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Abstract

Background—~Fructose consumption increases risk factors for cardiometabolic disease. It is
assumed that the effects of free sugars on risk factors are less potent because they contain less
fructose. We compared the effects of consuming fructose, glucose or their combination, high
fructose corn syrup (HFCS), on cardiometabolic risk factors.

Methods—Adults (18-40 years; BMI 18-35 kg/m?) participated in a parallel, double-blinded
dietary intervention during which beverages sweetened with aspartame, glucose (25% of energy
requirements (ereq)), fructose or HFCS (25% and 17.5% ereq) were consumed for two weeks.
Groups were matched for sex, baseline BMI and plasma lipid/lipoprotein concentrations. 24-h
serial blood samples were collected at baseline and after the intervention. Primary outcomes were
24-h triglyceride AUC, LDL-cholesterol (C), and apolipoprotein (apo)B. Interactions between
fructose and glucose were assessed post hoc.

Findings—145 subjects (26.0+5.8 years; body mass index 25.0+3.7 kg/m?) completed the

study. As expected, the increase of 24-h triglycerides compared with aspartame was highest
during fructose consumption (25%: 6.66 mmol/Lx24h 95% CI [1.90 to 11.63], A=0.0013 versus
aspartame), intermediate during HFCS consumption (25%: 4.68 mmol/Lx24h 95% CI [-0.18 to
9.55], P=0.066 versus aspartame) and lowest during glucose consumption. In contrast, the increase
of LDL-C was highest during HFCS consumption (25%: 0.46 mmol/L 95% CI [0.16 to 0.77],
P=0.0002 versus aspartame) and intermediate during fructose consumption (25%: 0.33 mmol/L
95% CI [0.03 to 0.63], £=0.023 versus aspartame), as was the increase of apoB (HFCS-25%:
0.108 g/L 95%CI [0.032 to 0.184], P=0.001; fructose 25%: 0.072 g/L 95%CI [-0.004 to 0.148],
P=0.074 versus aspartame).

The post hoc analyses showed significant interactive effects of fructose*glucose on LDL-C and
apoB (both ~£<0.01), but not on 24-h triglyceride (P=0.340).

Conclusion—A significant interaction between fructose and glucose contributed to increases
of lipoprotein risk factors when the two monosaccharides were co-ingested as HFCS. Thus, the
effects of HFCS on lipoprotein risks factors are not solely mediated by the fructose content and
it cannot be assumed that glucose is a benign component of HFCS. Our findings suggest that
HFCS may be as harmful as isocaloric amounts of pure fructose and provide further support for
the urgency to implement strategies to limit free sugar consumption.
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Background

Global sugar consumption is at an all-time high 1. This causes reason for concern as

sugar consumption appears to be causal or contributory in the development of metabolic
diseases. Clinical trials 23 and literature reviews 4° suggest that it is the unregulated
metabolism of fructose in the liver that mediates many of these undesirable health
outcomes. Therefore, the French Agence nationale de sécurité sanitaire de I’alimentation,
de ’environnement, et du travail (ANSES) recommended an upper limit of 100 g total
sugar/day °, which is approximately twice the upper limit recommended by the World
Health Organization 1. However, this recommendation is based on evidence suggesting

that 50 g of pure fructose/day is a safe level of consumption and on the assumption that
only the fructose component, and not the glucose component, contributes to the metabolic
dysregulation resulting from the consumption of sucrose or high fructose corn syrup
(HFCS). Therefore, since 100 g of sucrose contain 50 g of fructose, 100 g of sucrose/day
would equal a safe level of consumption. However, we previously reported results that do
not support this assumption that the adverse metabolic effects of sugar consumption are
solely proportional to the fructose content 6. We investigated the effects of consuming 25%
energy requirement (ereq) as HFCS- (HFCS-55: 55% fructose, 45% glucose)-, fructose- or
glucose-sweetened beverages on risk factors for CVD in young adults. The increases of low
density lipoprotein cholesterol (LDL-C), non-high density lipoprotein cholesterol (nonHDL-
C) and apolipoprotein B (apoB) induced by HFCS were not at a level approximating

55% of the increases induced by isocaloric 100% fructose; instead they tended to exceed
the increases induced by pure fructose. We concluded additional studies were needed to
confirm this unexpected pattern 8. The objectives of the current study were to confirm this
unexpected pattern in a larger number of subjects and with additional groups consuming
HFCS or fructose, and to determine if interactions between glucose and fructose contributed
to the adverse effects of consuming HFCS on some risk factors. Thus, we implemented post
hoc statistical testing for interactions between fructose and glucose in subjects consuming
beverages sweetened with fructose, glucose, HFCS or aspartame.

Methods

Study design —

Participants in this study are a subset from a 5 year National Institutes of Health (NIH)-
funded project. The University of California, Davis (UCD) Institutional Review Board
approved the experimental protocol. A detailed study protocol can be found in Supplement
1. This study was a double-blinded, parallel assignment, diet intervention study with three
phases: 1) a 3.5-day inpatient baseline period during which subjects resided at the UCD
Clinical and Translational Science Center’s Clinical Research Center (CCRC); 2) a 12-day
outpatient intervention period; and 3) a 3.5-day inpatient intervention period at the CCRC.
During day 2 and day 3 of the baseline and intervention inpatient periods, the subjects

were provided and consumed energy-balanced meals consisting of conventional foods. Daily
energy requirements (ereq) were calculated by the Mifflin equation 7 with adjustment for
activity of 1.3 on the days of the 24-h serial blood collections, and adjustment of 1.5 for the
other inpatient days. The baseline inpatient diet contained 55% of energy mainly as complex
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carbohydrate, 30% fat, and 15% protein. The meals during the intervention inpatient period
were comparable to baseline meals, except for the substitution of complex carbohydrate for
an isocaloric amount of sugar in the assigned drink. The timing of inpatient meals and their
energy distribution were: breakfast, 09:00 (25% of daily ereq); lunch, 13:00 (35% of daily
ereq); dinner, 18:00 (40% of daily ereq).

Participants —

Participants were recruited from October 2008 to February 2014 through online listings
(craigslist.com) and local flyers. Eligibility was assessed through telephone and in-person
interviews with medical history, complete blood count, and serum biochemistry panel.
Inclusion criteria included age (18-40 y), body mass index (BMI) (18-35 kg/m?2), and
self-reported stable body weight during the prior 6 months. Exclusion criteria; detailed in
Supplement 1; included absence of disease, atypical eating patterns, and a high level of
exercise. All subjects provided informed written consent.

Group assignment —

Assignment to the groups was not randomized; the experimental groups were matched for
sex, BMI, and concentrations of fasting triglyceride (TG), cholesterol, HDL-C, and insulin
in plasma collected during the in-person interviews. The study included eight experimental
groups with a total of 187 participants and was designed to compare the metabolic effects of
consuming beverages sweetened with aspartame (Asp) (non-caloric control), glucose (25%
ereq (G25)), fructose (25% (F25) and 17.5% ereq (F17.5)), HFCS (25% (HFCS25), 17.5%
(HFCS17.5) and 10% ereq) and sucrose (25% ereq). We previously reported data from 16
of 28 participants from each of 3 groups (25% ereq fructose (F25), 25% ereq glucose (G25)
and 25% ereq HFCS (HFCS25)) 6 and the data from 4 groups (Asp, 10% ereq HFCS, 17.5%
ereq HFCS (HFCS17.5), HFCS25) 8.

Study Beverages —

All beverages were prepared by the study staff. Sugar-sweetened beverages were flavored
with an unsweetened drink mix (Kool-Aid; Kraft Foods, Northfield, IL) in addition to the
respective sugar. Asp-sweetened beverages contained a fruit-flavored drink mix (Market
Pantry®, Target, Minneapolis, MN). The sugar-sweetened beverages contained glucose
(STALEYDEX® crystalline dextrose, Tate & Lyle, Hoffman Estates, IL, USA), fructose
(KRYSTAR® crystalline fructose, Tate & Lyle, Hoffman Estates, IL, USA), or HFCS
(ISOSWEET® 5500, Tate & Lyle, Hoffman Estates, IL, USA). These beverages were
formulated by a designated staff person as 15% sugar in water (weight/weight). The
amount of beverage provided (mean + SE for all subjects: 1081 + 12 grams divided into
three servings) was standardized among the 6 groups and based on individual energy
requirements. During the outpatient phase, the subjects were instructed to drink three
servings per day of the provided beverages, to consume their usual diet, and to refrain from
consuming other sugar-containing beverages, including fruit juice. To monitor compliance,
a biomarker (riboflavin) as added to the beverages and fluorometrically measured in urine
samples 8. Subjects were informed that they were being monitored to ensure beverage
consumption, but were not provided details about the method. Urinary riboflavin was
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assessed in urine samples collected during baseline, during the middle and end of outpatient
intervention, and during inpatient intervention.

Blood pressure was measured during the morning and evening of each inpatient day and
results are reported in Table 1 in Supplement 2. Subjects were instructed to continue their
normal activity during the outpatient intervention period and to not introduce new exercise
or workout routines. Physical activity was not monitored objectively; subjects were asked

to fill out modified versions of the Baecke Physical Activity Questionnaire 9 at the CCRC
screening visit and during the first day of the intervention inpatient period. The intervention
questionnaire queried the physical activity specific to the prior 2-week outpatient period.
The questionnaires were analyzed to quantify physical activity (sports, workouts, exercise
programs, plus biking and/or walking to work and/or classes) in hours/week. 24-h serial
blood collections, consisting of 32 samples collected every 30 or 60 minutes were performed
on the third day of the inpatient period at baseline and intervention. Additional blood was
collected at three fasting draws (08:00, 08:30 and 09:00 h) and three late-night postprandial
draws (22:00, 23:00 and 24:00 h); the plasma was pooled and multiple aliquots of the fasting
pool and postprandial pool were stored. The timing of the late-night postprandial period was
based on our previous studies in which TG peaked around 23:00 h 3.10,

Primary and secondary outcomes —

The primary outcomes of this study were the changes (2wk-0wk) in 24-h TG area under the
curve (AUC), fasting plasma levels of nonHDL-C, apoB, and LDL-C. Secondary outcomes
included the changes in 24-h uric acid AUC, postprandial levels for apoCllI, postprandial
levels of LDL-C, nonHDL-C and apoB, fasting oxidized (ox)LDL, 24-h plasma glucose and
insulin concentrations, amplitudes of post-meal glucose and insulin peaks, and body weight.

Plasma concentrations of triglyceride, uric acid, insulin, and glucose were measured in the
32 serial plasma samples and the 24-h AUC was calculated by the trapezoidal method.
Glucose and insulin amplitudes were calculated as the difference between the post-meal
peak concentrations minus the pre-meal nadirs for each meal and averaged for the 3 meals.
Glucose was measured with an automated glucose analyzer (YSI, Inc., Yellow Springs,
OH) and insulin with radiocimmunoassay (Millipore). The homeostasis model assessment of
insulin resistance (HOMA-IR) was calculated from the means of the glucose and insulin
concentrations in three fasting samples [fasting plasma insulin (uU/ml) x fasting plasma
glucose (mmol/22.5)] and results are shown in Table 1 in Supplement 2. The concentrations
of triglyceride, uric acid, cholesterol, HDL-C, LDL-C, apoB and apoClIl were measured
with the Polychem Chemistry Analyzer (PolyMedCo Inc.) with reagents from MedTest DX.
Fasting concentrations of oxidized LDL (oxLDL) were measured via ELISA (Mercodia,
Uppsala, Sweden). The intra- and inter-assay coefficients of variation for our laboratory
were as follows: triglyceride: 3.1%, 7.6% (intra-assay, inter-assay); total cholesterol: 2.3%,
4.4%; HDL cholesterol: 3.0%, 5.5%; direct LDL cholesterol: 2.4%, 4.7%; apoB: 3.5%,
6.9%; apoClII: 2.0%, 6.5%; uric acid: 1.9%, 5.6%; oxLDL.: 5.3%, 7.6%, glucose: 3.6%,
4.5%, and insulin: 6.5%, 7.6%.
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Statistical analysis —

We based the initial sample size calculation on the effect sizes (mean group difference/
standard deviation) obtained for fasting apolipoprotein B (apoB) and small dense LDL-C
(1.23 and 0.96 respectively) in our previous study comparing the effects of consuming 25%
ereq as fructose- or glucose-sweetened 3. It indicated that 25 subjects per group would be
sufficient to detect differences in apoB with a significance of £< 0.05 and 80% power

in a 7-group analyses. This sample size was not achieved in all groups due to funding
constraints; and was exceeded in the F25, G25 and HFCS25 groups in order to pursue the
aims of an NIH-funded ancillary project (1R01 HL107256).

The change (A: intervention minus baseline) for each outcome was analyzed by
multivariable (group, sex) generalized linear model analysis of covariance (ANCOVA) (SAS
9.4). The model was adjusted for BMI and outcome at baseline. This model allowed for
testing of outcomes that were significantly different from baseline concentrations as least
squares means of A different from zero and identified significant differences between groups
by Tukey-Kramer’s multiple-comparisons test. ~values <0.05 were considered significant.

Post hoc statistical analyses —

Results

To determine the effects of fructose and glucose and their interaction, A of each outcome
was analyzed by multivariable (fructose, glucose, sex) generalized linear model ANCOVA
that included the interaction term fructose*glucose. Each beverage intervention was
described in the model as its proportion of fructose and glucose as separate variables (Table
3 in Supplement 2), e.g. the 25% and 17.5% ereq fructose-SB was inputted as 100 or

70, respectively, for the fructose variable and 0 for the glucose variable, while the 25%

ereq HFCS-SB was inputted as 55 for fructose and 45 for glucose. The model included
adjustment for BMI and outcome at baseline. The proportion of variance explained by the
covariates was calculated as follows: (type 111 sum of squares/corrected total sum of squares)
*100.

A multivariable regression model assessed the effects of the mean A of plasma glucose
or insulin amplitudes on AnonHDL-C, ALDL-C, AapoB, A24-h TG AUC, Apostprandial
apoClll, A24-h uric acid AUC in all groups and Afasting oxLDL in the four groups
consuming fructose-containing beverages. The model was adjusted for sex, BMI, and
outcome at baseline.

The study was registered with clinicaltrials.gov, identifier NCT01103921.

Two hundred and six healthy young adults were allocated into one of eight intervention
groups during October 2008 to February 2014 (Figure 1). Here we report on one hundred
and fifty-nine subjects assigned to Asp, G25, HFCS17.5, F17.5, HFCS25 and F25. Of

these 159 subjects, seven ended their participation, and one was dismissed for a medical
reason (Kidney stone), prior to receiving intervention beverages. After receiving intervention,
five subjects discontinued their participation — one had scheduling conflicts with their job
(Asp), one experienced back pain (HFCS25), one was dismissed due to magnetic resonance
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imaging (MRI) finding (kidney stone) (HFCS25), one subject had a family emergency
preventing study completion (HFCS17.5) and one subject was lost to follow-up (HFCS25).
The samples from one subject were not analyzed due to sickness (vomiting) during the

final 24-h serial blood collection (HFCS25). The data from one subject (HFCS17.5) were
included in the fasting analyses, but not postprandial analyses, because a family emergency
prevented completion of the 24-h serial blood collection during the intervention period. The
current article reports the results from 145 participants consuming beverages containing Asp
(n=23), G25 (n =28), F25 (n = 28), F17.5 (n = 22), HFCS25 (n = 28) and HFCS17.5 (n

= 16). The baseline characteristics in the six experimental groups are presented in Table 1.
There were no significant differences in anthropometric or metabolic parameters between
the six groups of subjects. We found no differences in urinary riboflavin concentrations
between the groups or between the unmonitored (outpatient) and monitored (inpatient)
phases of the study (Figure 1 in Supplement 2). Subjects reported 4.6 + 3.4(SD) hour/week
of physical activity at screening and they reported 3.8 + 3.1 hours/week physical activity on
the first day of inpatient intervention. The decrease in reported activity during the 2 weeks of
study compared to pre-study was significant (P = 0.005), but was not affected by group (p=
0.75). None of the main outcomes (TG, lipoproteins, uric acid) were affected by the reported
pre-study level of physical activity nor by reported change in physical activity. Table 2
contains all baseline values and adjusted differences from baseline alongside the results of
the multivariable ANCOVA (effects of group and sex). The intervention (effect of group)
significantly affected all reported outcomes, excluding body weight and fasting apoClIIl. The
differences between the groups (Tukey-Kramer’s post-test) for the primary outcomes are
presented in Figure 2. The changes of TG 24-h-AUC in the F25 and F17.5, groups were
larger compared with Asp (Figure 2A). The changes of nonHDL-C, LDL-C, and apoB in the
HFCS25 group were significantly greater than in the Asp and G25 groups (Figure 2D-F).
The consumption of F25 led to larger increases of LDL-C than Asp or G25 (Figure 2E).
There were no statistically significant differences between the F25 and HFCS25 or between
F17.5 and HFCS17.5, however the results confirm the unexpected pattern we previously
reported in a subset of subjects 8, both HFCS groups tended to have higher increases of
nonHDL-C, LDL-C and apoB (Table 2) than the subjects consuming fructose at the same
level (% ereq).

The changes of postprandial apoCllIl in both of the fructose and HFCS groups differed
significantly from that in the Asp group (Figure 2B). Compared with Asp and G25,
consumption of both concentrations of fructose and HFCS25, increased uric acid 24-h AUC
(Figure 2C). The mean change in subjects consuming F25 was also larger than in those
consuming HFCS17.5 (Figure 2C). While there were no statistically significant differences
between the F25 and HFCS25 or between F17.5 and HFCS17.5, the increases in 24-h TG
AUC, postprandial apoClIlI and, 24-h uric acid AUC tended to be higher in the fructose
group than in the HFCS group consuming the same concentration of the sugars. Both
HFCS groups tended to have larger increases of postprandial nonHDL-C, LDL-C, and apoB
(Table 2) than the fructose group at the same level of consumption (%ereq) (Figure 1 in
Supplement 2).

We measured fasting oxLDL in samples from subjects consuming Asp, G25, F25, and
HFCS25 (Table 4 in Supplement 2). Only the subjects consuming HFCS25 exhibited a
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significant increase from baseline of oxLDL after two weeks (adjusted difference in means
from baseline 6.17 U/L [95%CIl, 4.45 to 7.89], £<0.0001). This increase was significantly
larger than in the other three groups (Tukey-Kramer post-test adjusted mean difference from
HFSC25: Asp -5.88 [95%CI, -9.29 to —2.47], P=0.0001, F25 —4.75 [95%Cl, —8.0 to —1.5],
P=0.0013, and G25 —4.84 [95%Cl, —8.12 to -1.62], £=0.0009).

The change of body weight (Abody weight) was not different between the groups after the
two-week intervention (Table 2). However, as Abody weight changed within some groups
(G25 and HFCS25), we assessed the effects of Abody weight on all outcomes in a separate
model (Table 2 in Supplement 2). Abody weight contributed significantly to the Afasting
nonHDL-C, LDL-C, and apoB. Nevertheless, the variance explained by the effect of group
within the same model was approximately three times higher than that explained by Abody
weight and was only slightly reduced by the inclusion of Abody weight as a co-variable.

Post hoc analyses testing the effect of fructose, glucose and their interaction
(fructose*glucose) were conducted. Table 3 lists the variation accounted for by these
factors. The fructose component significantly contributed to the changes of all measured
variables, excluding oxLDL, while the glucose component only contributed to A24-h
TG AUC and A24-h uric acid AUC. This analysis indicates that the interaction of
fructose*glucose contributed to the increases of fasting and postprandial apoB, LDL-C,
nonHDL-C, and fasting oxLDL while it did not affect A24-h uric acid AUC, A24-h TG
AUC, or Apostprandial apoCllI (Table 3).

We performed post hoc analyses to assess if postprandial plasma glucose or insulin
concentrations may have a role in the synergistic effects of fructose and glucose on
nonHDL-C, LDL-C, and apoB. The analyses tested the effects of the changes of plasma
glucose or insulin post-meal amplitudes on these outcomes in the four groups that consumed
fructose or HFCS-sweetened beverages. Consumption of G25 and HFCS25 significantly
increased the mean post-meal glucose amplitudes compared with ASP, F17.5 and F25 (Table
1 in Supplement 2). The changes in the glucose amplitudes were positively associated with
the changes of nonHDL-C, LDL-C, apoB, and oxLDL but not with the changes of 24-h TG
AUC, postprandial apoClIl, or 24-h uric acid AUC (Table 5 in Supplement 2). The Amean
insulin amplitudes were only associated with Afasting oxLDL. The individual effects of
insulin and glucose amplitudes on the change of oxLDL were attenuated when both were
included in the same model (data not shown) indicating that the effects are likely to be
mediated through a common pathway.

Discussion

In agreement with fructose being the principal driver of the metabolic dysregulation induced
by sugar, we found that the increases of 24-h TG AUC, postprandial apoClIl, and 24-h

uric acid AUC were largest after fructose consumption. However, relative to the aspartame
control group, the increases of nonHDL-C, LDL-C, and apoB were highest in subjects
consuming HFCS. Post hoc statistical analyses demonstrate that a significant interaction
between the glucose and fructose in HFCS contributes to this unexpected pattern. We
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propose a two-step mechanism, detailed below, to explain this synergy between fructose and
glucose.

The differences between fructose and glucose metabolism that explain the reported results
for 24-h TG AUC, postprandial apoClll, and 24-h uric acid AUC have been extensively
reviewed #1112 We therefore, present only a brief description. Most cell types, including
hepatocytes, metabolize glucose through mechanisms regulated by energy need. In contrast,
the liver metabolizes about 85% of consumed fructose immediately after absorption from
the intestine independently of hepatic energy requirements 3. This unregulated fructose
metabolism leads to ATP depletion in hepatocytes, subsequent upregulation of the purine
degradation pathway and increased circulating uric acid concentrations 81415 Increased
levels of uric acid are strongly associated with and predictive of metabolic syndrome, fatty
liver, and CVD 12.16_|nterestingly, the inhibition of xanthine oxidase, a key enzyme in
fructose-induced uric acid synthesis, reduced features of metabolic syndrome in fructose-fed
rats 17:18, This suggests that uric acid might be a key mediator of the metabolic disturbance
induced by fructose. In support of this, we have previously reported that the increase of uric
acid significantly contributed to the changes of fasting and postprandial LDL-C, nonHDL-C
and apoB observed in young adults consuming 0, 10, 17.5 and 25% of energy requirement as
HFCS 8.

Unregulated fructose metabolism promotes apoClII synthesis via increased expression of
sterol regulatory element-binding protein (SREBP)-1c and carbohydrate-responsive element-
binding protein (ChREBP) &11.19.20 Fyrthermore, fructose increases de novo lipogenesis
(DNL) via activation of SREBP-1c 2122 and via increased substrate availability for lipid
synthesis 320:23 This leads to an increase in the assembly of very dense lipoprotein

(VLDL) particles 24 and elevated circulating TG. Our interaction analysis confirms that

the increases of TG, apoClIl, and uric acid are mainly driven by the fructose component and
any contribution by glucose is additive at most (Table 3).

The high VLDL levels in circulation lead to downstream increases of intermediate density
lipoprotein and then LDL particles 25, representing the first step of our proposed two-step
mechanism (Figure 3). Subjects consuming HFCS exhibited higher post-meal glucose peaks
compared with the groups consuming pure fructose (adjusted difference in means from
baseline HFCS25: +0.966 mmol/L, F25: —0.179 mmol/L; difference in adjusted means
between HFCS25 and F25 A<0.0001). We propose that increased glucose availability in the
circulation is the second step of the proposed mechanism (Figure 3). Hyperglycemia leads to
delayed lipoprotein clearance 26:27 possibly via non-enzymatic glycation of LDL particles,
which additionally facilitates oxidation of LDL particles 28-30. In this study, oxLDL was
increased only in the HFCS group and the interaction analysis demonstrated that only

the co-ingestion of glucose and fructose contributed to this increase, while the individual
monosaccharides did not. A post hoc analysis revealed that the changes of post-meal glucose
amplitudes, but not post-meal insulin amplitudes, were significantly associated with the
increases of apoB, nonHDL-C, LDL-C, and fasting oxLDL in the four groups of subjects
consuming fructose or HFCS (Table 4 in Supplement 2). This supports the plausibility

that higher post-meal glucose excursions cause delayed lipoprotein clearance which is the
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second step of our proposed mechanism explaining the significant interaction of fructose and
glucose in subjects consuming HFCS.

In summary, we proposed a two-step mechanism wherein the fructose component of

HFCS promotes VLDL synthesis and secretion, which subsequently leads to higher plasma
concentrations of nonHDL-C, LDL-C, and apoB (first step). The glucose component of
HFCS amplifies the post-meal glucose levels which contribute to the delay of hepatic LDL
particle clearance and facilitate LDL modification (second step). More research is needed
to corroborate our novel finding that an interaction of fructose and glucose contributes to
increases of nonHDL-C, LDL-C, apoB and oxLDL in subjects consuming HFCS and our
two-step mechanism explaining this synergy.

Our results suggest that the adverse health outcomes arising from diets high in dietary sugar
cannot be attributed solely to fructose. Therefore, dietary guidelines for sugar consumption
should not be based on the assumption that all of the adverse effects of dietary sugars are
proportional to their fructose content °. These results also challenge the relevance of meta-
analyses 3132 that concluded that fructose consumption has no unique effect on postprandial
triglycerides, apoB, LDL-C, or nonHDL-C compared with all other dietary carbohydrates,
including HFCS. Our data provide further evidence that, compared with starch and glucose,
fructose does indeed have unique effects on these risk factors. In contrast, the data indicate
that, compared with HFCS, fructose does not have unique effects on apoB, LDL-C, and
nonHDL-C. However, this lack of unique effects does not represent evidence that fructose
consumption is safe. Nevertheless Chiavaroli et a/. 31 concluded that fructose consumption
has no unique effect on lipids/lipoproteins compared with all other dietary carbohydrates
and that this should be considered in clinical practice guidelines. Our data support the meta-
analysis by Te Morenga et a/. 33 comparing high sugar to low sugar diets that demonstrated
that excess consumption of free sugar increases TG, cholesterol, and LDL-C independent of
body weight gain.

One strength of the present study is the inclusion of two different doses of HFCS and
fructose. In addition, the lipoprotein risk factors were measured in both the fasting and
postprandial state. The comparable outcomes in both doses of sugar and during both the
fasting and postprandial states strengthen our results. The two-days of inpatient residence
prior to the start of the serial blood collections provided standardization of diet and activity
levels, which helped to minimize variation. The inclusion of young individuals with a broad
range of BMIs makes our data applicable to a wide population.

A limitation of our study is that the participants consumed ad /ibitum diets with the

study beverages during the 12-day outpatient period, which prevents us from drawing
conclusions regarding the effects of precise levels of sugar consumption. While 24-h food
intake recalls of the pre-study and outpatient intervention eating periods were collected,
they did not rectify this limitation due to poor subject compliance and the strong likelihood
of under-reporting. Accurate assessment of dietary intake data from free-living subjects
remains a challenge for the field of nutrition research. The intervention was delivered as
sugar-sweetened beverages as they are the main source of added sugar in western diets 34,
Providing a portion of the intervention sugar from solid foods would have better represented
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actual dietary patterns. Our intervention was short-term and a longer interventions might
lead to different outcomes with regard to the interaction between glucose and fructose.

In addition, when assigning the participants to the different beverage groups we ensured
that the groups were matched with regard to baseline characteristics and risk factors. It is
possible that the lack of randomization potentially introduced a bias in the assignment of
subjects to the experimental groups. Finally, the assessment of synergy was performed post
hoc and further research is required to confirm these results. Future studies should address
these limitations. Optimally, these studies would include an eucaloric dietary protocol

that provides all subjects with matched meals that vary only in the amount of complex
carbohydrate that has been replaced by the sugar in the experimental beverages. Additional
outcomes that would provide mechanistic insights like HbAlc, fructosamine, LDL particle
glycation and the fractional clearance rate of LDL-C 3°, should be included. Studies could
also be designed to manipulate circulating glucose levels in order to specifically test the
second step of our proposed 2-step mechanism. These could include dietary protocols in
which consumption of fructose-sweetened beverages are followed by consumption of meals
containing liquid glucose, solid glucose or starch.

The current findings provide evidence for an interaction of glucose and fructose when they
are co-ingested as HFCS. This could prove to be an important mechanistic insight regarding
the pathophysiology of excess sugar consumption. It is also highly relevant as it is has
repeatedly been argued that the actual consumption of fructose is low and that the effects

of fructose are diluted by the glucose component in dietary sugars 36. These results indicate
that dietary guidelines for sugar consumption should not be based on the assumption that

the adverse effects of sugar are solely induced by the fructose content °. Our findings
suggest that a commonly-consumed dietary sugar — HFCS — may be as harmful as isocaloric
amounts of pure fructose. These results provide further support for the urgency to implement
strategies aimed at limiting free sugar consumption.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Trial profile
LTF — lost to follow-up; Discon. — discontinued participation
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Figure 3. ‘Co-ingestion of glucose and fructose - Two-step’ theory
‘First step’ - Fructose: Fructose influx into the liver induces immediate changes in the lipid

metabolism. This causes an increase in uric acid due to the degradation AMP via the purine
degradation pathway, an increase in apoCll1 expression via ChREBP and an increase in de
novo lipogenesis, through an increase in substrate and the action of transcription factors
(ChREBP and SREBP). These processes lead to an increase in postprandial triglyceride rich
lipoproteins (TRL). Hydrolysis of the triglyceride via lipoprotein lipase converts TRL into
intermediate density lipoprotein and then LDL particles.

‘Second step’ - Glucose: Postprandial glucose levels lead to non-enzymatic glycation of
LDL particles and interfere with the clearance of these particles. Further, plasma glucose
aids in the oxidation of LDL particles with results in oxidized LDL particles.

LDL-R - LDL receptor; KHK — ketohexokinase; TG — triglycerides; TRL — TG-rich
lipoprotein
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Table 3:

Variation accounted for by fructose, glucose or their combination on measured outcomes

Total variation accounted for in %

[95% ClI] P-value

Fasting nonHDL-C

F 4.97% [0.4% to 11.3%)] 0.002

G 0.75% [0.0% to 5.9%] 0.209

F*G 5.86% [0.7% to 14.6%)] 0.002
Postprandial nonHDL-C

F 11.20% [10.6% to 21.3%] <0.0001

G 1.58% [1.1% to 7.7%)] 0.062

F*G 5.39% [4.9% to 13.9%] 0.002
Fasting LDL-C

F 5.84% [0.7% to 14.5%)] 0.001

G 0.08% [0.0% to 3.3%] 0.661

F*G 6.17% [0.8% to 15.0%)] 0.001
Postprandial LDL-C

F 4.01% [0.1% to 11.9%] 0.006

G 0.46% [0.0% to 5.0%] 0.306

F*G 8.43% [1.8% to 18.0%] 0.0002
Fasting apoB

F 4.44% [0.2% to 5.6%] 0.004

G 0.34% [0.0% to 0.5%] 0.396

F*G 4.51% [0.3% to 12.6%] 0.005
Postprandial apoB

F 6.64% [1.0% to 15.6%)] 0.001

G 1.37% [0.0% to 7.3%)] 0.099

F*G 5.21% [0.4% to 13.7%] 0.003
24-h TG AUC

F 10.90% [3.1% to 21.0%] <0.0001

G 2.30% [0.0% to0 9.1%)] 0.049

F*G 0.42% [0.0% to 4.9%] 0.340
Postprandial apoCllII

F 11.67% [3.6% to 21.9%] <.0001

G 1.94% [0.0% to 8.4%)] 0.064

F*G 0.03% [0.0% to 2.5%] 0.8099
24-h uric acid AUC

F 32.72% [20.6% to 43.3%)] <.0001

G 4.82% [0.3% to 13.1%] 0.001

F*G 0.00% [0.0% to 0.8%] 0.943
Fasting ox.LDL?

F 0.57% [0.0% to 6.5%] 0.384

G 0.45% [0.0% to 6.1%] 0.538
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Total variation accounted for in %

[95% CI] P-value

F*G 15.26% [4.7% to 27.6%)] <0.0001

Data were estimated from Mulivariate regression model (fructose, glucose, fructose*glucose) adjusted for outcome at Baseline and sex

F- fructose, G — glucose
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