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Abstract

The global prevalence of nonalcoholic fatty liver disease (NAFLD) in children and adolescents is 

escalating and currently represents the most common chronic liver disease in the pediatric 

population. NAFLD is associated with high daily caloric intake and sedentary behavior, with 

excessive consumption of added sugar emerging as an important contributor to NAFLD risk in 

children. This is a particularly important factor for adolescents with obesity, who are the heaviest 

consumers of added sugar. Table sugar, or sucrose, is a disaccharide comprised of fructose and 

glucose, yet only fructose has been strongly linked to NAFLD pathogenesis largely due to the 

unique characteristics of its metabolism and detrimental effects on key metabolic pathways. To 

date, the relationship between excessive fructose intake and risk of NAFLD in children and 

adolescents remains incompletely understood, and it is not yet known whether fructose actually 

causes NAFLD or instead exacerbates hepatic fat accumulation and possible hepatocellular injury 

only within the context of cardiometabolic factors. The purpose of this review is to summarize 

recent studies linking fructose consumption with NAFLD in the pediatric population and integrate 

results from interventional studies of fructose restriction in children and adolescents on NAFLD 

and related metabolic markers. Given the overall positive impact of lifestyle modifications in the 

management of pediatric NAFLD, reduction of added sugar consumption may represent an 

important, early opportunity to mitigate or prevent NAFLD in high-risk children and adolescents.
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Pediatric NAFLD

Nonalcoholic fatty liver disease (NAFLD) is a chronic, progressive condition that arises 

from hepatic steatosis in the absence of other factors such as genetic or metabolic disorders, 

infections, use of steatogenic medications, or excessive alcohol consumption1. In the United 

States (US), NAFLD is the most common chronic liver disease in children2, 3, in whom the 
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prevalence of NAFLD is broadly estimated at 13%2. Risk factors for NAFLD in children and 

adolescents include obesity and severe obesity4, increasing age, family history, and Latino 

ethnicity2, especially in those of Mexican ancestry5, 6. NAFLD encompasses a spectrum of 

histologically defined liver disease that includes steatosis and nonalcoholic steatohepatitis 

(NASH), characterized by steatosis, hepatic inflammation, and hepatocellular injury, and 

oftentimes accompanied by fibrosis. Some children develop a distinct pattern of injury, 

characterized by a periportal pattern of fibrosis, prevalent zone 1 inflammation, and an 

absence of hepatocyte ballooning7, that may be linked to a more severe phenotype8. In 

children and adolescents, NAFLD is often asymptomatic and is commonly detected as a 

result of abnormal liver enzymes or imaging9. Clinical screening recommendations do not 

differentiate the spectrum of NAFLD-related disorders, and liver biopsy is required for 

NASH diagnosis and fibrosis staging1.

Although the natural history of pediatric NAFLD is not yet thoroughly delineated, metabolic 

syndrome is a common feature at the time of diagnosis, with more than 80% of children 

exhibiting at least one component associated with metabolic syndrome, such as obesity, 

hypertension, dyslipidemia, or hyperglycemia10. Some of these components are also present 

in lean adolescents with suspected NAFLD, suggesting that metabolic derangement, even 

outside of the context of obesity, may be important in disease pathogenesis11. A recent 

prospective study in children with NAFLD receiving only standard-of-care lifestyle 

counseling reported that >30% of children developed NASH and/or experienced worsening 

fibrosis within two years12. Increasing obesity and higher baseline levels of ALT (alanine 

aminotransferase), AST (aspartate aminotransferase), GGT (gamma-glutamyl transferase), 

as well as total and LDL cholesterol (LDLC) were associated with progression to NASH, 

while progression in fibrosis was associated with white race, incident type 2 diabetes (T2D), 

and increasing ALT, GGT, and glycated hemoglobin (HbA1c). Any progression, either to 

NASH or increasing fibrosis, was associated with increasing age, higher baseline central 

adiposity, ALT, AST, GGT, and cholesterol levels (total and LDLC), and worsening values 

of ALT, HbA1c, and GGT. Not unexpectedly, incident T2D or T2D at any visit, was 

associated with significantly increased odds of progression to a more severe clinical 

phenotype. Some studies indicate that pediatric NAFLD is associated with poor long-term 

outcomes, including a greater risk of death and requirement for liver transplantation10 and 

greater liver-related morbidity and mortality in adulthood10. Therefore, pediatric NAFLD 

may represent an aggressive form of fatty liver disease13, 14 that is even more concerning 

than adult NAFLD15.

The high heritability estimates for NAFLD16 suggest that genetic factors contribute to 

NAFLD susceptibility1, 16. Variants in specific genes including patatin-like phospholipase 

domain containing 3 (PNPLA3), transmembrane 6 superfamily member 2 (TM6SF2), 

glucokinase regulatory protein (GCKR), and others have been associated with hepatic 

steatosis, fibrosis, or higher NAFLD activity score9, 17, 18. In Latino children and 

adolescents, who have the highest prevalence of NAFLD, the variant G allele at rs738409 in 

PNPLA3 is more common19, and those with a homozygous genotype have twice as much 

liver fat as those with the wildtype genotype20. Variation in PNPLA3 also appears to 

mediate effects of high dietary sugar intake on NAFLD susceptibility21. Joint effects among 

risk alleles in PNPLA3, TM6SF2, GCKR are associated with greater intrahepatic fat 
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accumulation17 and explained 39%, 32%, and 15% of percent hepatic fat fraction variance in 

Black, White, and Latino children and adolescents with obesity, respectively22. However, a 

recent study reported that cardiometabolic risk factors explained more of the variation in 

hepatic fat fraction than genetic risk score in Latino adolescents who were overweight or 

obese (27.2% vs 4.3% [6.4% for PNPLA3 rs738409 alone]), while an opposite relationship 

was observed in lean adolescents23, suggesting that heritable effects are modulated, at least 

in part, by adiposity.

Dietary components, including saturated fat, cholesterol, and sucrose have been associated 

with NAFLD24, but recent observational studies, as well as intervention trials, point to the 

specific role that added sugar intake plays in the pathophysiology of NAFLD25. Given that 

adolescents consume the highest amount of added sugars relative to other age groups26, this 

single dietary component may represent an early and important target by which pediatric 

obesity27, 28, and more specifically, NAFLD risk can be attenuated in this population. The 

purpose of this review is to summarize the evidence linking high fructose consumption with 

pediatric NAFLD and review the effects of dietary fructose restriction on metabolic 

parameters associated with NAFLD in children and adolescents.

Fructose consumption and hepatic metabolism

Fructose and glucose, which combined form a molecule of sucrose, are metabolized by 

different mechanisms in humans29. Dietary glucose is predominantly metabolized by 

skeletal muscle to generate carbon dioxide, water, and adenosine triphosphate (ATP), and by 

adipose tissue to generate glycerol trisphosphate for triglyceride synthesis. Under normal 

physiological conditions, fructose is passively absorbed across the intestinal lumen, and then 

transported to the liver, where it is metabolized by ketohexokinase (KHK) to fructose-1-

phosphate. Fructose-1-phosphate is subsequently metabolized to glucose, acetyl-CoA, fatty 

acids, lactate, and triglycerides, as shown in Figure 130. In contrast to the phosphorylation of 

glucose, fructose phosphorylation is rapid and is not regulated by feedback inhibition. 

Phosphorylation of fructose utilizes ATP, which depletes both ATP and intracellular 

phosphate, leading to the activation of adenosine monophosphate (AMP) deaminase, and the 

conversion of AMP to inosine triphosphate (IMP), and subsequently, to uric acid31. Uric 

acid has been linked to oxidative stress and mitochondrial dysfunction29. High levels of 

circulating uric acid are commonly observed in individuals with high fructose intake32, and 

uric acid levels increase in parallel with consumption of fructose33, 34. Because of the 

relationship between fructose consumption and circulating uric acid levels, uric acid is 

sometimes used as a biologic proxy for fructose intake35–38.

Excessive and chronic consumption of fructose promotes hepatic de novo lipogenesis 

(DNL), impairs fatty acid oxidation, induces endoplasmic stress, and contributes to hepatic 

inflammation through the generation of both uric acid and gut-derived endotoxins37, 39–42. 

High dietary fructose intake has also been linked to altered gut microbiome composition, 

with a shift toward depletion of beneficial microbial species43. When consumed with a high 

fat diet, the addition of fructose but not glucose further impairs mitochondrial function in the 

liver44. Through impairment of these pathways, dietary fructose has been implicated in the 
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indirect development of hepatic insulin resistance, and consequently, may be important in 

the pathogenesis of NAFLD (Fig 2)39.

Association between fructose consumption and pediatric NAFLD

An overview of results from observational studies of fructose consumption in the pediatric 

population and fatty liver is shown in Table 1. One of the first studies characterized diet and 

physical activity patterns in children who were overweight or obese and had fatty liver, 

including some with histological evidence of NASH45. Three-day food records indicated 

low intakes of vitamin E, fiber and polyunsaturated fats, and high intakes of saturated fats 

and sugars, including sucrose and fructose, which represented 24% of daily carbohydrate 

calories. In these children, higher daily fructose intake was associated with insulin 

resistance, abdominal adiposity, low serum adiponectin concentrations, and elevated levels 

of GGT and tumor necrosis factor alpha. Multivariate analyses with fructose as a dependent 

variable identified significant positive interactions between GGT and body mass index 

(BMI) and GGT and male sex. Despite the significance of these findings, the sample size 

was limited, the study did not include a healthy comparison group, and the analyses did not 

control for potential confounders such as age, ethnicity, and sex. Further, a comparative 

analysis of fructose consumption in children with biopsy-proven NASH and children with 

less severe disease was not performed. An independent prospective, cross-sectional registry-

based study subsequently sought to determine whether increased consumption of sugar-

sweetened beverages was associated with worse pathologic features of NAFLD46. In this 

cohort of children enrolled in the multi-center NASH Clinical Research Network (NASH-

CRN), NASH status was histologically determined and 39 children had no presence of 

NASH, 27 had borderline zone 3, 36 had borderline zone 1, and 47 had definite NASH. Self-

reported sugar-sweetened beverage consumption, which was atypically low in this group, 

was not associated with histologic features of NAFLD. However, uric acid levels were 

significantly higher in children with definite NASH compared to those with milder forms of 

NAFLD. These findings suggest that 1) there may be sources of fructose intake other than 

sugar-sweetened beverages, or 2) self-reported instruments may not accurately depict actual 

intake of sugar-sweetened beverages.

Using a prospective, population-based cohort of Australian adolescents, O’Sullivan et al47 

investigated the relationship between fructose consumption at 14 years and the presence of 

NAFLD at 17 years. Fructose intake was extrapolated from a three-day food record from 

592 adolescents (39 underweight, 424 normal weight, 101 overweight, and 28 with obesity). 

While fructose intake did not differ significantly between adolescents with or without 

NAFLD, for those with obesity and without NAFLD, there was a significantly lower 

fructose intake compared to the other groups. Adolescents who were in the higher half of 

fructose consumption and who also had obesity at age 14 were more likely to have NAFLD 

at 17 years compared to adolescents without obesity in the lower half of fructose consumers. 

This observation suggests that lower than usual fructose intake may be protective against the 

development of NAFLD in adolescents with obesity, as opposed to a high fructose intake 

causing an increased risk of NAFLD. For adolescents who had obesity at age 14 years, each 

gram of daily fructose consumed at this age was associated with a 9% increased risk of 

NAFLD at age 17 years. Multivariable logistic regression analysis showed that in 
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adolescents with obesity, higher fructose intake was associated with increased odds of 

NAFLD. In this cohort, the relationship between fructose consumption and NAFLD risk 

appeared to be moderated by excess adiposity as adolescents with obesity who reported 

either low or high fructose consumption had a significantly greater risk of NAFLD 

compared to nonobese adolescents who had low fructose intake. The amount of fructose 

consumed, rather than the total amount of sugars, was likewise observed to have a greater 

impact on NAFLD risk in this cohort.

The potentially unique contribution of fructose to the development of NAFLD warrants 

strong consideration. While the majority of glucose enters the systemic circulation, fructose 

is primarily metabolized in the liver48, although the small intestine and kidney also 

metabolize fructose49–51. In addition, fructose, but not glucose, promotes bacterial 

overgrowth and increased intestinal permeability, resulting in movement of bacterial 

endotoxins into the portal plasma, which may contribute to hepatic inflammation. As noted, 

fructose phosphorylation is not rate-limiting, so excessive fructose intake can contribute to a 

high rate of triglyceride synthesis. Because fructose phosphorylation is also rapid, hepatic 

ATP can be rapidly depleted in the presence of high fructose levels. As obesity is known to 

increase lipid influx and DNL, ingestion of fructose in individuals with obesity may exceed 

the liver’s capacity to metabolize the increased lipid flux, consequently resulting in hepatic 

fat accumulation. Individuals with obesity may also be more generally susceptible to 

detrimental effects of fructose. For example, otherwise healthy individuals with overweight 

or obesity have reduced hepatic ATP stores compared to normal weight controls52, and this 

may confer a reduced ability to recover from hepatic ATP depletion resulting from excessive 

fructose exposure.

Other studies have reported association between fructose consumption and NAFLD severity 

in children. Increased fructose intake was associated with a progressive increase in NAFLD 

grade (5669.75 g/week (interquartile range [IQR] 8593.65) for grade 0, 8861.41 (4642.92) 

for grade 1, and 10,490.81 (4037.24) for grade 2) in Egyptian children with obesity53. In 

these children, the presence of NAFLD was also associated with higher fructose intake 

relative to healthy, age-, sex, and pubertal stage-matched controls who were not obese 

(171.27 g/week ± 80.52 vs 140.51 g/week ± 107.88; p=0.005). These results were 

corroborated by the observed association between levels of procollagen type III N-terminal 

peptide, a marker for steatohepatitis, and NAFLD, NAFLD grade, and intakes of fructose 

and total calories in this cohort.

Likewise, children and adolescents with obesity exhibiting histological evidence of NASH 

reported significantly higher fructose consumption compared with those without NASH54. 

Children and adolescents with NASH also had significantly higher rates of hyperuricemia 

and higher uric acid concentration than children without NASH. Logistic regression analysis 

showed that fructose consumption (OR 1.61, 95% CI: 1.25–1.86); p=0.001) and uric acid 

concentration (OR=2.49, 95% CI: 1.87–2.83; p=0.004) were independently associated with 

NASH. Fructose consumption was also associated with uric acid concentration in Italian 

children and adolescents with obesity (OR=2.02, 95% CI: 1.66–2.78; p=0.01). High dietary 

fructose consumption was associated with steatosis, inflammation, and fibrosis in both 

periportal and perivenous zones, even after adjustment for BMI, HOMA-IR (homeostatic 
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assessment model for insulin resistance), triglyceride levels, and uric acid concentration55. 

Uric acid concentration was associated with steatosis and fibrosis in both zones, but with 

inflammation only in the periportal zone. Increasing evidence suggests that pediatric 

NAFLD is different than adult NAFLD and may involve greater periportal injury7, 56. 

Increased dietary fructose coupled with hyperuricemia might cause greater damage in the 

periportal zone, and therefore, it is possible that these two components may contribute to the 

different pattern of lobular disease observed in pediatric NAFLD. A follow-up study from 

this group reported that daily fructose consumption increased with severity of fibrosis and 

was associated with higher odds of high fibrosis degree57.

In contrast to these findings, Nier et al58 did not observe significant differences in serum uric 

acid concentration between overweight children with and without NAFLD. However, 

fructose intake was significantly higher in children with NAFLD compared to those without, 

and these children consumed significantly more calories in the form of sugar-sweetened 

beverages than overweight children without NAFLD (208 ±35 kcal/day vs 132 ±10 kcal/day; 

p<0.05).

Effects of dietary fructose feeding or restriction on parameters of pediatric 

NAFLD

A number of studies have investigated the effects of fructose feeding or fructose restriction 

on NAFLD and related metabolic measures in children and adolescents (Table 2). One of the 

first studies used a two-day crossover feeding design to evaluate whether fructose- or 

glucose-sweetened beverage altered plasma lipids differentially in children with NAFLD 

compared to healthy counterparts59. In both healthy children and those with NAFLD, 

fructose-sweetened beverage consumption produced higher triglyceride incremental area 

under the curve (IAUC) compared to glucose-sweetened beverage; however, the response 

was greater in children with NAFLD. In all children, fasting plasma glucose levels were 

significantly higher under fructose feeding conditions compared to glucose feeding, and only 

fructose-sweetened beverages resulted in decreased postprandial and overnight levels of 

HDL-cholesterol. Interestingly, children with NAFLD responded to fructose beverages with 

an acute increase in plasma endotoxin levels, resulting in a higher IAUC at nine hours 

compared to healthy controls, an effect not observed with glucose beverage ingestion60. 

Although the amount of fructose/glucose used in this challenge was high, and the duration of 

the treatment period and sample size were limited, these results demonstrated that dietary 

fructose produced metabolic effects in healthy children and, to a greater extent, children with 

NAFLD.

This group subsequently conducted a four-week randomized, controlled, double-blind 

beverage intervention study in overweight Hispanic adolescents with fatty liver, who were 

regular consumers of sweet beverages61. As in the first study, participants were provided 

either a fructose-only or glucose-only beverage. Children receiving the glucose beverage 

(i.e., fructose reduction) showed significant improvements in adipose insulin sensitivity and 

plasma levels of high sensitivity C-reactive protein, free fatty acids, and oxidized LDL (a 
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measure of oxidative stress) at the end of the intervention. However, no significant changes 

in hepatic fat or in levels of ALT and AST were observed in either group.

The acute consumption of fructose during a 1g/kg oral challenge resulted in a differential 

metabolic effect in children with and without NAFLD34. Prior to fructose consumption, 

children with NAFLD exhibited higher mean serum uric acid levels compared to otherwise 

healthy children with obesity (7.5 ±1.4 vs 6.1 ± 1.6 mg/dL, P=0.04) or lean controls (7.5 

±1.4 vs 4.5 ±1.6 mg/dL; P=0.0003). These data may indicate a higher intake of dietary 

fructose35–37. Following the oral fructose challenge, serum uric acid levels, which were 

measured in 30-minute increments up to 360 minutes post-consumption, remained stable 

and were significantly higher in children with NAFLD at all time points compared with lean 

controls, and at 120 and 270 minutes compared to controls with obesity. The change in 

serum uric acid levels from baseline to peak was significantly higher in lean controls relative 

to children with NAFLD, and the AUC was also higher in the lean children. Participants 

with NAFLD had higher mean urinary uric acids concentrations at baseline and post-

fructose administration compared to lean controls. Metabolically, children with NAFLD 

exhibited higher serum glucose levels in response to the fructose challenge compared with 

lean controls and a slower return to baseline levels compared to both groups of control 

individuals. Although serum fructose levels at baseline were similar among all groups, lean 

controls had higher fructose levels at 30 and 60 minutes compared to children with NAFLD 

and controls with obesity, and the change in fructose levels was significantly higher in lean 

controls compared to children with NAFLD. Baseline urine fructose was also similar among 

all groups; however, children with NAFLD had lower urinary fructose excretion following 

fructose ingestion relative to the control groups. A positive breath hydrogen test following 

fructose ingestion was observed in 67% of lean controls, 33% of controls with obesity, and 

22% of NAFLD patients, and these results, combined with reduced urinary fructose 

excretion, suggest that children with NAFLD absorb fructose more efficiently34.

Mager et al62 investigated the effects of six months of a low fructose, low glycemic index, 

and low glycemic load diet on nine children with NAFLD (four with NASH and five with 

hepatic steatosis) and 13 healthy, lean children. No significant differences in measures 

related to adiposity were observed in either group over the intervention. However, children 

with NAFLD showed significant reductions in the percentage of body fat and skin fold 

measures, as well as systolic blood pressure, percentage body fat, levels of ALT and apo-

B100, and HOMA-IR at three and six months of the intervention. The strongest effects were 

seen in children with NASH, who also had the highest intakes of fructose at baseline. In 

contrast, no major changes in plasma biochemical markers or body composition were 

observed in lean children over the intervention, despite levels of fructose consumption 

comparable with those of children with NAFLD, suggesting that the context of adiposity 

may be necessary for the manifestation of metabolic consequences from high fructose 

consumption. However, these results also indicate that reductions of dietary fructose may be 

more important than weight loss, at least in the short term, for improving markers of liver 

dysfunction in children with NAFLD.

In a nine-day intervention of isocaloric substitution of starch for sugar, in which total sugar 

and fructose decreased from 28% to 10% and from 12% to 4% of total energy intake, 
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respectively, significant reductions in liver fat (7.1% to 3.8%) and visceral adipose tissue 

(123 cm3 to 110 cm3) were observed in children with obesity who reported habitually high 

(>50g/day) sugar consumption63. Furthermore, insulin sensitivity, insulin clearance, and 

calculated insulin secretion significantly improved following intervention, and these effects 

remained significant even after adjusting for weight change. In addition, fractional DNL 

decreased significantly after nine days of fructose restriction and the DNL-AUC was 

significantly lower following the intervention (68.4 vs 29.7). DNL-AUC was not 

significantly different between individuals with high or lower liver fat at baseline, and 

decreased similarly in both groups. However, at the end of the study, DNL-AUC was 

significantly lower in the low liver fat group compared to the high liver fat group. Together, 

these findings suggest that fructose restriction exerts specific effects on liver fat that may be 

mediated by reduced DNL and are consistent with results from an independent study in 

which healthy adults showed higher DNL and liver fat during high fructose feeding 

compared to low fructose feeding64.

Similarly, adolescent boys with histologically diagnosed NAFLD administered a diet low in 

free sugars (i.e., 1% of daily calories) exhibited significantly greater improvements in 

hepatic steatosis after eight weeks compared to those eating a usual diet (~10% of daily 

calories supplied by free sugars)65. At the end of the dietary intervention, mean weight and 

mean levels of ALT, AST, GGT, and total cholesterol were significantly lower in the low 

sugar group compared to the usual diet group, although there were no significant differences 

in glucose, insulin, HOMA-IR, triglycerides, LDLC, or HDLC between the two groups. 

After adjusting for changes in weight, the reduction in hepatic fat fraction remained 

significant between the two groups. Despite significant reductions in hepatic fat, it is 

important to note that neither hepatic steatosis nor ALT were normalized following the 

relatively short 8-week intervention period. A recent study of adolescents with obesity and 

NAFLD randomized to either a carbohydrate- or fat-restricted diet observed significantly 

reduced hepatic fat fraction only in the carbohydrate-restricted group, although absolute 

changes in hepatic lipid content did not differ by diet66. Further, the carbohydrate-restricted 

group experienced significantly greater reductions in insulin resistance, abdominal fat mass, 

and body fat mass compared to the fat-restricted group.

Conclusions

NAFLD is a growing problem in the pediatric population. The studies summarized in this 

review provide compelling evidence that excessive fructose intake contributes to NAFLD 

pathogenesis in susceptible children and adolescents, and that restriction of fructose 

consumption may ameliorate the effects on hepatic steatosis and related metabolic and 

biochemical parameters. Furthermore, the consequences of excessive fructose intake and the 

benefits of fructose reduction may be independent of other cardiometabolic risk factors 

among children and adolescents at high risk for obesity-related liver disease. These findings 

are important, as high fructose is associated with more severe liver disease in adults67 and 

multiple studies have demonstrated that children and adolescents with NASH have higher 

fructose consumption compared to those with less severe fatty liver disease54, 62. Pediatric 

NASH patients have also been found to have higher uric acid levels and higher rates of 

hyperuricemia than those without NASH, and a strong association between uric acid 
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concentration and histologic severity has been reported46, 54. Further, high dietary fructose 

intake and high uric acid levels may promote greater injury in the periportal zone and may 

contribute to the different pattern of lobular disease observed in pediatric NAFLD patients55. 

Additional studies to uncover both the short- and long-term effects of high fructose 

consumption, and possibly uric acid exposure, in children and adolescents are warranted to 

better understand NAFLD pathogenesis in this vulnerable population.

In conclusion, while there remains much to be learned about the effects of dietary fructose 

on the molecular mechanisms contributing to NAFLD pathogenesis, efforts to reduce global 

consumption of added sugars in the diet would most certainly yield a positive impact on 

overall health of children and adolescents. Dietary fructose restriction represents a 

particularly appealing target for health promotion and prevention of NAFLD due to its 

relative simplicity and focus on a single behavior. An emphasis on diet quality may also lead 

to improved dietary adherence over the long term. Given the overall positive impact of 

lifestyle modifications in the management of pediatric NAFLD, modulation of added sugar 

consumption may represent an important, early opportunity to mitigate or prevent NAFLD 

in this susceptible population.
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Fig 1. Hepatic metabolism of fructose.
Following transport into liver cells, fructose is first rapidly metabolized by ketohexokinase 

to fructose-1-phosphate, which is then broken down by adolase B to dihydroxyacetone 

phosphate and glyceraldehyde. Fructose phosphorylation utilizes adenosine triphosphate 

(ATP); excessive amounts of incoming fructose result in ATP depletion from hepatic stores 

and generation of adenosine monophosphate (AMP), a precursor to uric acid. Both 

dihydroxyacetone and glyceraldehyde contribute to the synthesis of glyceraldehyde-3-

phosphate, via the actions of glycerol-3-phosphate dehydrogenase and triokinase, 

respectively. Glycerol-3-phosphate serves as a precursor substrate for de novo lipogenesis 

(DNL). The large blue hashed arrows represent several enzymatic steps that have not been 

included in the figure. Increased rates of uric acid synthesis and DNL are known to 

contribute directly or indirectly to insulin resistance, hepatic and systemic inflammation, 

NAFLD, and other cardiometabolic diseases.
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Fig 2. Effects of excessive fructose consumption on biological pathways that contribute to 
increased risk of NAFLD development and progression in children and adolescents.
As discussed in the text, high intake of added sugar or fructose has been associated with 

increased DNL, hepatic insulin resistance (IR), hyperuricemia, hepatic inflammation, 

oxidative stress, and visceral adiposity. High fructose intake has also been associated with 

gut dysbiosis.
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