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Abstract

Purpose of review—The effects of dietary sugar on risk factors and processes associated with
metabolic disease remains a controversial topic, with recent reviews of the available evidence
arriving at widely discrepant conclusions.

Recent findings—There are many recently published epidemiological studies that provide
evidence that sugar consumption is associated with metabolic disease. Three recent clinical
studies, which investigated the effects of consuming relevant doses of sucrose or high fructose
corn syrup along with ad libitum diets, provide evidence that consumption of these sugars increase
risk factors for cardiovascular disease (CVD) and metabolic syndrome. Mechanistic studies
suggest that these effects result from the rapid hepatic metabolism of fructose catalyzed by
fructokinase C, which generates substrate for de novo lipogenesis and leads to increased uric acid
levels. Recent clinical studies investigating the effects of consuming less sugar, via educational
interventions or by substitution of sugar-sweetened beverages for non-calorically sweetened
beverages, provide evidence that such strategies have beneficial effects on risk factors for
metabolic disease or on BMI in children.

Summary—The accumulating epidemiological evidence, direct clinical evidence, and the
evidence suggesting plausible mechanisms support a role for sugar in the epidemics of metabolic
syndrome, CVD and type 2 diabetes.

Corresponding authors address: Kimber L. Stanhope, Department of Molecular Biosciences, School of Veterinary Medicine, One
Shields Avenue, University of California, Davis, Davis, California, 95616.
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Introduction

In August 2009, the American Heart Association Nutrition Committee recommended that
women consume no more than 100 kcal/day and men consume no more than 150 kcal/day of
added sugar (1). In June 2010, the Report of the Dietary Guidelines Advisory Committee
(DGAC) on the Dietary Guidelines for Americans 2010, suggested a maximal intake level of
25% or less of total energy from added sugars (2). While this latter guideline is not
recommending people consume 25% of their energy as added sugar, it does imply that after
due consideration of the evidence DGAC concluded that consumption of added sugar at this
level is not associated with any adverse metabolic effects. The difference in these 2
guidelines, equivalent to almost three 12-ounce servings of soda for the average woman and
more than 3.5 for the average man, illustrates the state of controversy that existed
concerning the effects of sugar consumption on the development of metabolic disease in
2010.

Are we any nearer a consensus now, 3 years later? The discrepant conclusions summarized
below from review articles evaluating the available data to 2012 suggest we are not.

« Data from prospective and intervention studies clearly point to high fructose
consumption, mainly in the form of sugar-sweetened beverages (SSB) as risk factor
for metabolic diseases in humans (3).

»  Although some studies hint towards some potential adverse effects of excessive
fructose consumption especially when combined with excess energy intake, the
results from clinical trials do not support a significant detrimental effect of fructose
on metabolic health when consumed as part of a weight-maintaining diet in
amounts consistent with the average-estimated fructose consumption in Western
countries (4).

» Intake of free sugar or SSB is a determinant of body weight (5).

» Randomized controlled trials at levels even exceeding normal human consumption
have been inconclusive related to SSB and obesity (6).

This review will present the recent epidemiological, clinical, and mechanistic studies
pertaining to the effects of dietary sugar on risk factors and processes associated with
metabolic disease, and provide the perspective of researchers directly involved in clinical
investigations of this topic.

Epidemiological studies

Recent studies add to the already considerable epdemiological evidence that sugar
consumption is associated with metabolic disease.
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Men from the Health Professionals Follow-Up Study in the top quartile of SSB
intake had a 20% higher relative risk of coronary heart disease than those in the
bottom quartile (7).

In Hispanic adults, plasma TG, metabolic syndrome and waist circumference were
associated with consumption of instant SSB and/or regular soda (8).

In the Nurses’ Health Study 11, one serving/d of SSB was associated with increased
risk for type 2 diabetes (T2DM) (9).

In participants from the Nurses’ Health Study, Nurses’ Health Study Il and the
Health Professionals Follow-Up Study, SSB consumption was associated with a
higher risk of T2DM; coffee intake was associated with a lower risk, irrespective of
the caffeine content. (10)

In an analysis across 94 countries, every additional percentage point of calories
from sugar/sweeteners were associated with 5% higher prevalence of diabetes (11).

An increased consumption of 100-mL/day of SSB was associated with increased
HOMA IR and systolic blood pressure among children =85 percentile for BMI in
the Quebec Adiposity and Lifestyle Investigation in Youth Study, and with
increased systolic blood pressure and waist circumference in children with
impaired glucose tolerance (12).

In healthy adults in Scotland, uric acid levels were positively associated with SSB
consumption (13).

SSB consumption was positively associated with serum uric acid concentrations in
adolescents in Taiwan, as was BMI, body fat, and systolic blood pressure. 25% of
the 2727 subjects consumed more than 500 ml of SSB/day (14).

Among participants of the Nurses’ Health Study, Nurses’ Health Study 11 and
Health Professionals Follow-Up Study substitution of water, coffee, tea, diet
beverages, or low-fat milk for one serving of SSB was associated with weight loss,
with the greatest effect occurring with water (15). The genetic association with
BMI was stronger among participants with higher intake of SSB than those with
lower intake (16).

In adults, frequency of SSB, but not diet beverage, intake was positively associated
with proportion of visceral (VAT) to subcutaneous abdominal adipose tissue (SAT)
17).

In teenagers, fructose intake was associated with VAT, but not SAT (18).

In contrast to the above reports, an analysis of the NHANES 1999-2006 indicated that
fructose and non-fructose sugar consumptions at levels representative of the American diet
were not associated with indicators of the metabolic syndrome (19).

Clinical studies — Interventions with increased sugar intake

Recent clinical studies have investigated the effects of fructose or sugar consumption by
providing subjects with SSB or control beverages that were consumed along with ad libutum
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quantities of the subjects’ usual diets. The longest of these studies was conducted in
Denmark where subjects consumed 1 liter/d of sucrose-sweetened cola (~20% energy
requirements (ER)), isocaloric amounts of low-fat milk, 1 liter/d aspartame-sweetened
beverages, or 1 liter/d water for 6 months. Body weight at the end of the intervention period
was not significantly different from baseline in any group. Subjects consuming sucrose
exhibited increased VAT, liver and muscle TG, and fasting TG and cholesterol levels, while
the other 3 groups did not. The sucrose-induced increase of liver TG was significantly larger
compared with all 3 of the other groups, and the increase in visceral fat was significantly
greater compared with the subjects who consumed low-fat milk and who exhibited a
comparable change in body weight (Sucrose: +1.3%; Milk: +1.4%) (20).

Aeberli and colleagues have published two recent reports in which young men participating
in 6-arm (21) or 4-arm crossover trials (22) consumed low (40 g/d, ~6.5% ER) or moderate
(80 g/d, ~13% ER) amounts of fructose, glucose, or sucrose as beverages along with ad
libitum diets for 3 weeks. In the 6-arm crossover, LDL particle size was reduced compared
with baseline during consumption of moderate fructose or sucrose, and redistribution to a
more atherogenic LDL subclass distribution was observed after these interventions plus the
low fructose intervention. These 3 interventions also increased waist:hip ratio, even though
low glucose was the only intervention that resulted in significant weight gain compared with
baseline (21). In the 4-arm crossover, total and LDL cholesterol were increased after
moderate fructose or sucrose compared with moderate glucose consumption. Hepatic insulin
sensitivity, indexed by endogenous glucose production during euglycemic-hyperinsulinemic
clamps, was decreased during moderate fructose compared with moderate glucose
consumption, while whole body insulin sensitivity was not different (22).

Our group demonstrated that young, healthy subjects consuming 25% ER as HFCS-
sweetened beverages for 2 weeks exhibited significant increases of fasting LDL, non-HDL-
cholesterol and apolipoprotein B (apoB), and postprandial TG, remnant-cholesterol and -TG,
and small dense LDL (sdLDL), which were comparable to those observed in subjects
consuming fructose, and greater than those in subjects consuming glucose (23). In contrast,
Silbernagel et al. reported that when subjects consumed 150 g/d of fructose or glucose, the
only significant difference between groups was an increase of fasting TG concentrations in
the fructose group (24). They did not measure postprandial TG, fasting apoB or sdLDL.
Given the similarities between this study (24) and our group’s study (23) (both parallel arm,
subjects of comparable age and BMI, similar amounts of sugar consumed), it is interesting
to consider why there were numerous differential effects between glucose and fructose on
lipids in our study, and only one in this study. A potential reason for the lack of group
differences in the study by Silbernagel et al. was the highly significant weight gain that
occurred in subjects consuming glucose (+1.7 £ 0.4 kg, P = 0.001 vs baseline, P = 0.056 vs
fructose), but not in subjects consuming fructose (+0.2 + 0.6 kg) (24). This difference may
possibly be due to fructose malabsorption (25), which they did not assess. As shown in
Figure 1, sub-division of the 48 subjects who participated in our study (23) into groups that
gained or did not gain body weight, illustrates that weight gain has a marked effect on the
sugar-induced increases of fasting cholesterol, LDL and apoB concentrations.

Curr Opin Lipidol. Author manuscript; available in PMC 2014 December 02.
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The studies by Maersk et al. (20), Aeberli et al. (21, 22) and Stanhope et al. (23) provide
direct evidence that consumption of sugar can increase risk factors for metabolic disease.
These results are relevant to public health in that the sugars investigated included the
commonly-consumed sugars (sucrose and HFCS as opposed to pure fructose) and in
quantities comparable to that consumed by a significant number of people (21, 22), and
within the maximal intake level of 25% suggested by DGAC (2). Obtaining stronger
evidence will require clinical trials in which all study food is formulated and provided
throughout the investigation to ensure that there are no diet variations between the
experimental groups or interventions that may confound results.

Clinical studies providing mechanistic insights

Other recent clinical studies investigating the effects of hyper-energetic feeding protocols
and/or pure fructose have provided mechanistic insights. In an overfeeding study in which
diets were supplemented with 1000 kcal/d as candy/SSB, within 3 weeks subjects exhibited
increased body weight (+2%), liver fat (+27%) and increased DNL. The increase of DNL
was proportional to the increase in liver fat (26). While the lack of a control group prevents
differentiating the effects of sugar from those of overfeeding, these results suggest that DNL
is involved in the process by which surplus sugar in the context of positive energy balance
increases liver fat. Importantly, our group has previously reported that DNL was increased
in subjects consuming fructose with energy-balanced, steady state meals, but not in subjects
consuming glucose (27).

However, a recent review of fructose metabolism and isotopic tracer studies concluded that
a small percentage of ingested fructose (<1%) appears to be directly converted to plasma TG
(28). This figure is clearly an underestimation, based on acute feeding studies that do not
take into account that DNL-derived lipid can spend from 24 to over 72 hours in the liver
prior to being packaged into very low density lipoprotein (VLDL) and secreted into the
circulation (29, 30). The actual percentage of fructose converted to fat is difficult to
quantify, especially under physiologically relevant meal-fed conditions, and has yet to be
determined. Accurate estimations will require assessments of DNL and VLDL production,
secretion and clearance using non-steady state tracer kinetic models. However, the above
studies and others demonstrate that DNL is upregulated concurrently with fructose-induced
postprandial hypertriglyceridemia (27, 31, 32) and liver fat accumulation (26). The seminal
study from Donnelly et al. (29) shows that in patients with NAFLD, 26% of both intra-
hepatic fat and VLDLTG are made de novo (29). Furthermore, when hepatic DNL is
induced, not only are new lipids synthesized and non-esterified fatty acids re-esterified, but
hepatic lipid oxidation is down-regulated. Our group has recently reported that the subjects
who exhibited increased DNL during fructose consumption, also exhibited inhibition of
post-meal lipid oxidation (33). These combined events create an imbalance between hepatic
lipid “input” and “export”, leading to net intrahepatic fat accumulation. While we did not
measure hepatic lipid in these subjects, the 17% decrease in insulin sensitivity (27) supports
the concept that hepatic DNL is a mechanism leading to increased hepatic lipid production,
hepatic lipid accumulation, and thereby to hepatic insulin resistance (34).

Curr Opin Lipidol. Author manuscript; available in PMC 2014 December 02.
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Bortolotti et al. invetigated the hypothesis that high dietary protein content would reverse
the inhibition of lipid oxidation and the increase in postprandial TG levels caused by
fructose consumption. The concurrent feeding of fructose and protein did not increase lipid
oxidation, and in opposition to the hypothesis, it increased postprandial TG levels. The
authors suggest that the supplemental protein may have enhanced hepatic VLDL synthesis,
assembly and secretion (35).

Our group has also recently reported that 10-weeks consumption of fructose, but not
glucose, led to significantly increased 24-h uric acid profiles (36), which suggests that the
epidemiological associations (13, 14, 37-39) between sugar consumption and uric acid levels
are causal. Fasting concentrations of markers of inflammation; monocyte chemoattractant
protein-1, plasminogen activator inhibitor-1, and E-selectin; as well as retinol binding
protein-4 and the liver enzyme, gamma glutamyl transferase, were also increased in these
same subjects consuming fructose (36, 40).

Our recent report of the postprandial glucose and insulin responses in the subjects
consuming glucose or fructose for 10 weeks (41) has clinically relevant implications to the
potential role of the glycemic index (GI) in metabolic disease risk. The adverse metabolic
effects of dietary sugars have been attributed by some to Gl1 (42, 43). The Gl of fructose is
23 compared with 100 for glucose. The calculated relative Gl of the baseline high complex
carbohydrate diet, the high glucose and the high fructose intervention diets, consumed
during the 24-h blood collections in our studies, were 64, 83 and 38, respectively. As
expected, for this study (27), and our more recent 2-week study (23), the glucose and insulin
excursions of the diets paralleled the GI, with exposure being highest on the glucose diet,
intermediate on the complex carbohydrate baseline diet, and lowest on the fructose diet.
However, it was subjects consuming the high fructose diets with the lowest Gl and glycemic
exposure, who exhibited increased VAT and decreased insulin sensitivity (27) and increases
of LDL, apoB, and postprandial TG (23, 27). In contrast, when subjects consumed high
glucose diets, postprandial plasma glucose and insulin excursions increased substantially
(23, 27), however insulin sensitivity (27) and postprandial TG exposure, LDL, and apoB
remained unchanged (23, 27). Thus, these results do not support the hypothesis that elevated
postprandial glucose and/or insulin excursions contribute to dyslipidemia and insulin
resistance. They also demonstrate that studies investigating the relationship of dietary
carbohydrates to risk factors for metabolic diseases should accurately determine the glucose
and fructose contents of the diets. Dietary fructose may be an important contributor to the
inconsistent reported effects of dietary Gl on metabolic disease risk. It is likely that other
differences between high and low Gl diets, with alterations in dietary fiber content being the
most likely confounder, underlie these inconsistencies. Nonetheless, the available evidence
indicates that it is the fructose and not the glucose component of sucrose and HFCS that is
primarily responsible for their adverse metabolic effects.

As the prevalence of pediatric obesity and metabolic syndrome increase, investigations of
the effects of sugar consumption in children are needed. The 24-h TG profile was measured
in children, with or without nonalcoholic fatty liver disease (NAFLD), during consumption
of fructose and glucose in crossover feeding trials (44). As previously shown in adults (45,
46), postprandial TG levels were higher during fructose compared with glucose

Curr Opin Lipidol. Author manuscript; available in PMC 2014 December 02.
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consumption in all children. Importantly, the fructose-induced increases in TG were higher
in children with NAFLD than those without NAFLD (44).

Clinical studies — interventions to reduce sugar intake

Several recent clinical studies have demonstrated beneficial effects on metabolic parameters
by providing subjects with educational programs aimed at reducing sugar/fructose
consumption. Obese African-American and Latino adolescents participated in a 16-week
nutrition education intervention focused on decreasing added sugar intake to <10% of daily
calories and increasing fiber intake. Despite unchanged BMI, subjects exhibited improved
insulin sensitivity compared with the control group (47). Goran et al. have recently reviewed
the inter-relationship between genetic factors, liver fat, and sugar consumption, (48) which
appear to make Latino children (49) and adults (50) particularly vulnerable to the adverse
effects of sugar.

In another study, patients with chronic kidney disease followed dietary instructions and
lowered fructose consumption to 12 g/d. After 6 weeks, they exhibited significant decreases
in fasting insulin, high sensitivity C-reactive protein and soluble intercellular adhesion
molecule, and nonsignificant (P<0.1) decreases in blood pressure and uric acid levels (51).

Three recent studies provide evidence that dietary education programs designed to reduce
sugar and fructose consumption (52), or blinded (53) or unblinded (54) replacement of SSB
with noncaloric-sweetened beverages have beneficial effects on BMI in children. Previous
studies suggest that consumption of non-caloric sweeteners compared with sucrose or HFCS
also has beneficial effects on BMI in adults (55-57). The explanation for these results could
be as simple as people tend to over-eat sugar because they like the sweet taste. However,
recent studies on the central effects of sugars in the brain (58-60), made possible by
functional magnetic resonance imaging technology, suggest the answer could be more
complicated. The most recent of these studies reports that consumption of a fructose-
sweetened beverage resulted in greater hypothalamic activation, which would be associated
with less appetite suppression, than consumption of a glucose-sweetened beverage in young
healthy adults (59). Corroborating these results, the subjects recorded significantly higher
ratings of fullness and satiety after the glucose, but not fructose, drink (59).

These data provide a plausible link for the associations between the consumption of sugar-
sweetened beverages and body weight gain (16, 61-63). Confirming this link will be
important not only for combating the obesity epidemic, but also the obesity-related increases
of metabolic syndrome, CVD and T2DM. Recent research (20-23, 27) and older research
(64-69) demonstrate that consumption of fructose and fructose-containing sugars has
adverse effects on risk factors for metabolic disease that are independent of body weight
gain. These results, the results in Figure 1, and the potential link between sugar consumption
and body weight gain suggest that sugar promotes the development of metabolic disease
through two mechanisms; directly via the adverse effects of fructose on lipid and
carbohydrate metabolism, and indirectly by promoting body weight gain (See Figure 2).

Curr Opin Lipidol. Author manuscript; available in PMC 2014 December 02.
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Animal and in vitro studies investigating mechanisms of the metabolic

effects of fructose

Numerous recent studies, more than can be discussed in this review, have investigated the
links between dietary fructose and adverse metabolic effects in animal models or in vitro
systems. We have included a few studies that provide insight into the underlying
mechanisms by which fructose induces lipid dysregulation.

The initial phosphorylation of dietary fructose is largely catalyzed by fructokinase, which is
not regulated by hepatic energy status. This results in high levels of fructose uptake by the
liver with little of the ingested fructose reaching the systemic circulation. Ishimoto et al.
have provided compelling evidence concerning the importance of fructokinase in mediating
the adverse effects of fructose (70). They report that fructokinase exists as two isoforms:
fructokinase A which is widely distributed and has low affinity for fructose; and
fructokinase C, which is expressed primarily in liver, intestine, and kidney and has high
affinity for fructose. They demonstrated that fructose-induced metabolic syndrome is
prevented in knockout mice lacking both isoforms, but is exacerbated in fructokinase A
knockout mice compared with wild-type mice (70). These results demonstrate that
fructokinase C is the key driver of the adverse effects induced by fructose. It also suggests
that fructokinase A offers some protection against the adverse effects of fructose by
allowing for some fructose metabolism in peripheral tissues.

Recent studies have investigated the regulation and effects of fructose-induced DNL. Erion
et al. compared the effect of treatment with carbohydrate response element-binding protein
(ChREBP) and control antisense oligonucleotides (ASO) in rats fed high fructose or high fat
diets (71). Treatment with ChREBP ASO decreased plasma TG concentrations compared
with control ASO in both diet groups, but hepatic lipid content and insulin sensitivity were
unaffected. The reduction in plasma TG was more pronounced in the fructose-fed group and
attributed to measured decreases of hepatic expression of fructokinase, lipogenic genes, and
microsomal TG transfer protein, and decreased hepatic TG secretion (71).

Ren et al. compared mice fed high fat diet or high fructose diets. Liver lipid levels increased
within 3 days and indicators of impaired glucose tolerance and insulin signaling were
exhibited within one week in both groups. As expected, DNL and lipogenic gene expression
were increased in fructose-fed mice and decreased in fat-fed mice. Interestingly, fructose
feeding activated two endoplasmic reticulum stress pathways, but high fat feeding did not.
The authors suggest that endoplasmic reticulum stress is involved in DNL per serather than
resulting from hepatic steatosis or insulin resistance (72).

Extensive recent work by Richard Johnson and co-workers suggests that fructose-induced
increases of uric acid may contribute to the adverse effects of fructose. They report that in
fructose-exposed human hepatocytes, uric acid upregulates fructokinase expression (73) and
inhibits AMP-activated kinase activity (74), thus amplifying the lipogenics effects of
fructose. A series of experiments involving hepatocytes, allopurinol-treated mice, and
hyperuricemic patients with low BMI provides evidence that the lipogenic effects of
fructose may be partially mediated through direct effects of uric acid to stimulate hepatic fat

Curr Opin Lipidol. Author manuscript; available in PMC 2014 December 02.
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accumulation (75). Most recently Tapia et al. studied 3 groups of rats receiving: 1. Uricase
inhibitor treatment, 2. SSB, 3. Uricase inhibitor + SSB. Uricase inhibitor induced glomerular
hypertension and SSB induced insulin resistance. In combination, they produced both
effects, plus synergistic effects on systemic and glomerular pressure, plasma glucose,
hepatic TG, and oxidative stress (76).

Conclusion

The extent to which the adverse metabolic effects of dietary sugar consumption result from
direct effects of fructose on lipid and carbohydrate metabolism, to indirect effects resulting
from increased body weight and adiposity, or to direct metabolic actions that are
exacerbated by weight gain, has not been determined.

However, the accumulating epidemiological evidence, direct clinical evidence, and the
evidence suggesting plausible mechanisms support a role for sugar in the epidemics of
metabolic syndrome, CVD and T2DM.

Acknowledgments

The studies conducted by Dr. Havel’s research group were supported with funding from NIH grants RO1
HL-075675, 1R01 HL-091333, 1R01 HL-107256 and a Multi-campus Award from the University of California,
Office of the President (UCOP #142691). These projects also received support from Grant Number UL1 RR024146
from the National Center for Research Resources (NCRR), a component of the National Institutes of Health (NIH),
and NIH Roadmap for Medical Research. Kimber Stanhope is supported by a Building Interdisciplinary Research
Careers in Women’s Health award (K12 HD051958) funded by the National Institute of Child Health and Human
Development (NICHD), Office of Research on Women’s Health (ORWH), Office of Dietary Supplements (ODS),
and the National Institute of Aging (NIA).

The authors thank James Graham, Marinelle Nufiez, Guoxia Chen, Vivien Lee, Hazel Lam, and Janet Peerson for
their excellent ongoing technical support of the clinical studies, and Study Physicians, Drs. Steven Griffen, Andrew
Bremer and Valentine Medici, as well as Nicole Mullen, R.N. and the nursing staff at CCRC for their dedicated
nursing support.

References

1. Johnson RK, Appel LJ, Brands M, Howard BV, Lefevre M, Lustig RH, et al. Dietary sugars intake
and cardiovascular health: a scientific statement from the American Heart Association. Circulation.
2009; 120(11):1011-20. Epub 2009/08/26. [PubMed: 19704096]

2. DGAC. Report of the Dietary Guidelines Advisory Committee (DGAC) on the Dietary Guidelines
for Americans, 2010. 2010. http://wwwcnppusdagov/DGAs2010-DGACReporthtm

3. Rebollo A, Roglans N, Alegret M, Laguna JC. Way back for fructose and liver metabolism: Bench
side to molecular insights. World J Gastroenterol. 2012; 18(45):6552-9. Epub 2012/12/14.
[PubMed: 23236229]

4. Tappy L, Mittendorfer B. Fructose toxicity: is the science ready for public health actions? Curr Opin
Clin Nutr Metab Care. 2012; 15(4):357-61. Epub 2012/05/24. [PubMed: 22617566]

5. Te Morenga L, Mallard S, Mann J. Dietary sugars and body weight: systematic review and meta-
analyses of randomised controlled trials and cohort studies. Bmj. 2012; 346:e7492. Epub
2013/01/17. [PubMed: 23321486]

6. Klurfeld DM, Foreyt J, Angelopoulos TJ, Rippe JM. Lack of evidence for high fructose corn syrup
as the cause of the obesity epidemic. Int J Obes (Lond). 2012 Epub 2012/09/19.

*7. de Koning L, Malik VS, Kellogg MD, Rimm EB, Willett WC, Hu FB. Sweetened beverage
consumption, incident coronary heart disease, and biomarkers of risk in men. Circulation. 2012;
125(14):1735-41. S1. Epub 2012/03/14. [PubMed: 22412070] In addition to reporting a positive
association between consumption of SSB consumption and coronary heart disease and

Curr Opin Lipidol. Author manuscript; available in PMC 2014 December 02.


http://wwwcnppusdagov/DGAs2010-DGACReporthtm

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Stanhope et al.

Page 10

intermediate biomarkers, this paper also reports that consumption of artificially sweetened
beverage was not associated with any of these outcomes.

*8. Mattei J, Malik V, Hu FB, Campos H. Substituting homemade fruit juice for sugar-sweetened
beverages is associated with lower odds of metabolic syndrome among Hispanic adults. J Nutr.
2012; 142(6):1081-7. Epub 2012/05/04. [PubMed: 22551801] This paper reports that
substituting one serving of homemade fruit juice for instant SSB or regular soda was associated
with ~30% lower odds of metabolic syndrome; a finding that warrants further investigation.

*9. Pan A, Malik VS, Schulze MB, Manson JE, Willett WC, Hu FB. Plain-water intake and risk of
type 2 diabetes in young and middle-aged women. Am J Clin Nutr. 2012; 95(6):1454-60. Epub
2012/05/04. [PubMed: 22552035] In contrast to the finding from the study above, this study
reported that consumption of fruit juice, as well as SSB, was associated with increased risk for
T2DM.

10. Bhupathiraju SN, Pan A, Malik VS, Manson JE, Willett WC, van Dam RM, et al. Caffeinated and
caffeine-free beverages and risk of type 2 diabetes. Am J Clin Nutr. 2013; 97(1):155-66. Epub
2012/11/16. [PubMed: 23151535]

*11. Siegel KR, Echouffo-Tcheugui JB, Ali MK, Mehta NK, Narayan KM, Chetty V. Societal
correlates of diabetes prevalence: An analysis across 94 countries. Diabetes Res Clin Pract. 2012;
96(1):76-83. Epub 2011/12/23. [PubMed: 22189172] In addition to the association between SSB
and increased incidence of diabetes, this paper also reported that each additional unit of fruit and
vegetable availability was associated with 3% lower incidence of diabetes.

12. Wang JW, Mark S, Henderson M, O’Loughlin J, Tremblay A, Wortman J, et al. Adiposity and
glucose intolerance exacerbate components of metabolic syndrome in children consuming sugar-
sweetened beverages: QUALITY cohort study. Pediatric obesity. 2012 Epub 2012/11/23.

*13. Zgaga L, Theodoratou E, Kyle J, Farrington SM, Agakov F, Tenesa A, et al. The association of
dietary intake of purine-rich vegetables, sugar-sweetened beverages and dairy with plasma urate,
in a cross-sectional study. PLoS ONE. 2012; 7(6):e38123. Epub 2012/06/16. [PubMed:
22701608] Besides the positive association between SSB and uric acid, other findings of interest
from this paper were that consumption of purine-rich vegetables were not associated with uric
acid levels and that dairy consumption was negatively associated with uric acid levels.

*14. Lin WT, Huang HL, Huang MC, Chan TF, Ciou SY, Lee CY, et al. Effects on uric acid, body
mass index and blood pressure in adolescents of consuming beverages sweetened with high-
fructose corn syrup. Int J Obes (Lond). 2012 Epub 2012/08/15. This paper reports a positive
association between SSB and uric acid, and also reports that the presence of obesity exacerbated
the SSB-induced increases in uric acid. Recent work (reviewed in this paper) and a recent review
from Richard Johnson and colleagues (Johnson, Seminars in nephrology, 2011) suggest a reverse
of this relationship; that SSB-induced increases of uric acid may exacerbate obesity.

15. Pan A, Malik VS, Hao T, Willett WC, Mozaffarian D, Hu FB. Changes in water and beverage
intake and long-term weight changes: results from three prospective cohort studies. Int J Obes
(Lond). 2013 Epub 2013/01/16.

*16. Qi Q, Chu AY, Kang JH, Jensen MK, Curhan GC, Pasquale LR, et al. Sugar-sweetened beverages
and genetic risk of obesity. N Engl J Med. 2012; 367(15):1387-96. Epub 2012/09/25. [PubMed:
22998338] The findings of this paper suggest that persons with genetic predisposition to obesity
are especially vulnerable to the effects of SSB to promote body weight gain.

*17. Odegaard AO, Choh AC, Czerwinski SA, Towne B, Demerath EW. Sugar-sweetened and diet
beverages in relation to visceral adipose tissue. Obesity (Silver Spring). 2012; 20(3):689-91.
Epub 2011/09/09. [PubMed: 21901024] This paper provides support for our group’s seminal
finding that consumption of fructose can promotes VAT accumulation (27).

*18. Pollock NK, Bundy V, Kanto W, Davis CL, Bernard PJ, Zhu H, et al. Greater fructose
consumption is associated with cardiometabolic risk markers and visceral adiposity in
adolescents. J Nutr. 2012; 142(2):251-7. Epub 2011/12/23. [PubMed: 22190023] This paper
suggests that our finding that consumption of fructose promoted VAT accumulation in older,
overweight/obese adults (27) is relevant to adolescents.

19. Sun SZ, Anderson GH, Flickinger BD, Williamson-Hughes PS, Empie MW. Fructose and

nonfructose sugar intakes in the US population and their associations with indicators of metabolic
syndrome. Food and chemical toxicology : an international journal published for the British

Curr Opin Lipidol. Author manuscript; available in PMC 2014 December 02.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Stanhope et al. Page 11

Industrial Biological Research Association. 2011; 49(11):2875-82. Epub 2011/09/06. [PubMed:
21889564]

**20. Maersk M, Belza A, Stodkilde-Jorgensen H, Ringgaard S, Chabanova E, Thomsen H, et al.
Sucrose-sweetened beverages increase fat storage in the liver, muscle, and visceral fat depot: a 6-
mo randomized intervention study. Am J Clin Nutr. 2012; 95(2):283-9. Epub 2011/12/30.
[PubMed: 22205311] This paper reports the first direct experimental evidence that consuming
excess sugar with an ad libitum diet increases liver TG content, as previous evidence came from
an overfeeding study in which subjects were instructed to consume energy-balanced diets plus
excess sugar (Le, Am J Clin Nutr, 2009). It also provides direct experimental evidence that
corroborate our previous observation that fructose consumption can increase visceral adiposity
(27).

**21. Aeberli |, Gerber PA, Hochuli M, Kohler S, Haile SR, Gouni-Berthold I, et al. Low to moderate
sugar-sweetened beverage consumption impairs glucose and lipid metabolism and promotes
inflammation in healthy young men: a randomized controlled trial. Am J Clin Nutr. 2011 Epub
2011/06/17. This paper is important for demonstrating that a moderate dose of sucrose promotes
a more adverse lipid profile in as little as 3 weeks.

**22. Aeberli |, Hochuli M, Gerber PA, Sze L, Murer SB, Tappy L, et al. Moderate Amounts of
Fructose Consumption Impair Insulin Sensitivity in Healthy Young Men: A randomized
controlled trial. Diabetes Care. 2012 Epub 2012/08/31. The results in this paper are important in
that they demonstrate a moderate dose of fructose affects hepatic insulin sensitivity in as little as
3 weeks, and they also corroborate our previous suggestion that fructose induces hepatic insulin
resistance prior to whole body insulin resistance (Stanhope, Curr Opin Lipidol, 2008).

**23. Stanhope KL, Bremer AA, Medici V, Nakajima K, Ito Y, Nakano T, et al. Consumption of
fructose and high fructose corn syrup increase postprandial triglycerides, LDL-cholesterol, and
apolipoprotein-B in young men and women. J Clin Endocrinol Metab. 2011; 96(10):E1596—-605.
Epub 2011/08/19. [PubMed: 21849529] This is the first report of the effects of consumption of
HFCS sweetened beverages (>24 h) on metabolic risk factors. Lipid risk factors for CVD (LDL,
ApoB and sdLDL) were elevated within 2 weeks of consuming fructose- or HFCS-sweetened
beverages in young (18-40 year old) men and women. To control for variations in diet and
physical activity, the subjects in this study resided at the clinical research center for 48 hour prior
to the baseline and 2-week intervention blood collections that were analyzed for lipid outcomes.

24. Silbernagel G, Machann J, Unmuth S, Schick F, Stefan N, Haring HU, et al. Effects of 4-week
very-high-fructose/glucose diets on insulin sensitivity, visceral fat and intrahepatic lipids: an
exploratory trial. Br J Nutr. 2011:1-8. Epub 2011/03/15.

25. Rao SS, Attaluri A, Anderson L, Stumbo P. Ability of the normal human small intestine to absorb
fructose: evaluation by breath testing. Clin Gastroenterol Hepatol. 2007; 5(8):959-63. Epub
2007/07/13. [PubMed: 17625977]

26. Sevastianova K, Santos A, Kotronen A, Hakkarainen A, Makkonen J, Silander K, et al. Effect of
short-term carbohydrate overfeeding and long-term weight loss on liver fat in overweight humans.
Am J Clin Nutr. 2012; 96(4):727-34. Epub 2012/09/07. [PubMed: 22952180]

27. Stanhope KL, Schwarz JM, Keim NL, Griffen SC, Bremer AA, Graham JL, et al. Consuming
fructose-sweetened, not glucose-sweetened, beverages increases visceral adiposity and lipids and
decreases insulin sensitivity in overweight/obese humans. J Clin Invest. 2009; 119(5):1322-34.
Epub 2009/04/22. [PubMed: 19381015]

28. Sun SZ, Empie MW. Fructose metabolism in humans - what isotopic tracer studies tell us. Nutr
Metab (Lond). 2012; 9(1):89. Epub 2012/10/04. [PubMed: 23031075]

29. Donnelly KL, Smith CI, Schwarzenberg SJ, Jessurun J, Boldt MD, Parks EJ. Sources of fatty acids
stored in liver and secreted via lipoproteins in patients with nonalcoholic fatty liver disease. J Clin
Invest. 2005; 115(5):1343-51. [PubMed: 15864352]

30. Vedala A, Wang W, Neese RA, Christiansen MP, Hellerstein MK. Delayed secretory pathway
contributions to VLDL-triglycerides from plasma NEFA, diet, and de novo lipogenesis in humans.
J Lipid Res. 2006; 47(11):2562-74. [PubMed: 16929033]

31. Hudgins LC, Parker TS, Levine DM, Hellerstein MK. A dual sugar challenge test for lipogenic
sensitivity to dietary fructose. J Clin Endocrinol Metab. 2011; 96(3):861-8. Epub 2011/01/22.
[PubMed: 21252253]

Curr Opin Lipidol. Author manuscript; available in PMC 2014 December 02.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Stanhope et al.

Page 12

32. Parks EJ, Skokan LE, Timlin MT, Dingfelder CS. Dietary sugars stimulate fatty acid synthesis in
adults. J Nutr. 2008; 138(6):1039-46. Epub 2008/05/22. [PubMed: 18492831]

**33. Cox CL, Stanhope KL, Schwarz JM, Graham JL, Hatcher B, Griffen SC, et al. Consumption of
fructose-sweetened beverages for 10 weeks reduces net fat oxidation and energy expenditure in
overweight/obese men and women. Eur J Clin Nutr. 2012; 66(2):201-8. Epub 2011/09/29.
[PubMed: 21952692] The results of this paper suggest that fructose may promote liver lipid
accumulation both directly, via DNL, and indirectly, via DNL-induced inhibition of fatty acid
oxidation.

34. Samuel VT. Fructose induced lipogenesis: from sugar to fat to insulin resistance. Trends

Endocrinol Metab. 2011; 22(2):60-5. Epub 2010/11/12. [PubMed: 21067942]
35. Bortolotti M, Dubuis J, Schneiter P, Tappy L. Effects of dietary protein on lipid metabolism in
high fructose fed humans. Clin Nutr. 2012; 31(2):238-45. Epub 2011/10/25. [PubMed: 22019201]

*36. Cox CL, Stanhope KL, Schwarz JM, Graham JL, Hatcher B, Griffen SC, et al. Consumption of
fructose- but not glucose-sweetened beverages for 10 weeks increases circulating concentrations
of uric acid, retinol binding protein- 4, and gamma-glutamyl transferase activity in overweight/
obese humans. Nutr Metab (Lond). 2012; 9(1):68. Epub 2012/07/26. [PubMed: 22828276] This
is the first study to measure and compare the 24-h uric acid profile following sustained
consumption of fructose and glucose. The finding suggests that changes of 24-h uric acid
exposure, which were markedly increased by only fructose, may be a more sensitive indicator of
increased metabolic dysfunction than changes of fasting levels, which were increased by both
fructose and glucose. The liver enzyme, gamma glutamyl tansferase, and retinol binding
protein-4 were also increased during fructose consumption.

37. Bomback AS, Derebail VK, Shoham DA, Anderson CA, Steffen LM, Rosamond WD, et al. Sugar-
sweetened soda consumption, hyperuricemia, and kidney disease. Kidney international. 2010;
77(7):609-16. Epub 2009/12/25. [PubMed: 20032963]

38. Chang WC. Dietary intake and the risk of hyperuricemia, gout and chronic kidney disease in
elderly Taiwanese men. The aging male : the official journal of the International Society for the
Study of the Aging Male. 2011; 14(3):195-202. Epub 2010/09/21.

39. Choi JW, Ford ES, Gao X, Choi HK. Sugar-sweetened soft drinks, diet soft drinks, and serum uric
acid level: the Third National Health and Nutrition Examination Survey. Arthritis and rheumatism.
2008; 59(1):109-16. Epub 2008/01/01. [PubMed: 18163396]

*40. Cox CL, Stanhope KL, Schwarz JM, Graham JL, Hatcher B, Griffen SC, et al. Circulating
concentrations of monocyte chemoattractant protein-1, plasminogen activator inhibitor-1, and
soluble leukocyte adhesion molecule-1 in overweight/obese men and women consuming
fructose- or glucose-sweetened beverages for 10 weeks. J Clin Endocrinol Metab. 2011;
96(12):E2034-8. Epub 2011/10/01. [PubMed: 21956423] The results from this study suggest the
possibility that prolonged consumption of fructose may contribute to the development of
metabolic syndrome via induction of specific proinflammatory and prothrombotic mediators.

**41. Stanhope KL, Griffen SC, Bremer AA, Vink RG, Schaefer EJ, Nakajima K, et al. Metabolic
responses to prolonged consumption of glucose- and fructose-sweetened beverages are not
associated with postprandial or 24-h glucose and insulin excursions. Am J Clin Nutr. 2011;
94(1):112-9. Epub 2011/05/27. [PubMed: 21613559] This study provides clear evidence that the
adverse metabolic effects of fructose compared with glucose consumption are not explained by
the glycemic index/glycemic load of the diets, nor mediated through postprandial glucose or
insulin exposure.

42. Esfahani A, Wong JM, Mirrahimi A, Srichaikul K, Jenkins DJ, Kendall CW. The glycemic index:
physiological significance. J Am Coll Nutr. 2009; 28(Suppl):439S-45S. Epub 2010/03/27.
[PubMed: 20234030]

43. Brand-Miller J, Buyken AE. The glycemic index issue. Curr Opin Lipidol. 2012; 23(1):62-7. Epub
2011/12/14. [PubMed: 22157060]

*44.Jin R, Le NA, Liu S, Farkas Epperson M, Ziegler TR, Welsh JA, et al. Children with NAFLD are
more sensitive to the adverse metabolic effects of fructose beverages than children without
NAFLD. J Clin Endocrinol Metab. 2012; 97(7):E1088-98. Epub 2012/05/01. [PubMed:
22544914] The results from this study suggest that children with NAFLD may be more sensitive
to the lipogenic effects of fructose consumption than children without NAFLD.

Curr Opin Lipidol. Author manuscript; available in PMC 2014 December 02.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Stanhope et al.

Page 13

45. Teff KL, Elliott SS, Tschop M, Kieffer TJ, Rader D, Heiman M, et al. Dietary fructose reduces
circulating insulin and leptin, attenuates postprandial suppression of ghrelin, and increases
triglycerides in women. J Clin Endocrinol Metab. 2004; 89(6):2963-72. [PubMed: 15181085]

46. Teff KL, Grudziak J, Townsend RR, Dunn TN, Grant RW, Adams SH, et al. Endocrine and
metabolic effects of consuming fructose- and glucose-sweetened beverages with meals in obese
men and women: influence of insulin resistance on plasma triglyceride responses. J Clin
Endocrinol Metab. 2009; 94(5):1562-9. Epub 2009/02/12. [PubMed: 19208729]

*47. Hasson RE, Adam TC, Davis JN, Kelly LA, Ventura EE, Byrd-Williams CE, et al. Randomized
controlled trial to improve adiposity, inflammation, and insulin resistance in obese African-
American and Latino youth. Obesity (Silver Spring). 2012; 20(4):811-8. Epub 2011/02/05.
[PubMed: 21293446] This study demonstrated that reducing added sugar consumption improved
insulin sensitivity in teenagers despite the absence of body weight or fat loss.

48. Goran MI, Walker R, Allayee H. Genetic-related and carbohydrate-related factors affecting liver

fat accumulation. Curr Opin Clin Nutr Metab Care. 2012; 15(4):392—-6. Epub 2012/05/24.
[PubMed: 22617559]

49. Davis JN, Le KA, Walker RW, Vikman S, Spruijt-Metz D, Weigensberg MJ, et al. Increased
hepatic fat in overweight Hispanic youth influenced by interaction between genetic variation in
PNPLAZ3 and high dietary carbohydrate and sugar consumption. Am J Clin Nutr. 2010; 92(6):
1522-7. Epub 2010/10/22. [PubMed: 20962157]

50. Sevastianova K, Kotronen A, Gastaldelli A, Perttila J, Hakkarainen A, Lundbom J, et al. Genetic
variation in PNPLA3 (adiponutrin) confers sensitivity to weight loss-induced decrease in liver fat
in humans. Am J Clin Nutr. 2011; 94(1):104-11. Epub 2011/04/29. [PubMed: 21525193]

51. Brymora A, Flisinski M, Johnson RJ, Goszka G, Stefanska A, Manitius J. Low-fructose diet lowers
blood pressure and inflammation in patients with chronic kidney disease. Nephrology, dialysis,
transplantation : official publication of the European Dialysis and Transplant Association -
European Renal Association. 2012; 27(2):608-12. Epub 2011/05/27.

52. Maier IB, Stricker L, Ozel Y, Wagnerberger S, Bischoff SC, Bergheim 1. A low fructose diet in the
treatment of pediatric obesity: a pilot study. Pediatrics international : official journal of the Japan
Pediatric Society. 2011; 53(3):303-8. Epub 2010/09/14. [PubMed: 20831653]

**53. de Ruyter JC, Olthof MR, Seidell JC, Katan MB. A trial of sugar-free or sugar-sweetened
beverages and body weight in children. N Engl J Med. 2012; 367(15):1397-406. Epub
2012/09/25. [PubMed: 22998340] This blinded and randomized 18-month intervention
comparing the effects of consuming one daily serving of SSB containing 104 kcals with
consuming one serving of non-caloric sweetened beverage in 641 children provides strong
evidence that SSB promotes weight gain in children. It also suggests that strategies that target
reduction of SSB consumption in children may be effective in lowering the prevalence of
pediatric overweight and obesity.

*54. Ebbeling CB, Feldman HA, Chomitz VR, Antonelli TA, Gortmaker SL, Osganian SK, et al. A
randomized trial of sugar-sweetened beverages and adolescent body weight. N Engl J Med. 2012;
367(15):1407-16. Epub 2012/09/25. [PubMed: 22998339] This study also suggests that
strategies that are effective for reducing SSB consumption may lower the prevalence of
overweight/obesity in children.

55. Raben A, Vasilaras TH, Moller AC, Astrup A. Sucrose compared with artificial sweeteners:

different effects on ad libitum food intake and body weight after 10 wk of supplementation in
overweight subjects. Am J Clin Nutr. 2002; 76(4):721-9. Epub 2002/09/27. [PubMed: 12324283]

56. Reid M, Hammersley R, Hill AJ, Skidmore P. Long-term dietary compensation for added sugar:
effects of supplementary sucrose drinks over a 4-week period. Br J Nutr. 2007; 97(1):193-203.
Epub 2007/01/16. [PubMed: 17217576]

57. Tordoff MG, Alleva AM. Effect of drinking soda sweetened with aspartame or high-fructose corn
syrup on food intake and body weight. Am J Clin Nutr. 1990; 51(6):963-9. Epub 1990/06/01.
[PubMed: 2349932]

*58. Ng J, Stice E, Yokum S, Bohon C. An fMRI study of obesity, food reward, and perceived caloric
density. Does a low-fat label make food less appealing?. Appetite. 2011; 57(1):65-72. Epub
2011/04/19. Using fMRI, the investigators demonstrated that areas of the brain associated with
reward valuation were more activated when subjects consumed a milk shake labeled “regular”

Curr Opin Lipidol. Author manuscript; available in PMC 2014 December 02.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Stanhope et al.

Page 14

compared with an identical milk shake labeled “low-fat”. This interesting finding suggests that
preconceptions regarding diet composition, even when they are inaccurate, can affect the brain
responses to the diet, and therefore possibly energy intake as well.

**59. Page KA, Chan O, Arora J, Belfort-Deaguiar R, Dzuira J, Roehmholdt B, et al. Effects of

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

fructose vs glucose on regional cerebral blood flow in brain regions involved with appetite and
reward pathways. JAMA. 2013; 309(1):63-70. Epub 2013/01/03. [PubMed: 23280226] This
study shows that glucose compared with fructose ingestion results in differential brain activation
patterns, which may be involved in the effects of SSB to promote body weight gain.

Purnell JQ, Klopfenstein BA, Stevens AA, Havel PJ, Adams SH, Dunn TN, et al. Brain functional
magnetic resonance imaging response to glucose and fructose infusions in humans. Diabetes Obes
Metab. 2011; 13(3):229-34. Epub 2011/01/06. [PubMed: 21205113]

Berkey CS, Rockett HR, Field AE, Gillman MW, Colditz GA. Sugar-added beverages and
adolescent weight change. Obes Res. 2004; 12(5):778-88. Epub 2004/05/29. [PubMed: 15166298]
Ludwig DS, Peterson KE, Gortmaker SL. Relation between consumption of sugar-sweetened
drinks and childhood obesity: a prospective, observational analysis. Lancet. 2001; 357(9255):505—
8. Epub 2001/03/07. [PubMed: 11229668]

Mozaffarian D, Hao T, Rimm EB, Willett WC, Hu FB. Changes in diet and lifestyle and long-term
weight gain in women and men. N Engl J Med. 2011; 364(25):2392-404. Epub 2011/06/24.
[PubMed: 21696306]

Hallfrisch J, Ellwood KC, Michaelis OEt, Reiser S, O’Dorisio TM, Prather ES. Effects of dietary
fructose on plasma glucose and hormone responses in normal and hyperinsulinemic men. J Nutr.
1983; 113(9):1819-26. [PubMed: 6350544]

Reiser S, Bickard MC, Hallfrisch J, Michaelis OEt, Prather ES. Blood lipids and their distribution
in lipoproteins in hyperinsulinemic subjects fed three different levels of sucrose. J Nutr. 1981;
111(6):1045-57. [PubMed: 6940954]

Reiser S, Bohn E, Hallfrisch J, Michaelis OEt, Keeney M, Prather ES. Serum insulin and glucose
in hyperinsulinemic subjects fed three different levels of sucrose. Am J Clin Nutr. 1981; 34(11):
2348-58. [PubMed: 7030048]

Reiser S, Hallfrisch J, Michaelis OEt, Lazar FL, Martin RE, Prather ES. Isocaloric exchange of
dietary starch and sucrose in humans. I. Effects on levels of fasting blood lipids. Am J Clin Nutr.
1979; 32(8):1659-69.

Reiser S, Handler HB, Gardner LB, Hallfrisch JG, Michaelis OEt, Prather ES. Isocaloric exchange
of dietary starch and sucrose in humans. Il. Effect on fasting blood insulin, glucose, and glucagon
and on insulin and glucose response to a sucrose load. Am J Clin Nutr. 1979; 32(11):2206-16.
Reiser S, Powell AS, Scholfield DJ, Panda P, Fields M, Canary JJ. Day-long glucose, insulin, and
fructose responses of hyperinsulinemic and nonhyperinsulinemic men adapted to diets containing
either fructose or high-amylose cornstarch. Am J Clin Nutr. 1989; 50(5):1008-14. [PubMed:
2683715]

**70. Ishimoto T, Lanaspa MA, Le MT, Garcia GE, Diggle CP, Maclean PS, et al. Opposing effects of

fructokinase C and A isoforms on fructose-induced metabolic syndrome in mice. Proc Natl Acad
Sci U S A. 2012; 109(11):4320-5. Epub 2012/03/01. [PubMed: 22371574] This study
demonstrates that the metabolism of fructose through fructokinase C is necessary to generate
adverse metabolic effects. It also demonstrates that when fructose flux through fructokinase C is
increased due to knockout of fructokinase A, adverse metabolic effects of fructose are
exacerbated.

*71. Erion DM, Popov V, Hsiao JJ, Vatner D, Mitchell K, Yonemitsu S, et al. The role of the

carbohydrate response element-binding protein in male fructose-fed rats. Endocrinology. 2013;
154(1):36-44. Epub 2012/11/20. [PubMed: 23161873] This study suggests that ChREBP is
involved in activation of lipogenesis in fructose-fed rats, and that it also has a role in promoting
hepatic TG secretion.

*72. Ren LP, Chan SM, Zeng XY, Laybutt DR, Iseli TJ, Sun RQ, et al. Differing endoplasmic

reticulum stress response to excess lipogenesis versus lipid oversupply in relation to hepatic
steatosis and insulin resistance. PLoS ONE. 2012; 7(2):e30816. Epub 2012/02/23. [PubMed:
22355328] The results of this study suggests that endoplasmic reticulum stress is associated with
upregulation of DNL, rather than resulting from hepatic steatosis or insulin resistance. Thus,

Curr Opin Lipidol. Author manuscript; available in PMC 2014 December 02.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Stanhope et al.

Page 15

development of fatty liver due to fructose-induced DNL may be more problematic than fatty liver
induced by high fat diet.

73. Lanaspa MA, Sanchez-Lozada LG, Cicerchi C, Li N, Roncal-Jimenez CA, Ishimoto T, et al. Uric
acid stimulates fructokinase and accelerates fructose metabolism in the development of fatty liver.
PLoS ONE. 2012; 7(10):e47948. Epub 2012/11/01. [PubMed: 23112875]

74. Lanaspa MA, Cicerchi C, Garcia G, Li N, Roncal-Jimenez CA, Rivard CJ, et al. Counteracting
roles of AMP deaminase and AMP kinase in the development of fatty liver. PLoS ONE. 2012;
7(11):e48801. Epub 2012/11/16. [PubMed: 23152807]

*75. Lanaspa MA, Sanchez-Lozada LG, Choi YJ, Cicerchi C, Kanbay M, Roncal-Jimenez CA, et al.
Uric acid induces hepatic steatosis by generation of mitochondrial oxidative stress: potential role
in fructose-dependent and -independent fatty liver. J Biol Chem. 2012; 287(48):40732—44. Epub
2012/10/05. [PubMed: 23035112] This study suggests that the lipogenic effects of fructose are
exacerbated by high uric acid levels.

*76. Tapia E, Cristobal M, Garcia-Arroyo FE, Soto V, Monroy-Sanchez F, Pacheco U, et al.
Synergistic Effect of Uricase Blockade Plus Physiologic Amounts of Fructose-Glucose on
Glomerular Hypertension and Oxidative Stress in Rats. Am J Physiol Renal Physiol. 2013 Epub
2013/01/11. This study provides evidence that SSB and high uric acid levels interact to produce
more adverse effects in rats than either SSB or high uric acid levels alone. While these are
important mechanistic results, they have potential clinical implications for hyperuricemic
individuals.

Curr Opin Lipidol. Author manuscript; available in PMC 2014 December 02.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Stanhope et al.

Page 16

Key points

Recently published epidemiological studies that provide evidence that sugar
consumption is associated with metabolic disease.

Three recent clinical studies, which investigated the effects of consuming
relevant doses of sucrose or high fructose corn syrup along with ad libitum diets,
provide evidence that consumption of these sugars increase risk factors for
cardiovascular disease and metabolic syndrome.

Mechanistic studies suggest that the adverse effects of sugar consumption result
from the rapid hepatic metabolism of fructose catalyzed by fructokinase C,
which generates substrate for de novo lipogenesis and leads to increased uric
acid levels.

Recent clinical studies investigating the effects of consuming less sugar, via
educational interventions or by substitution of sugar-sweetened beverages for
non-calorically sweetened beverages, provide evidence that such strategies have
beneficial effects on risk factors for metabolic disease or on BMI in children.
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Figure 1. Effect of body weight gain on the changes of fasting cholesterol, LDL and apoB in
subjects consuming sugar

Changes in fasting lipid outcomes in subjects who gained and did not gain body weight
while consuming 25%E HFCS-, fructose-, or glucose-sweetened beverages for 2 weeks with
ad libitum diets (*P < 0.05, **P < 0.01; 2 week vs baseline).
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Figure 2. Two mechanisms by which sugar increases metabolic risk
Consumption of sugar increases risk for metabolic disease via the direct effects of fructose

on lipid and carbohydrate metabolism. Consumption of sugar may also promote body weight
gain. The increased body weight/adiposity further increases risk for metabolic disease. Thus
consumption of sugar increases risk for metabolic disease both directly and via effects to

promote weight gain.

Curr Opin Lipidol. Author manuscript; available in PMC 2014 December 02.

Page 18





