemic fructose concentration is low, in the range 

of 1 mM [120, 121]. The kidney is the next most relevant site of fructose metabolism. 

About 20% of systemic fructose is taken up by the kidney [122], compared to over 50% 

of intravenous fructose load extracted by the liver [107]. GLUT5 is expressed in the 

kidney, and is increased three- to fourfold with diets high in fructose or sucrose, but not 

glucose [123]. Furthermore, other fructose transporters such as GLUT2 [124], GLUT9 

[125], SGLT1 [126], and SGLT4 [127] are expressed in the kidney, but the contribution of 

these transporters to renal fructose transport is uncertain. SGLT5 is exclusively expressed 

in the kidney and was found to have high capacity to transport fructose and mannose 

[128]. SGLT5 expression increases three- to fourfold after fructose consumption and its 

knockout increases urinary fructose excretion [129]. Subsequent studies have confirmed this 

finding and proposed that SGLT5 is one of the main transporters for fructose reabsorption 

in the proximal tubule of the kidney [130]. In addition to fructose transporters, all fructose-

metabolizing genes are present in the human kidney cortex and medulla [131]. KHK-C is 

also robustly expressed in the kidney of rodents, enabling robust fructose metabolism in the 

kidney [30].
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Kidney Fructose Metabolism in Metabolic Diseases

Increased fructose concentrations have been observed in blood and urine of patients with 

diabetes [132]. In diabetic patients, higher fructose intake is linked with greater albuminuria, 

a marker of chronic kidney disease (CKD) [133]. Albuminuria was also associated with 

intake of two or more sugar-containing beverages in the NHANES (1999–2004) study of 

US adults without diabetes [134]. In contrast, lowering fructose intake from 59 to 12 g 

per day for 6 weeks lowered fasting insulin in patients with CKD [135]. On a molecular 

level, fructose metabolism leads to generation of uric acid [136, 137] and higher uric acid 

is linked with vascular complications and diabetic kidney disease [138]. Hyperuricemia 

causes oxidative stress leading to kidney dysfunction [139]. Conversely, blockade of fructose 

metabolism, in a mouse model of diabetes, alleviates renal injury by reducing uric acid 

production in tubular cells [140]. Fructose metabolism via KHK has been shown to induce 

inflammation in human proximal tubular cells via a uric acid–dependent mechanism [141]. 

Increased inflammatory response may account for progression of CKD and accelerated 

tubular atrophy, tubulointerstitial inflammation, and collagen deposition in rodents fed 

fructose [142–144]. On the other hand, KHK knockout mice (total KHK-A/C KO) have 

improved renal function and attenuated kidney injury as compared with diabetic wild-type 

mice [91]. Interestingly, isolated knockout of KHK-A led to enhanced kidney injury in 

streptozotocin-induced diabetic mice [145], secondary to increased fructose metabolism via 

KHK-C. KHK-A may also have protective properties, as it phosphorylates and activates 

phosphoribosyl pyrophosphate synthetase 1 (PRPS1) to promote de novo nucleic acid 

synthesis [146].

In addition to worsening diabetic kidney disease, recurrent dehydration-induced kidney 

injury is mediated via a KHK-dependent mechanism. Dehydration triggers the generation 

of endogenous fructose produced through the polyol pathway [147] and plays a critical 

role in the pathogenesis of acute kidney injury due to the accumulation of endogenous 

fructose and sorbitol [140, 148]. Aging-associated kidney disease is also KHK dependent, as 

demonstrated in KHK knockout mice [149]. Lastly, luteolin, a KHK inhibitor, ameliorated 

kidney damage in wild-type mice undergoing ischemic kidney injury [150].

Whereas the contribution of fructose to diabetic kidney disease is well described, kidney-

specific fructose metabolism may also contribute to the development of other metabolic 

diseases such as NAFLD and hypertension. Interestingly, SGLT5-deficient mice exhibit 

increased urinary fructose loss, but they paradoxically developed increased hepatic steatosis 

[129]. Furthermore, dietary fructose intake has been linked with the development of 

hypertension [151]. In addition to inducing CKD and hyperuricemia, both of which can lead 

to hypertension, fructose increases intestinal salt and water absorption. This is mediated by 

increased expression of the apical chloride/base exchanger Slc26a6 (PAT1) and the sodium 

hydrogen exchanger 3 (NHE3) in the jejunum [152]. This process also occurs in the kidney, 

as fructose increases sodium transport via NHE3 in the renal proximal tubule [153]. This 

is dependent on KHK, as fructose-induced phosphorylation of NHE3 is abrogated in KHK 

knockout mice [154]. Overall, a significant portion of fructose is metabolized in the kidney, 

and this leads to the development of diabetic kidney disease and hypertension.
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Fructose Metabolism in Adipose Tissue

Adipose tissue has not been traditionally considered a major site of fructose metabolism, 

but some reports suggest that adipose tissue metabolizes fructose to the same extent as 

the intestine or kidney [155]. Adipose tissue also robustly expresses fructose transporter 

GLUT5 ([27, 156]). Consistent with this notion, GLUT5 mediates about 80% of fructose 

uptake in rat adipocytes [157]. GLUT5 expression can also be influenced by several factors, 

including hypoxia [158], obesity ([27, 157]), LXR agonists [159], triiodothyronine ([160, 

161]), and glucocorticoids [162]. However, GLUT5 expression and membrane translocation 

are not affected by insulin. Shepherd et al. reported that ex vivo insulin treatment of plasma 

membranes isolated from adipocytes of five non-obese and four obese individuals did not 

result in recruitment of GLUT5 to the plasma membrane in either group, in spite of a 54% 

insulin-stimulated increase in GLUT4 in non-obese subjects [163].

KHK-A versus KHK-C is the major isoform in adipocytes [30]; however, the overall 

expression of both isoforms is quite low [91]. Instead, fructose metabolism in adipose tissue 

is mediated by hexokinase, as evident by impaired fructose metabolism in the presence 

of the hexokinase inhibitor 3,5-dinitrobenzoylglucosamine [155]. Km of hexokinase for 

glucose (10−4 to 10−5 M) is much lower than for fructose (10−3 to 10−2 M). However, 

glucose transport into adipocytes is dependent on insulin, so free glucose concentration in 

adipocytes is low under fasting conditions. The absence of free glucose enables fructose 

metabolism in adipose tissue, at least in the setting of low insulin or perhaps in an 

insulin-resistant state [155]. To further understand metabolic fate of fructose in human 

adipocytes, Varma et al. utilized [U-13C6]-labeled fructose to demonstrate that fructose is 

robustly metabolized in pre-adipocytes and fully differentiated adipocytes [164]. Most of 

the labeled fructose entered the TCA cycle through the pyruvate dehydrogenase pathway 

and robustly stimulated anabolic processes, including glutamate formation and de novo 

fatty acid synthesis [164]. Moreover, fructose supplementation induces adipogenesis in the 

pre-adipocyte 3T3-L1 cell line [165]. GLUT5 overexpression in 3T3-L1 cells can induce 

adipocyte differentiation, while GLUT5 knockdown impairs adipogenesis [165]. GLUT5-

deficient mice display reduced fat mass and impaired adipogenesis ex vivo [165]. Taken 

together, these data suggest that fructose is readily taken up in adipocytes via GLUT5 and 

metabolized via hexokinase to support adipose tissue development and hypertrophy.

Indeed, fructose supplementation promotes visceral obesity, adipose tissue inflammation, 

and insulin resistance [166]. Visceral adiposity is a known risk factor for cardiovascular 

disease and T2DM. In adolescents, excess fructose consumption is associated with visceral 

adiposity, plasma C-reactive protein, and increased HOMA-IR [167]. This is consistent 

with data demonstrating that high-fructose feeding in rhesus monkeys produces insulin 

resistance and aspects of metabolic syndrome, including central obesity and inflammation 

[168]. Adipose tissue development and function has marked effects on NAFLD [169], 

as most liver triglycerides are derived from adipose tissue lipolysis. The contribution of 

adipose tissue–specific fructose metabolism in the development of NAFLD warrants further 

exploration.
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Fructose Metabolism in Skeletal Muscle

Skeletal muscle is another tissue that has not been considered a primary site of fructose 

metabolism. However, fructose metabolism can occur in the skeletal muscle. Individuals 

with KHK deficiency have a benign condition called essential fructosuria and are unable 

to metabolize fructose in the intestine, liver, and kidney; thus, their plasma fructose 

concentration is elevated [170]. Interestingly, they only excrete about 10–20% of fructose 

load in the urine [170], so that majority of fructose is still metabolized within the body, 

mainly in adipose tissue and skeletal muscle [171]. Indeed, when fructose is infused into 

exercising healthy subjects to maintain a concentration of 5.5 mmol/L, there is considerably 

more fructose oxidation by exercising and resting muscles [172].

Similar to adipose tissue, GLUTs 1, 4, and 5 are expressed in skeletal muscle. Unlike 

GLUT4, which translocates from intracellular vesicles to the plasma membrane [173] in 

response to insulin, GLUT5 is localized primarily in the sarcolemma of skeletal muscle 

[174]. Moreover, GLUT5 is not responsive to acute insulin treatment ([157, 163]); however, 

chronic insulin treatment (~ 24 h) can stimulate GLUT5 expression, promoter activity, 

and fructose uptake in rat L6 myotubes in vitro [175]. Furthermore, increased GLUT5 

expression in muscle from T2DM patients compared with healthy patients is reversed by 

pioglitazone [176], suggesting an insulin-dependent effect. The predominant KHK isoform 

in muscle is low-affinity KHK-A isoform [91]. Despite lower affinity for fructose, KHK-

A can metabolize fructose at physiological concentrations [91]. Mice with whole-body 

deficiency of both KHK isoforms display 30-fold increased levels of fructose in serum, 

and markedly increased levels of fructose and fructose-6-phosphate in muscle relative to 

wild-type (WT) animals. This suggests that fructose is phosphorylated by hexokinase in the 

absence of both KHK isoforms in skeletal muscle [177].

Fructose can impair glucose metabolism in skeletal muscle by inducing advanced 

glycation end products (AGEs) [178] and reducing plasma membrane GLUT4 levels 

[179]. Furthermore, fructose supplementation induces the expression of the proinflammatory 

cytokine TNFα in the soleus and the extensor digitorum longus in rats [180], potentially 

contributing to impaired insulin-mediated glucose uptake ([181, 182]). Interestingly, fructose 

feeding impairs insulin-stimulated glucose transport in the skeletal muscle of male rats, but 

not in female or ovariectomized female rats [183]. Taken together, these data demonstrate 

that fructose metabolism occurs in the skeletal muscle, at least in the setting of high serum 

fructose levels and affects skeletal muscle glucose handling.

Fructose Metabolism in the Pancreas

The primary fructose transporter GLUT5 shows little to no expression in the pancreas [184]. 

GLUT2, however, is expressed on the plasma membrane of pancreatic β cells, but exhibits 

low affinity to fructose (Km ~ 76 mM) relative to glucose (Km ~ 17 mM) [185]. Despite 

poor uptake in the pancreas, fructose can activate sweet taste receptors on β cells to amplify 

glucose-stimulated insulin release in mouse and human islets [186]. Compared to glucose, 

however, fructose alone is not considered an insulin secretagogue [187].
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Previous studies have measured low KHK expression in the pancreas of several species 

and in pancreatic insulinoma cell line MIN6 [30]. In agreement with minimal KHK 

expression in the pancreas ([188, 189]), fructose metabolism in the pancreas occurs by a 

KHK-independent mechanism via hexokinase [190]. This was based on a few observations: 

(1) pancreatic fructose phosphorylation is K+ independent unlike KHK metabolism which 

requires K+; (2) glucose and G6P inhibited fructose phosphorylation in the pancreas but not 

in the liver; and (3) fructose phosphorylation kinetics in islet homogenates coincided with 

purified hexokinase activity [190]. Furthermore, Malaisse et al. used heat to discern between 

KHK and hexokinase activity, since KHK, unlike other hexokinases, is stable at elevated 

temperatures ~ 70 °C. They demonstrated that phosphorylation of fructose in heated islet 

homogenates is 90% lower than in non-heated homogenates and is not affected by glucose 

or G6P. Fructose metabolism in heated islets is completely dependent on K+, indicating 

KHK-dependent metabolism [191]. Consistently, other groups have shown that the activity 

of KHK is lower in the islets than in the liver, ileum, or whole pancreas [192] with no 

observable differences in KHK activity between β and non-β cells [192]. Collectively, 

phosphorylation of fructose in the pancreas is catalyzed by hexokinase, which coincides 

with minimal KHK expression in this tissue.

Fructose Effects on the Brain

Glucose is the principal energy source for the brain, but fructose can cross the blood-brain 

barrier and be metabolized by the brain ([193, 194]). GLUT5 is expressed on microglia 

[195], blood-brain barrier [196], and cerebellum [197]. The expression of GLUT5 is 

increased in the brain of fructose-fed rats [198], during hypoxia/ischemia and other factors 

that induce microglial stress [199]. Additionally, GLUT1 which typically transports glucose 

also has a low affinity for fructose [200]. However, the function of fructose transporters in 

the brain remains uncertain since radiolabeled fructose injected into the arterial circulation 

in rats results in minimal accumulation of labeled fructose in the brain [201]. Alternatively, 

fructose can be endogenously produced in the human brain from glucose, in the setting of 

hyperglycemia [202]. Thus, the concentration of fructose in the brain often correlates with 

serum glucose levels [203]. Endogenous fructose production in the brain could explain the 

20-fold higher levels of fructose in cerebrospinal fluid compared to serum [202]. In the 

brain, fructose is metabolized by both KHK and hexokinase since fructose metabolism is 

synergistically inhibited by both glucose and a KHK-specific inhibitor [204]. Interestingly, 

KHK enzymatic activity was 5–10 times higher and rates of fructose oxidation were 15–150 

times higher in the brain compared to liver [204]. This is in agreement with higher glycolytic 

capacity of the brain relative to the liver [205].

Fructose utilization in the brain exerts profound effects on central control of appetite [206]. 

In healthy subjects, consumption of fructose versus glucose drinks led to greater hunger 

and desire for food, as assessed by functional MRI [207]. Intriguingly, fructose is naturally 

sweeter than glucose and has high affinity for sweet taste receptors [208]. However, fructose 

intake does not reduce cerebral blood flow in brain regions involved with appetite and 

reward pathways, as does glucose [209]. On a molecular level, fructose metabolism leads 

to rapid depletion of ATP, lowers malonyl-CoA levels in the hypothalamus, and as a result 

increases food intake [210]. In addition to its central effects, hormonal response to fructose 
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by peripheral tissue may also play a role in regulation of appetite. First, fructose does not 

induce robust insulin secretion, which signals in the brain to reduce food intake [211]. Next, 

fructose is less potent than glucose to increase leptin secretion [212]. Lastly, rats consuming 

fructose diet had a twofold higher fasting serum ghrelin, as compared with glucose-fed rats 

[213]. Taken together, fructose is metabolized in the brain and effects food intake.

Fructose Metabolism in Other Tissues

Fructose is found in human semen and is used as an energy source for spermatozoa. 

GLUT5 is found in human testis and spermatozoa [214], but fructose is also endogenously 

produced in the seminal vesicles. In the testes, fructose is metalized by KHK to fructose 

1-phosphate. Increased fructose intake has been associated with decreased testicular weight 

in rats [215]. Fructose metabolism is documented in human red blood cells, which strongly 

express GLUT5 [216]. Inside erythrocytes, fructose is converted to fructose 3-phosphate by 

3-phosphokinase [217]. Fructose 3-phosphate leads to rapid formation of advanced glycation 

end products [218]. Lastly, fructose is endogenously produced in the lens of the eye, in 

the setting of hyperglycemia [219]. Similar to RBCs, fructose is metabolized to fructose 

3-phosphate in the lens [220]. Endogenous fructose production in the lens is thought to 

contribute to cataract formation [221].

Summary and Future Perspective

Dietary fructose is metabolized by a variety of tissues, albeit at different levels (Table 

1). The primary sites of fructose metabolism are the liver, kidney, and intestine. Fructose 

metabolism by these tissues is highly associated with development of obesity and its 

complications, such as diabetes, dyslipidemia, and NAFLD. Fructose metabolism can also 

occur in adipose tissue and the muscle, but likely only in the setting of high circulating 

fructose, induced by genetic absence of KHK or by high dietary fructose intake. Fructose 

can also be sensed and metabolized by the pancreas and brain, where it modifies their 

essential functions, including insulin secretion and regulation of appetite, respectively. 

Lastly, small amounts of fructose are metabolized in the testes, red blood cells, and lens 

of the eye. Understanding tissue-specific fructose metabolism is paramount, as systemic and 

liver-specific KHK inhibitors are being developed for management of fatty liver disease and 

diabetes. Future studies are needed to understand what effects inhibition of KHK has on 

fructose metabolism in tissues that do not rely on KHK for fructose metabolism.
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Fig. 1. 
Pathways of fructose and glucose metabolism. Fructose translocation across the cellular 

membrane is primarily mediated by glucose transporters (GLUT2, GLUT5), as well as 

sodium and glucose cotransporters, such as SGLT5. Intracellular fructose metabolism is 

catalyzed by ketohexokinase (KHK), which converts fructose to fructose 1-phosphate. This 

reaction is considered to be the rate-limiting step in fructose catabolism. The aldolase (aldo) 

family of enzymes uses fructose 1-phosphate to produce glyceraldehyde (GA) and DHAP, a 

common intermediate with glycolysis, which is primarily converted into pyruvate. Pyruvate 

can then be metabolized to lactate or acetyl-CoA, which is a substrate for fatty acid and 

sterol synthesis or for incorporation into the TCA cycle. The GA produced from fructose 

1-phosphate is more specifically associated with fructose as compared to glucose catabolism 

and has three fates: (1) it is converted to glycerol via alcohol dehydrogenase (ADH) 

to serve as a backbone for triglyceride synthesis; (2) it produces glycerate via aldehyde 

dehydrogenase (ALDH), which can contribute to the production of pyruvate via glycerate 

kinase (GLYCTK); or (3) it produces GA3P via triose kinase (TKFC). Induction of TKFC 

is another specific step of fructose metabolism. By converging onto common intermediates, 

fructose can be converted to glucose and thus support glycogen synthesis. On the other hand, 

glucose can be endogenously converted to fructose via the polyol pathway. First, glucose 

is reduced by aldose reductase (AR) to sorbitol, which is subsequently oxidized by sorbitol 

dehydrogenase (SDH) to fructose. Although the metabolism of glucose and that of fructose 

converge onto common metabolites, the flux through the glycolytic and fructolytic pathways 

is starkly different. Glycolysis is highly regulated at the level of phosphofructokinase (PFK) 

by insulin, ATP, and citrate. Conversely, fructose metabolism is 10 times faster than that of 

glucose and is not regulated by its end products or by insulin.
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