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Effect of fructose instead of glucose or sucrose on
cardiometabolic markers: a systematic review and meta-
analysis of isoenergetic intervention trials

Elena Fattore, Francesca Botta, and Cristina Bosetti

Context: Free, or added, sugars are considered important determinants in the pan-
demics of obesity and associated chronic diseases, and fructose has emerged as the
sugar of main concern. Objective: The aim of this review was to assess the evi-
dence of the effects of isoenergetic replacement of fructose or high-fructose corn
syrup (HFCS) for glucose or sucrose on cardiometabolic markers in controlled die-
tary intervention trials. Data Sources: The electronic databases PubMed/MEDLINE,
the Cochrane Library, and Embase were searched from 1980 to May 5, 2020.
Study Selection: Studies were eligible if they measured at least one of the follow-
ing outcomes: total cholesterol, low- and high-density lipoprotein cholesterol, tria-
cylglycerols, apolipoprotein A1, apolipoprotein B, systolic blood pressure, diastolic
blood pressure, fasting glucose, and body weight. Data Extraction: For each out-
come, the mean values and the corresponding measure of dispersion were
extracted after the intervention or control diet. Data Analysis: Fixed-effects and
random-effects models were used to pool study-specific estimates. Between-study
heterogeneity was assessed by the y” test and the |* statistic and publication bias
by the Egger test and funnel plots. Results: Twenty-five studies involving 1744 vol-
unteers were identified. No significant effects were found when fructose or HFCS
was substituted for glucose, except for a slight decrease in diastolic blood pressure
when fructose was substituted for glucose. Similarly, no effects were found when
fructose or HFCS was substituted for sucrose, except for a small increase, of uncer-
tain clinical significance, of apolipoprotein B when HFCS was substituted for su-
crose. Conclusions: Isoenergetic substitution of fructose or HFCS for glucose or su-
crose has no significant effect on most of the cardiometabolic markers investigated;
however, some results were affected by residual between-study heterogeneity and
studies with high or unclear risk of bias. Systematic Review Registration:
PROSPEROQ registration number CRD42016042930.
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INTRODUCTION

Sugars are the smallest and simplest type of carbohy-
drate and can be classified as either monosaccharides
(ie, fructose, glucose, or galactose) or disaccharides (ie,
sucrose, lactose, or maltose). Recently, free sugars—de-
fined by the World Health Organization as monosac-
charides and disaccharides added to foods and drinks
by the manufacturer, cook, or consumer, and sugars
naturally present in honey, syrups, fruit juices and fruit
juice concentrates—have drawn increasing attention as
important determinants in the pandemics of obesity
and related chronic diseases." The fructose moiety, in
particular, has been suggested as the most harmful com-
ponent, since it may promote hepatic insulin resistance,
dyslipidemia, and hepatic steatosis."”'" It has been hy-
pothesized that high fructose consumption increases
the levels of its metabolite, methylglyoxal, which—by si-
lencing the AMP-activated protein kinase—leads to de
novo hepatic lipogenesis, fatty liver, and insulin resis-
tance.'” Although fructose is very similar to glucose, it
has a completely different metabolic profile. Unlike glu-
cose, it cannot be used directly as an energy source by
body cells but needs to be first converted into glucose,
lactate, or fatty acids in the liver, intestine, or kidney,
which results in lower energy efficiency." In addition,
there is less stimulation of insulin and leptin and less
suppression of ghrelin with fructose than with glucose,
causing less energy expenditure and reduced satiety
with fructose compared with glucose intake.” Prolonged
consumption of diets containing large amounts of fruc-
tose could therefore lead to weight gain and obesity as a
result of modifications of key signals in the central ner-
vous system that regulate energy balance.'* If adverse
effects of fructose occur at the doses currently con-
sumed by the general population, specific actions to re-
duce fructose consumption, including reformulation of
industrial foods, would be desirable.

Fructose has always been present in the human
diet, in fruit, vegetables, and honey, yet fructose con-
sumption has risen drastically since the early 19th cen-
tury, in part because high-fructose corn syrup (HFCS),
a caloric sweetener used by the food industry, has in-
creasingly replaced sucrose. Ecological studies showing
a relation between overconsumption of HFCS and in-
creased obesity in the United States have suggested
fructose to play a role in weight gain.” Other studies,
however, have questioned such a role,'>'® and recent
data from the US Department of Agriculture'” show
that, despite a decline in HFCS consumption since the
early 2000s, the prevalence of obesity has continued to
increase."®

Prospective studies assessing the relation between
free sugars and health outcomes have generally found
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. - . . . 1,19,20
positive associations with body weight gain, car-

diovascular diseases,”** and type 2 diabetes.”>*°
However, adjustment for energy intake or body weight
generally weakened, or even nullified, the associations.
Randomized intervention trials assessing health out-
comes, on the other hand, are extremely difficult to
conduct and have generally relied on intermediate
markers of disease.

In the last 10 years, several systematic reviews and
meta-analyses of dietary intervention studies have been
conducted on the effect of fructose on body weight and
intermediate markers of cardiovascular disease and dia-
betes.”’>* However, these meta-analyses differ in their
inclusion and exclusion criteria, particularly in relation
to the isoenergetic replacement for fructose. In addi-
tion, significant residual heterogeneity between studies
makes some results nondefinitive. Few meta-analyses
have specifically investigated the effect of fructose sub-
stitution for glucose,”®*>*" which is relevant in order to
investigate whether fructose is the moiety of concern
among the free sugars.

Since several randomized intervention trials on the
effect of fructose or HFCS as isocaloric replacement for
glucose or sucrose have recently been published,” >’
this systematic review and meta-analysis includes these
latest trials to further investigate whether isoenergetic
exchange of fructose or HFCS for glucose or sucrose
affects the main cardiometabolic markers. This review
is an extension of a previous systematic review and
meta-analysis of nutritional intervention trials investi-
gating the effects of free sugars vs complex
carbohydrates.””

METHODS
Search strategy and selection of studies

The systematic review and meta-analysis was conducted
in accordance with the PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses)
guidelines® (see Appendix SI in the Supporting
Information online) and was registered in the
International Prospective Register of Systematic
Reviews (PROSPERO) database (registration no.
CRD42016042930).  The  PICOS  (Population,
Intervention, Comparison, Outcomes, and Settings)*'
strategy for defining the research question is shown in
Table 1. Relevant articles published between 1980 and
May 5, 2020, were identified through searches in the
PubMed/MEDLINE, Cochrane Library, and Embase
databases using strings that included the terms
“fructose,” “
Supporting Information online). EndNote software

glucose,” and “sucrose” (see Table S1 in the
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Table 1 PICOS criteria for inclusion and exclusion of
studies

P Population  General population
| Intervention Diets containing fructose or high-fructose
corn syrup

C Comparator  Diets containing glucose or sucrose

O  Outcomes Cardiometabolic markers: total choles-
terol, low-density lipoprotein choles-
terol, high-density lipoprotein
cholesterol, triacylglycerols, apolipopro-
tein A1, apolipoprotein B, systolic blood
pressure, diastolic blood pressure, fast-
ing blood glucose, and body weight

Isoenergetic controlled nutritional trials

S Setting

(version X1) was used to assist in the literature search.
Potentially relevant reviews and meta-analyses were re-
trieved and checked to identify additional relevant
publications.

Studies were eligible if they met the following crite-
ria: (1) included original data from controlled dietary
intervention trials comparing a diet containing a given
amount of energy provided by fructose or HFCS with a
control diet containing the same amount of energy pro-
vided by glucose or sucrose; (2) included interventions
lasting at least 1 week; (3) provided mean values after
the intervention/control diet for at least one of the
parameters of interest, ie, total cholesterol, low-density
lipoprotein cholesterol (LDL-C), high-density lipopro-
tein cholesterol (HDL-C), triacylglycerols (TGs), apoli-
poprotein Al, apolipoprotein B, systolic blood pressure
(SBP), diastolic blood pressure (DBP), fasting blood
glucose, and body weight; (4) provided corresponding
measures of dispersion or sufficient data to derive
them; and (5) were conducted in humans. Abstracts
and full-text articles were screened for inclusion by 2
authors independently, and disagreements were re-
solved by discussion with a third author.

Data collection and quality assessment

For each of the studies selected, the following informa-
tion was extracted: authors, publication year, country,
baseline characteristics of the population (sex, age, body
mass index or body weight, and health status), number
of individuals involved, study design (crossover, paral-
lel, randomized, blinded), intervention and control
diets (including total energy provided by the diet and
the percentage of energy exchanged by the specific test
sugar), duration of intervention, and source of financial
support. For each parameter of interest, the mean was
extracted after the intervention/control diet, along with
its standard error, standard deviation, or 95%CI and,
when available, the mean difference between the 2
groups, along with the corresponding standard error,
standard deviation, 95%CI, P value, or t value. The
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quality scores of the trials were assigned using the
Cochrane Collaboration’s risk of bias tool.*> This tool
evaluates possible bias in 7 domains and gives a score of
0 (low risk of bias), 1 (unclear risk of bias), or 2 (high
risk of bias). For each study, the scores given for each
domain were added together to obtain a final score.
Studies were then categorized into 3 groups (low,
unclear, or high risk of bias).

Statistical analysis

Diets containing a given amount of energy provided by
fructose or HFCS were compared with diets in which
the same amount of energy was provided by glucose or
sucrose. For the analyses, total cholesterol, LDL-C,
HDL-C, TGs, and apolipoproteins were converted into
milligrams per deciliter (mg/dL). In each study and for
each parameter of interest, when not available in the
original study, the mean difference between the inter-
vention and control diet, along with its standard error,
was computed. For parallel studies, the standard error
was computed using the intervention and control stan-
dard errors; for crossover studies, the standard error
was computed using the reported P value and f
value.*>** A P value of 0.5 or of 0.01 was assumed if the
difference was reported only as nonsignificant or as sig-
nificant, respectively. In a few crossover studies that did
not report any P value or t value, this adjustment was
not done; in addition, no adjustment was possible when
the mean difference was zero.

The study-specific estimates were pooled to calcu-
late the weighted mean difference (WMD) of the
parameters of interest between the intervention (fruc-
tose or HFCS, overall and separately) and control diets
using both fixed-effects and random-effects models.*’
However, only the results from the latter model were
presented in order to account for heterogeneity in the
estimates (thus providing more conservative assess-
ments). Heterogeneity between studies was assessed us-
ing the y* test, defining significant heterogeneity as a
P value of < 0.10, and was quantified using the I statis-
tic,” which gives the percentage of the total variation
across studies attributable to heterogeneity rather than
to chance.

Subgroup and meta-regression analyses were con-
ducted on the following covariates: health status, body
weight, geographical study area, total energy from diet,
percentage of energy supplied by the test sugar, and in-
tervention dose. Sensitivity analyses were also con-
ducted by removing one study at a time and by
removing nonrandomized trials, studies at higher risk
of bias, and studies with only 1 week of intervention.

For each parameter, forest plots were also created
by plotting a square for each study. Each square
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corresponds to the study-specific mean difference, with
the area of the square being proportional to the inverse
of the variance of the mean difference, thus giving a
measure of the amount of statistical information avail-
able. Diamonds were used to plot the summary WMDs
and the corresponding 95%ClIs. Publication bias was
evaluated by visual inspection of the funnel plot and
quantified by the Egger test.*>*” STATA software (re-
lease 13) was used for all statistical analyses.*®

RESULTS
Study selection

The original literature search yielded 2609 records
(Figure 1), of which 44 were potentially eligible for in-
clusion. After closer evaluation, 19 were excluded for
different reasons (see TableS2 in the Supporting
Information online), thus leaving 25 studies for the pre-
sent review and meta-analysis.

Trial characteristics

Table 2*°7***7%® lists the main characteristics of the 25
studies included in the present meta-analysis. The stud-
ies included 1744 individuals (47% female), aged be-
tween 13 and 62years. Four studies included males
only,*”">* while the remaining studies included both
sexes. Eighteen studies compared fructose with glu-

35,36,38,39,49-62 .
cose, 5 compared HFCS with glu-
35,36,38,39,58 .
cose, 10  compared  fructose  with
35,39,50-52,63-67 .
sucrose, and 5 compared HFCS with su-

crose.”>?7?>0>% Thirteen studies had a crossover de-
signiSIB4-S2SIE0636468  and 12 g parallel
design.**>?%336739,61.6265°67 Eiye studies were not ran-
domized.”>>*>>**%*  The duration of intervention
ranged between 1 week’®****°>%% and 12 weeks,* with
a median of 3 weeks. The fructose dose ranged from
33 g°' to 250 g,>* and the intervention dose represented
between 6% and 48% of the total daily kilocalories pro-
vided by the diets. Three studies were conducted in

54,64,68

individuals with diabetes, 6 in individuals with

obesity,” %7 and the remainder in healthy

Figure 1 Flow diagram of the literature search process. Reasons for exclusion of selected studies are shown in Table S2 in the Supporting
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individuals. Sixteen studies were conducted in the
United States,”” 3> 72028606163.65°68 ope in Brazil,**
and the others in Europe. Only 7 studies were sup-
ported by public institutions,’®*®*#3>575863 yyith the
others being entirely or partially supported by commer-
cial or industrial companies.

A critical appraisal of the 25 studies is provided in
the Supporting Information online. Seven studies were
classified as having low risk of bias,’®**%°022°7% ¢ a5
having high risk of bias,> 47206364 and the remaining
12 as having uncertain risk of bias,>>?74%3328:60-62,65-68
In the studies with high risk of bias, problems in ran-
domization, allocation concealment, blinding of study
participants, or outcome assessment were generally
identified.

Effects of fructose or HFCS vs glucose or sucrose

Substitution of fructose for glucose did not meaning-
fully modify total cholesterol, LDL-C, HDL-C, TGs,
apolipoprotein B, apolipoprotein Al (Figure 2A-
FA9°1,52:54-61) " o SBP (Figure 3A°0°%5657) byt signifi-
cantly decreased DBP (WMD —2.44; 95%CI —4.45 to
—0.43; Figure 3B°%**°%7) No meaningful effects were
found for fasting blood glucose or body weight
(Figure 3C and D368:49-62y

Significant heterogeneity between studies was
detected for the effects on TGs (I? = 48.0%; P = 0.023;
Figure 2D), fasting blood glucose (I° = 47.4%;
P=0.022; Figure 3C), and body weight (I° = 54.5%;
P =0.002; Figure 3D).

Subgroup analysis for fructose showed effect modi-
fication for fasting blood glucose in studies including
only males (WMD —0.41; 95%CI —0.73 to —0.08; see
FigureS2 in the Supporting Information online), for
body weight in studies exchanging < 20% of kilocalories
per day (WMD 0.15; 95%CI 0.06-0.25; see Figure S3 in
the Supporting Information online), and in studies with
an intervention dose of <90 g (WMD 0.15; 95%CI
0.06-0.25; see Figure S4 in the Supporting Information
online). In all these subgroups, heterogeneity lost statis-
tical significance. Meta-regression models detected a
significant effect of the exchanged intervention energy
or the intervention dose on body weight (data not
shown).

There were no meaningful effects of the substitu-
tion of HFCS for glucose on LDL-C, HDL-C, or TGs
(see Figure S5A-C in the Supporting Information on-
line) or on fasting blood glucose or body weight (see
Figure S6A and B in the Supporting Information on-
line). There was no heterogeneity between studies.

Substitution of fructose for sucrose did not
meaningfully affect total cholesterol, LDL-C, HDL-C,
TGs, fasting blood glucose, or body weight

218

(Figure 4A-F0-52636468) There was no heterogeneity
in any of the estimates.

Substitution of HFCS for sucrose did not meaning-
fully affect total cholesterol, LDL-C, HDL-C, or TGs
(Figure 5A-D) but significantly increased apolipopro-
tein B (WMD 11.29; 95%CI 0.80-21.78; Figure 5E). No
meaningful effects of HFCS vs sucrose were observed
for SBP, DBP, fasting blood glucose, or body weight
(Figure 6A-D¥373965-67y 'The estimates were not het-
erogeneous, except for fasting blood glucose
(I = 64.6%; P=0.009; Figure 6C). In particular, 1
study showed a significant increased effect,”” while 2
studies showed a significant decreased effect’™°” (Figure
6C). No significant differences were observed for HFCS
across strata of dose or percentage of energy exchanged
by the test sugar.

No meaningful changes were found in sensitivity
analyses when one study at a time, studies at the highest
risk of bias, studies not randomized, or studies of less
than 2 weeks’” duration were removed, except for the ef-
fect of fructose on DBP, which lost statistical signifi-
cance when the study by Koh et al®* (WMD —1.62;
95%CI —4.15 to 0.16) or the one by Stanhope et al™
was removed or when studies at the highest risk of bias
(see Figure S7 in the Supporting Information online) or
those not randomized (WMD 0.37; 95%CI —2.45 to
3.18) were excluded. In addition, when studies at the
highest risk of bias were excluded, heterogeneity for the
pooled estimates of TGs and fasting glucose lost statisti-
cal significance (see Figures S8 and S9 in the Supporting
Information online, respectively).

Publication bias

Some evidence of publication bias was found, but only
for total cholesterol when fructose was exchanged for
glucose, since the funnel plot suggested that small stud-
ies reporting a favorable role of fructose may have been
missing (Egger test, P=0.048). The trim-and-fill
method estimated 3 missing studies, but adjustment for
asymmetry did not modify the significance of the esti-
mate (WMD 0.79; 95%CI —3.07 to 1.50; see Figure S10
in the Supporting Information online).

DISCUSSION

This meta-analysis indicates that the isoenergetic substi-
tution of fructose for glucose has no effect on total cho-
lesterol, LDL-C, HDL-C, apolipoprotein B,
apolipoprotein Al, or fasting TGs. Results for apolipo-
protein B and apolipoprotein AI, however, were based
on a few small studies that had either unclear risk of
bias®® or high risk of bias.”>*® No between-study het-
erogeneity was found for these markers, except for

Nutrition Reviews® Vol. 79(2):209-226
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Koh et al. (1988) (healhy)™ —_— -7.00 (-26.42, 1242) 145 Koh el al, (1588) (healthy) -4,00 (15,10, 7.10) 673
Bante o al. (20007 — 3,00 (-8.46, 1564) 346 Bantle et al. (2000)™ 0.00 (428, 4.29) 4508
Stanhape ot al. (2008)" ———————— 12001160, 35.60) 088 Starhope ot al. (2009)* 430(-1853, 27.13) 159
Mgo Sock et al. (2010}" |- 387 (896, 14.70) 485 Ngo Sock et al. (2010) 0.00 (-10.72, 10.72) 721
Silbernagel et al. (2011) e 10.00 {-4.13, 24.13) 273 Silberragel at al. (2011) 7 R 600 (-8.13, 20.13) 415
Asberli et al. (2013} —1—s————— 9.28(-15.19, 176 081 Starhope et al. (2011} * —_— 7.73(-29.17, 13.70) 180
Heden et al (2014)" . -1.00 (-3.88, 1.88) 65.86 Asberli et al. (2013)" — = g5T(1370,2604) 200
Hochu et al. (2014)" — - 3.48 (1217, 19.13) 223 Hochui et al. (2014)"' — 0.00 {1353, 13.53) 453
Overall {l-equared = 0.0%, p = 0.671) -0.27 {-2.61, 2.06) 100.00 Overall {l-aquared = 0.0%, p = 0.056) < -0.50 (-3.38, 2.38) 100.00

T T T T
-356 [ 156 292 0 292
Favors fructose  Favors glucose Favors fructose  Favors ghoose
L First author, year WMD (85% CI) Wesight
First author, year WMD (95% CI) Waight
Koh et al. (1988) (IGTS)" -19.00 (-71.72,3372) 162
: = Koh et al. (1988) (healthy)™ 2.00(-3.55, 7.55) 2071
Koh et al. (1888) (IGTS) 1.00 {-1.77,3.77) 2250 o
. Bantle etal. (2000) (M) 26.57 (14.83,38.31)  14.19
Hah et al. (1963} (heatthy} 3001132, 5.32) 250 Bantle et al. (2000 JW)” -3.54(-1760,1051) 1207
Bantle et al. (2000)" 0.00 (-3.22, 3.22) 16.76 Stanhape et al. (2009)* — -12.00 (-57.76,33.76) 210
Stanhope et al. (2009) —T 3.00 (-2.54, 8.54) 564 Ngo Sock etal. (2010 —— 0.00 (-48.10, 48.10) 184
i 1. (2011)" -} 7.00(-1
Ngo Sock et al. 2010) 0.00 (10.72, 10.72) 81 Silbernagel et al. (2011} —— 17.00(-1214,46.14) 459
o Stanhope et al, (2011) ** —— -B.B6 (-4767,20.06) 282
Silbernagel et al. (2011} - .00 (-3.77,1.77) 2255 pi i
Aeberl et al. (2013) —a— 1.77(-31.37, 34.02) an
= [
Stanhope et al. (2011) — T -3.87 (-14.59, 8.85) 151 Johnston et al. (2013 (i - . -16.83 (-66.49,3283) 181
Asbedi et al. ¢2D13]ﬁ —_— 1.93 (-7.22, 11.09) 207 Johnston et &l (2013) = - -3,54 (-52.36, 45.27) 186
Heden et al. (2014)" E 1,00 (-3.88, 1.88) 2091 Heden et al. (2014)” l 2.00(-3.76, 7.76) 2050
i Hochul et al. (2014} 266 (-14.04, 19.35 10.03
Hochuli et al. {2014)” - 1.55 (-4.98, 8.08) 4.06 o J A ; i
Jin et al. (2014) —_— -50.48 (-95.52, -545) 216
(s = = - a
Omal (Fequared 0.0% p=0014) > 0.07 (129, 1.26) bl Overall (Fsquared = 48.0%, p = 0.023) ) 3.01(-3.83, 9.95) 100.00
T T T - T
4.6 0 146 955 0 955
Favors glucose  Favors fructase Favors Tructose  Favors glucose
E %
F %
First author, year WMD (95% CI) Weight
First author, year WD (85% Cl) Weight
Bantle et al. (2000]" —r— 3.00(-5.58, 11.58) 59.18
. Stanhope et al, (2000) 4« 1700(-280,3660) 40.10
Stanhope et al. (2009) — 11.00 (-4.31, 26.31) 18.50 i
\.u Stanhope et al. (2011) —— 0.02 (-12.82,12.86)  58.90
Stanhope et al. (2011} - -3.50 (-17.50, 10.50) 22.23 I
. " = =01 i x
Overall (l-squared = 0.0%, p = 0.391) <i> 3.04(-356,9.64) 100.00 Overall (l-squared = 50 4%, p = 0.155) -:i:> 6,683 (-0.48,23.14)  100.00
T T T
-26.3 6.

Favors fructose Favors glucose

Favaors glucose

Favors fruclose

Figure 2 Forest plots showing the weighted mean difference (WMD) and 95%Cl expressed in mg/dL for (A) total cholesterol, (B) LDL
cholesterol, (C) HDL cholesterol, (D) triacylglycerols, (E) apolipoprotein B, and (F) apolipoprotein A1 following isoenergetic ex-
change between fructose and glucose in dietary intervention trials. WMDs were calculated from random-effects models. Abbreviations:

IGTS, impaired glucose tolerant subjects; M, men; W, women.

fasting TGs. This heterogeneity persisted after various
subgroup analyses and was almost entirely due to 2
studies.”" However, the sensitivity analysis in which
trials at the highest risk of bias were excluded confirmed
the result of the main analysis, with no heterogeneity
detected. Results of subgroup and meta-regression anal-
yses did not support a dose-dependent response for
fasting TGs, as has been suggested by other

Nutrition Reviews® Vol. 79(2):209-226

investigations.®>”® This could be due to the low power
to detect this effect, since only few studies included in
the present meta-analysis used high doses of fructose
or catalytic doses of fructose.®"%?

Opverall, these results do not indicate metabolic dif-
ferences between fructose and glucose, when consumed
isocalorically, on hepatic de novo lipogenesis, which has
been observed in animal studies’ "> and is one of the

219

20z 11dy 6 UO 1s9NB Aq GGZ6165/602/2/6.L/910IME/SMAIASIUONIINU/WOO"dNO"dlWapede//:SdRy WOy papeojumoq



A * B u
First authar, year WHID {85% CI) Weight First author, year WND (95% CI) Weight
Kohat al, (1988} HGTE]" —— 400 (-15.10. 7,10} 288 ¥ah ot i, (1288) (IGTS]" —_— 4.00{-15.19, 7.10) a1t
Koh ot al. (1988} healhy) —— -200 (-7.55, 3.55) 11.55 Kioh et . (1958) (hesithy | - 4.00 {634, -166) 33,68
Stanhope o al. (20087 —. -3.00 (-8 54, 254) 1188 Stanhopa et al, (2008)" B 4,00 (&.77,-123) 2840
Aeberf et al. (2011) {medium dass) ™ 1.00 (-3.87, 1.87) 4335 Aeberi et al. (2011} imedium dose) * e B 0.00(-3:22, 3.22) 2381
Ak ot ol (2011) {high desa) ™ - 1,30{-2.43, 5,00} 2559 Aaberl at al. (2011} (high desa) ™ —_— 270(-5.04, 10.44) 6a7
Sibamagal ot al (2011)7 —I— 0.10(-8.22, 8,42} 518 Sibernaged ot al, (2011} —_— 010857, BAT) 484
Overail (-squared = 0.0%, b = 0.784) C DTH(ZE7, 110 10000 Ovecall (aquared = 29.0%, p = 0.217) 0 244 {445, -0.43) 100.00

T T T
15.1 [ 154 15. 0 15.
Favors fructosa Favars glucess Favars fructoss Fawvors gucosa
c D
First author, year WMD (85% CI) Wesght
%
Frst authar, year WMD (B5% CI) Weight Beck-Nislsen et al (1980f° _ 060856976 009
Rizkata el al {1986) (| exp | E 540 (-1671,591) 006
Bock-Nisisen of al. {1560)" ———t 5.40(-18.12, 7.32) o.x Rizkata et al. {1986) (|| exp. -1.80 (-15.39,11.79) 0.04
Fizkala et al. (1986} (| exp.) —_— -2.00 {-7.54, 3.54) 1.00 Koh et al (1988) (GTS]" 0.00(-13.86, 13.86) 0.04
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Aeberl et al (2011} {hgh dose) 0720279135 603 Acoerll et al. (2011} (igh dose]’ 0.20 {0.08, 0.31) 2533
Sibernagel et al. (2011} 0.00 (-0.23, 041} 2896 Silbemagel et al, (2011F - 480 (331,.043) 344
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181 ] 181 BT o 16.7
Favars fructose Favars glucosa Favors fructose Favors glucose

Figure 3 Forest plots showing the weighted mean difference (WMD) and 95%(Cl for (A) systolic blood pressure (mnmHg), (B) diastolic
blood pressure (mmHg), (C) fasting blood glucose (mg/dL), and (D) body weight (kg) following isoenergetic exchange between
fructose and glucose in dietary intervention trials. WMDs were calculated from random-effects models. Abbreviations: exp., experiment;

IGTS, impaired glucose tolerant subjects.

mechanisms involved in the pathogenesis and progres-
sion of nonalcoholic fatty liver disease.”* They confirm
the results for blood lipids reported in a recent meta-
analysis that had the same inclusion criteria but a lower
number of studies”®; however, they partially differ from
those of another previous meta-analysis that found an
increase in total cholesterol, although in the presence of
significant heterogeneity.*

Fructose substitution for glucose also had no signif-
icant effect on SBP, with no heterogeneity between
studies. These results differ from those published by
Sievenpiper et al,”” who found a decrease in SBP. In the
present review, fructose decreased DBP, although this
decrease appears to be driven by 2 trials assessed to
have high risk of bias,”**° as shown in the sensitivity
analysis.

The fasting blood glucose results are slightly differ-
ent from those reported in the previous meta-analysis,
which showed a small but significant reduction when
fructose was substituted for glucose ** and an effect

220

modification by dose.”> The estimates are affected by
significant between-study heterogeneity, explained in
part by sex, since the effect on fasting blood glucose in
trials involving only males showed a small but signifi-
cant decrease, with no heterogeneity detected. It was
not possible to assess whether this result was due to sex-
specific responses to fructose because there were very
few trials in females. Sex differences in relation to the
metabolism of fructose or sucrose have been observed

76-78 7' . .
and humans’®; however, the direction of

in animals
such results was opposite that found in the present
study, since reduced metabolic effects, including lower
fasting glucose, were found in females compared with
males.

In contrast to the 2 meta-analyses mentioned
above,”®*” which found a small but significant reduc-
tion in body weight when fructose was isoenergetically
exchanged for glucose, no significant differences were
found. These results were significantly heterogeneous,

but, as suggested by the sensitivity and subgroup
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Figure 4 Forest plots showing the weighted mean difference (WMD) and 95%Cl for (A) total cholesterol (mg/dL), (B) LDL cholesterol
(mg/dL), (C) HDL cholesterol (mg/dL), (D) triacylglycerols (mg/dL), (E) fasting blood glucose (mg/dL), and (F) body weight (kg) fol-
lowing isoenergetic exchange between fructose and sucrose in dietary intervention trials. WMDs were calculated from random-effects

models. Abbreviation: diab., diabetes.

analyses, heterogeneity was attributable almost entirely
to the results of the study by Aeberli et al,”® which had
the highest intervention dose but was not included in

the previously meta-analyses.**?’

The significant
increases in body weight in trials that investigated
doses of <90 g or exchanged <20% of kilocalories per
day were also driven by the study of Aeberli et al.”’
Overall, these results indicate that isoenergetic ex-
change of fructose or HFCS for glucose has no effect

on body weight.

Nutrition Reviews® Vol. 79(2):209-226

Given the chemical structure of sucrose, which is a
disaccharide composed of one molecule of glucose and
one molecule of fructose, diluted effects were expected
when fructose was compared with sucrose instead of
glucose, and no effects were expected when HFCS was
compared with sucrose. Consistent with this hypothesis,
no significant effect on total cholesterol, LDL-C, HDL-
C, TGs, SBP, DBP, fasting blood glucose, or body
weight were found when fructose or HFCS was
substituted for sucrose. These results were in line with
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Figure 5 Forest plots showing the weighted mean difference (WMD) and 95%Cl expressed in mg/dL for (A) total cholesterol, (B) LDL
cholesterol, (C) HDL cholesterol, (D) triacylglycerols, and (E) apolipoprotein B following isoenergetic exchange between high-fruc-
tose corn syrup (HFCS) and sucrose in dietary intervention trials. WMDs were calculated from random-effects models. Abbreviations: E,

energy; GT, glucose tolerance; IGT, impaired glucose tolerance.

those of previous meta-analyses,”*** with the only dif-
ference being that Evans et al*® found a small but signif-
icant decrease in fasting blood TGs when fructose was
substituted for sucrose, although that result was based
on a smaller number of studies. In the present analysis,
substitution of HFCS for sucrose significantly raised
apolipoprotein B. This result, however, should be con-
sidered with caution because it was based on a single
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study that was assessed to have an unclear risk of bias.
Moreover, the biochemical similarity between HFCS
and sucrose, coupled with the absence of an effect on
apolipoprotein B when fructose was substituted for glu-
cose, makes it unlikely that HFCS had a causal role in
the increase of apolipoprotein B. Moreover, even
though apolipoprotein B, among the blood lipids, is
considered one of the most reliable risk indicators of
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Figure 6 Forest plots showing the weighted mean difference (WMD) and 95%Cl for (A) systolic blood pressure (mmHg), (B) diastolic
blood pressure (mmHg), (C) fasting blood glucose (mg/dL), and (D) body weight (kg) following isoenergetic exchange between
high-fructose corn syrup (HFCS) and sucrose in dietary intervention trials. WMDs were calculated from random-effects models.
Abbreviations: E, energy; GT, glucose tolerance; IGT, impaired glucose tolerance.

cardiovascular disease,* the clinical relevance of a such
variation, without any variation in other related
markers, is questionable.

Overall, when fructose or HFCS was compared with
sucrose at the doses used in the studies included in the pre-
sent meta-analysis, there were no significant variations in
cardiometabolic markers, yet alterations in such markers
would be expected if fructose were a highly lipogenic sugar
that increases the risk of nonalcoholic fatty liver disease,
metabolic syndrome, and cardiovascular disease.

Strengths and limitations

A strength of this meta-analysis is its inclusion of new
studies that, compared with older studies, had a larger
sample size,”” a longer duration,’”* and a lower risk of
bias.**** Another strength is that it included only
studies in which the intervention and control diets were
matched for energy, and the intervention diets were
similar to diets that would be commonly consumed in

Nutrition Reviews® Vol. 79(2):209-226

western countries. Indeed, the mean dose of fructose in
the studies included in this meta-analysis was 86 g/d,
which corresponds to 16% of the total energy provided
by diet. These figures are similar to the mean intakes of
added sugars estimated for the adult population in
Europe® and the United States,” ie, 42 to 106 g/d and
76.7 g/d, respectively. In addition, no evidence of publi-
cation bias was detected for any of the cardiometabolic
markers analyzed except total cholesterol.

Among the limitations of this review, the most im-
portant are those inherent to the original studies, most
of which had high or unclear risk of bias and had a low
power to detect significant differences. In addition,
most of the studies were of short duration (less than 4
weeks), which limits their ability to detect potential
small effects following lifetime exposure to fructose.
Finally, as already mentioned, all of the included trials
measured markers of disease rather than health out-
comes, and therefore the clinical relevance of the small
differences observed is unclear.
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CONCLUSION

The potential harm from the intake of dietary fructose
or HFCS on obesity and its related chronic diseases has
garnered much attention. However, this systematic re-
view and meta-analysis of nutritional isoenergetic inter-
vention trials found no evidence of a significant effect
on the cardiometabolic markers investigated, with the
exception of a slight decrease in DBP when fructose was
substituted for glucose and a small increase in apolipo-
protein B when HFCS was substituted for sucrose.
However, some results were affected by residual
between-study heterogeneity and by studies assessed to
have high or unclear risk of bias
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Table S1 Search strategy.

Table S2 Studies excluded from the meta-
analysis, along with reasons for exclusion.

Figure SI Risk-of-bias assessment of the 25 stud-
ies included in the meta-analysis.

Figure S2 Forest plots of subgroup analysis by
sex, showing weighted mean difference (WMD) and
corresponding 95%CI for fasting blood glucose (mg/
dL) following isoenergetic exchange between fructose
and glucose in dietary intervention trials. WMDs
were calculated from random-effects models.

Figure S3 Forest plots of subgroup analysis by kil-
ocalories per day exchanged by fructose (> 20% or

224

<20% of total kilocalories per day), showing
weighted mean difference (WMD) and corresponding
95%CI for body weight (kg) following isoenergetic ex-
change between fructose and glucose in dietary inter-
vention trials. WMDs were calculated from random-
effects models. IGTS, impaired glucose tolerant
subjects.

Figure S4 Forest plots of subgroup analysis by in-
tervention dose (> 90 g and < 90 g of fructose), show-
ing weighted mean difference (WMD) and
corresponding 95%CI for body weight (kg) following
isoenergetic exchange between fructose and glucose
in dietary intervention trials. WMDs were calculated
from random-effects models. IGTS, impaired glucose
tolerant subjects.

Figure S5 Forest plots showing the weighted
mean difference (WMD) and 95%CI expressed in mg/
dL for (A) LDL cholesterol, (B) HDL cholesterol, and
(C) triacylglycerols following isoenergetic exchange
between high-fructose corn syrup (HFCS) and glu-
cose in dietary intervention trials. WMDs were calcu-
lated from random-effects models.

Figure S6 Forest plots showing the weighted
mean difference (WMD) and 95%CI for (A) fasting
blood glucose (mg/dL) and (B) body weight (kg) fol-
lowing isoenergetic exchange between high-fructose
corn syrup (HFCS) and glucose in dietary interven-
tion trials. WMDs were calculated from random-effects
models.

Figure S7 Forest plot of sensitivity analysis con-
ducted by removing studies at highest risk of bias,
showing weighted mean difference (WMD) and cor-
responding 95%CI for diastolic blood pressure
(mmHg) following isoenergetic exchange between
fructose and glucose in dietary intervention trials.
WMDs were calculated from random-effects models.

Figure S8 Forest plot of sensitivity analysis con-
ducted by removing studies at highest risk of bias,
showing weighted mean difference (WMD) and cor-
responding 95%CI for fasting triacylglycerols (mg/
dL) following isoenergetic exchange between fructose
and glucose in dietary intervention trials. WMDs
were calculated from random-effects models.

Figure S9 Forest plot of sensitivity analysis con-
ducted by removing studies at highest risk of bias,
showing weighted mean difference (WMD) and cor-
responding 95%CI for fasting blood glucose (mg/dL)
following isoenergetic exchange between fructose and
glucose in dietary intervention trials. WMDs were cal-
culated from random-effects models.

Figure S10 Funnel plot of dietary intervention tri-
als of isoenergetic exchanges between fructose and
glucose for total cholesterol.
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