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OBJECTIVEdThe effect of fructose on cardiometabolic risk in humans is controversial. We
conducted a systematic review andmeta-analysis of controlled feeding trials to clarify the effect of
fructose on glycemic control in individuals with diabetes.

RESEARCH DESIGN AND METHODSdWe searched MEDLINE, EMBASE, and the
Cochrane Library (through 22 March 2012) for relevant trials lasting$7 days. Data were aggre-
gated by the generic inverse variance method (random-effects models) and expressed as mean
difference (MD) for fasting glucose and insulin and standardized MD (SMD) with 95% CI for
glycated hemoglobin (HbA1c) and glycated albumin. Heterogeneity was assessed by the Cochran
Q statistic and quantified by the I2 statistic. Trial quality was assessed by the Heyland method-
ological quality score (MQS).

RESULTSdEighteen trials (n = 209) met the eligibility criteria. Isocaloric exchange of fructose
for carbohydrate reduced glycated blood proteins (SMD 20.25 [95% CI 20.46 to 20.04]; P =
0.02) with significant intertrial heterogeneity (I2 = 63%; P = 0.001). This reduction is equivalent
to a ;0.53% reduction in HbA1c. Fructose consumption did not significantly affect fasting
glucose or insulin. A priori subgroup analyses showed no evidence of effect modification on
any end point.

CONCLUSIONSdIsocaloric exchange of fructose for other carbohydrate improves long-
term glycemic control, as assessed by glycated blood proteins, without affecting insulin in people
with diabetes. Generalizability may be limited becausemost of the trials were,12 weeks and had
relatively low MQS (,8). To confirm these findings, larger and longer fructose feeding trials
assessing both possible glycemic benefit and adverse metabolic effects are required.
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The number of people with type 2
diabetes is likely to double during
the next 20 years (1), leading to an

increased burden of cardiovascular dis-
ease (2), renal failure (2), blindness (2),
and risk of colon, breast, and other cancers
(3). Diabetes profoundly altersmacronutri-
ent metabolism; the roles of diet and espe-
cially carbohydrate type and quality are
therefore of considerable interest. Since
1970, the total availability of sugars has
increased by;20% (4), and high-fructose
corn syrup now represents nearly 50%
of caloric sweetener use in the United
States (4,5). Increased total fructose con-
sumption (from both sucrose and high-
fructose corn syrup) has been implicated
in the development of the obesity epi-
demic in the United States (6) and has
been singled out in diabetes guidelines
because of concerns about its effects on
lipids.

Diabetes associations (2,7,8) have
taken a harm-reduction approach to fruc-
tose recommendations, setting an upper
threshold for intake that is based on pu-
tative adverse effects on serum lipids.
The American Diabetes Association
guidelines, however, acknowledge that
fructose produces a lower glycemic re-
sponse in people with diabetes when it
replaces sucrose and starch in the diet
(7). Fructose has also been shown to im-
prove glycemia without adversely affect-
ing lipids when exchanged for other
carbohydrate in controlled feeding trials
in people with type 2 diabetes (9–15).
In the absence of clear guidance on the
role of fructose in glycemic control, we
conducted a systematic review and
meta-analysis of controlled feeding
trials to assess the effects of isocaloric,
oral fructose exchange for carbohydrates
on fasting glucose, fasting insulin, and
glycated blood proteins (glycated hemo-
globin [HbA1c], glycated albumin,
and fructosamine) in individuals with
diabetes.

RESEARCH DESIGN AND
METHODSdWe followed the Co-
chrane Handbook for Systematic Reviews
of Interventions for the planning and
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conduct of this meta-analysis (16). The
reporting followed the Preferred Report-
ing Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines
(17).

Study selection
We searched MEDLINE, EMBASE, and
Cochrane databases through 22 March
2012 with the following search terms:
fructose AND (glucose OR glycemic
OR glycemic OR glycaemia OR glycemia
OR insulin OR OGTT OR HOMA-IR OR
HbA1c OR fructosamine). Manual searches
supplemented the electronic search strat-
egy. We included controlled feeding trials
that investigated the effect of oral fructose
in isocaloric exchange for other sources
of carbohydrate on markers of glycemic
control in individuals with diabetes. Tri-
als that had,7 days of follow-up, admin-
istered fructose intravenously, lacked an
adequate carbohydrate comparator, or
did not provide suitable end point data
were excluded. No restriction was placed
on language.

Data extraction
Reports that met the inclusion criteria
were each independently reviewed and
extracted by at least two investigators
with a standardized form. Relevant in-
formation about study design, randomi-
zation, blinding, level of feeding control,
sample size, subject characteristics, fruc-
tose format, dose, reference carbohydrate,
duration of follow-up, andmacronutrient
profile of the background diet were ob-
tained. We extracted mean 6 SD post-
treatment values for fasting glucose,
fasting insulin, and percentage glycated
blood proteins (HbA1c, glycated albumin,
and fructosamine, with HbA1c preferred).
Trials that did not report SDs had these
values imputed from SD, 95% CI,
P values, t or F statistics according to stan-
dard formulas (16). When these statistics
were unavailable, an imputed pooled SD
from the other trials included in the
meta-analysis was applied (16). Imputa-
tions were necessary for 11 of 13 glycated
blood protein trials, 8 of 16 fasting
glucose trials, and 5 of 7 fasting insulin
trials. The quality of each study was
assessed with the Heyland methodolog-
ical quality score (MQS) (18). Trials
were considered to be of high quality if
they obtained an MQS $8. Heyland
score disagreements were reconciled by
consensus. Authors were contacted to
request additional information, where
necessary.

Statistical analyses
Data were analyzed with Review Manager
(RevMan) software version 5.0.25 (Nordic
CochraneCentre, Copenhagen, Denmark).
Stratified aggregate analyses were con-
ducted for undifferentiated diabetes, type
1 diabetes, and type 2 diabetes with the
generic inverse variance method with
random-effects models. Change from
baseline differences between fructose
and carbohydrate comparator for fasting
glucose, fasting insulin, and percentage
glycated protein were extracted as the
primary end points. When these data
were unavailable, end-of-treatment dif-
ferences were used. Paired analyses were
applied to all crossover trials (19). A
weighted average was applied within
studies to combine multiple comparator
arms. When two separate control phases
were present within the same crossover
study, both phases were averaged and
compared with the fructose intervention.
Data were expressed as mean difference

(MD) for fasting glucose and insulin, and
standardized MD (SMD) for glycated
blood proteins, all with 95% CI. Although
baseline subject characteristics were re-
ported in terms of HbA1c, certain studies
reported end values in terms of glycated
albumin, necessitating the use of SMDs in
our analysis. Between-trial heterogeneity
was tested by the Cochran Q statistic
with a significance level set at P , 0.10.
Heterogeneity was quantified by the I2 sta-
tistic, where I2 $ 50% was considered ev-
idence of substantial heterogeneity (16).
Sources of heterogeneity were investi-
gated by a priori subgroup analyses as-
sessing the effects of carbohydrate
comparator, fructose form, dose, baseline
values, trial quality, trial design, length of
follow-up, and randomization. Sensitivity
analyses were performed to determine if
any single study exerted an undue influ-
ence on the overall result. To address this
point, we systematically removed each in-
dividual study from the meta-analysis and

Figure 1dFlowchart of literature search for the effect of fructose on glycemic end points (fasting
glucose, fasting insulin, and glycated blood proteins [HbA1c and glycated albumin]). Electronic
searches of Cochrane Library, EMBASE and MEDLINE databases were supplemented by manual
searches of the references of included trials. DM 1, type 1 diabetes; DM 2, type 2 diabetes; DM 1/2,
both type 1 and type 2 diabetes.
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recalculated the pooled effect size from the
remaining studies. Meta-regression was
performed to assess the significance of sub-
group effects with Stata software version
11.2 (StataCorp, College Station, TX). Pub-
lication bias was investigated by inspection
of funnel plots and quantitatively assessed
with Begg and Egger tests.

RESULTS

Search results
A total of 4,401 eligible reports were
identified with the search; of these, 4,347
were determined to be irrelevant on re-
view of the titles and abstracts. The
remaining 54 reports were retrieved and
reviewed in full, and a further 38 were
excluded. A total of 16 reports (18 trials)
were selected for pooled analyses (Fig. 1).
The characteristics of the 18 included tri-
als are shown in Table 1.

Glycated blood proteins
A total of 13 glycated blood protein com-
parisons were made among 172 subjects
with type 1 diabetes (2 trials, n = 18)
(15,20), type 2 diabetes (10 trials, n =
134) (9–13,15,20–23), or undifferentiated
diabetes (1 trial, n = 20) (14). Patients had a
median age of 54.2 years (interquartile
range [IQR] 46.9–61 years) and a diabetes
duration of 9.7 years (7–11 years). Their
median baseline HbA1c values were 8.5%
(IQR 7.9–10.1%). Ten trials were random-
ized (77%). Ten trials used crossover de-
signs (77%), and three used parallel
designs (23%). Starch (77%) and sucrose
(7.7%) were used as carbohydrate compa-
rators, and notably Malerbi et al. (9) and
Blayo et al. (14) used both starch and su-
crose comparisons (15.3%). Fructose was
administered in mixed (77%) and fluid
(23%) formats at a median dose of 60.0
g/day (IQR 55–120 g/day), with 6 trials
(46%) exceeding the Canadian Diabetes
Association (CDA) threshold of 60 g/day
(2) and 10 trials (77%) exceeding the Eu-
ropean Association for the Study of Diabe-
tes (EASD) threshold of 30 g/day (8). Six
trials (46.2%) were metabolically con-
trolled, providing all foods consumed, six
trials (46.2%) were not metabolically con-
trolled, and one trial (7.6%) was partially
metabolically controlled, providing some of
all foods consumed. Background diets were
50–55% carbohydrate, 20–35% fat, and
15–30% protein. The median follow-up
was 8 weeks (IQR 4–14.3 weeks). Nine
trials were of high quality (MQS $ 8),
with a median MQS of 8 (IQR 7–8). No
eligible study measured fructosamine.

No hypercaloric feeding trials met the in-
clusion criteria.

Figure 2A shows the effect of isocaloric
fructose exchange for other carbohydrates
on glycated blood proteins. There was a
significant reduction in the percentage of
glycated blood proteins (SMD 20.27
[95% CI 20.49 to 20.04]; P = 0.02),
with significant evidence of interstudy het-
erogeneity (I2 = 66% [95% CI 40–81]; P,
0.001) in people with type 1 and type 2
diabetes combined. A significant reducing
effect on glycated blood proteins was also
seen in subjects with type 1 diabetes (SMD
20.78 [95% CI 21.11 to 20.44]; P ,
0.001), with no evidence of interstudy het-
erogeneity (I2 = 0%, [95% CI not estima-
ble]; P = 0.96). No effect was seen in the
type 2diabetes stratum, (SMD20.13 [95%
CI20.34 to 0.09]; P = 0.24), with evidence
of significant interstudy heterogeneity (I2 =
56% [95%CI 10–78%]; P = 0.02). System-
atic removal of individual studies did not
alter the results. Meta-regression revealed
no statistically significant subgroup effects
(Supplementary Fig. 1).

Fasting glucose
A total of 16 fasting glucose comparisons
were made among 176 subjects with type
1 diabetes (3 trials, n = 28) (15,20,24), type
2 diabetes (13 trials, n = 128) (9–13,15,20–
22,25–27), and undifferentiated diabetes
(1 trial, n = 20) (14). Patients had a median
age of 53.9 years (IQR 40.8–60.3 years)
and a diabetes duration of 9.7 years (7–11
years). Their median baseline fasting glu-
cose values were 9.3 mmol/L (IQR 8.1–
11.3mmol/L).Nine trialswere randomized
(56%). Fourteen trials used crossover de-
signs (88%), and two used parallel designs
(12%). Starch (75%) and sucrose (13%)
were used as carbohydrate comparators,
and notably Malerbi et al. (9) and Blayo
et al. (14) used both starch and sucrose
comparisons (12%). Fructose was admin-
istered in mixed (75%) and fluid (25%)
formats at a median dose of 61.6 g/day
(IQR 55–105 g/day), with 8 trials (50%)
exceeding the CDA threshold of 60 g/day
(2) and 14 trials (88%) exceeding the EASD
threshold of 30 g/day (8). Nine trials (56%)
were metabolically controlled, six trials
(38%) were nonmetabolically controlled,
and one trial (6%) was partially metaboli-
cally controlled. Background diets were
40–55% carbohydrate, 20–40% fat, and
15–30% protein. The median follow-up
was 4 weeks (IQR 2–12.6 weeks). Nine tri-
als were of high quality, with a median
MQS of 8 (IQR 7–8). No hypercaloric feed-
ing trials met the inclusion criteria.T

ab
le

1d
C
on

ti
nu

ed

St
ud

y
Su

bj
ec
ts

A
ge

D
is
ea
se

du
ra
tio

n
G
lu
co
se

H
bA

1
c

(%
)

D
ia
be
te
s

tr
ea
tm

en
t

D
es
ig
n

Fe
ed
in
g

co
nt
ro
l

R
an
do
m
iz
ed

Fr
u
ct
os
e

do
se

Fr
u
ct
os
e

fo
rm

*
C
om

pa
ra
to
r

D
ie
t†

Fo
llo

w
-

up
M
Q
S

Fu
nd

in
g

so
ur
ce
s

T
ur
ne
r
et
al
.

19
79

(2
5)

2
D
M
2

(2
:0
)

41
6

1.
4

d

5.
86

6
0.
20

d
10

0%
D

C
M
et
ab
ol
ic

N
;
40

(6
%

E
)

Fl
ui
d

St
ar
ch

45
:4
0:
15

2
w
ee
ks

7‡
A
ge
nc
y,

in
du

st
ry

D
M
1/
2

Bl
ay
o
et
al
.

19
90

(1
4)

14
D
M
1,

6
D
M
2

46
.9

6
13

.1
11

.4
6

6.
4

d
8.
35

d
P

N
on
m
et
ab
ol
ic

Y
;
25

(5
%

E
)

M
ix
ed

St
ar
ch
,

su
cr
os
e

55
:3
0:
15

52
w
ee
ks

7
A
ge
nc
y,

in
du

st
ry

D
at
a
ar
e
ex
pr
es
se
d
as

n,
m
al
e:
fe
m
al
e
ra
ti
o,
m
ed
ia
n
(I
Q
R
),
m
ea
n
6

SD
,o
r
pe
rc
en
ta
ge

of
to
ta
lp

at
ie
nt
s,
ex
ce
pt

as
m
ar
ke
d.

A
ge

an
d
di
se
as
e
du

ra
ti
on

ar
e
ex
pr
es
se
d
in

ye
ar
s;
gl
uc
os
e
is
gi
ve
n
as

m
ea
n
fa
st
in
g
gl
uc
os
e
va
lu
e

ob
ta
in
ed

at
st
u
dy

on
se
te
xp

re
ss
ed

in
m
ill
im

ol
es
pe
rl
ite
r;
H
bA

1
c
is
gi
ve
n
as
ba
se
lin

e
H
bA

1
c
va
lu
es
ob

ta
in
ed

at
st
u
dy

on
se
te
xp

re
ss
ed

as
a
pe
rc
en
ta
ge
;f
ru
ct
os
e
do

se
is
gi
ve
n
bo

th
in
gr
am

sp
er
da
y
an
d
as
a
pe
rc
en
ta
ge

of
to
ta
l

en
er
gy

(E
).
D
M
1,
ty
pe

1
di
ab
et
es
;I
,i
ns
u
lin

th
er
ap
y;
C
,c
ro
ss
ov
er
st
u
dy

de
si
gn
;D

M
2,
ty
p
e
2
di
ab
et
es
;D

,d
ie
ta
ry
th
er
ap
y;
M
,m

ed
ic
at
io
n;
P,
pa
ra
lle
ls
tu
dy

de
si
gn
;D

M
1/
2,
un

di
ff
er
en
ti
at
ed

di
ab
et
es
.*
Fr
u
ct
os
e
w
as
pr
ov
id
ed

in
a
liq

u
id
fo
rm

,w
he
re
al
lo
r
m
or
e
of
th
e
fr
uc
to
se

w
as
pr
ov
id
ed

as
a
be
ve
ra
ge

or
in
cr
ys
ta
lli
n
e
fo
rm

to
be

ad
d
ed

to
a
be
ve
ra
ge
;i
n
a
m
ix
ed

fo
rm

,w
he
re
al
lo
r
m
os
to
ft
he

fr
uc
to
se
w
as
pr
ov
id
ed

as
be
ve
ra
ge
s,
so
lid

fo
od

s,
or

cr
ys
ta
lli
n
e
fr
uc
to
se

to
be

ad
de
d
to

be
ve
ra
ge
s
or

fo
od

s;
or

in
a
so
lid

fo
rm

,w
he
re
al
lo
r
m
os
to

ft
he

fr
uc
to
se

w
as

pr
ov
id
ed

in
a
na
tu
ra
lf
oo

d
or

ba
ke
d
pr
od

uc
t.
†
V
al
ue
s
ar
e
fo
r
th
e
ra
ti
o
of
ca
rb
oh

yd
ra
te
:fa
t:
pr
ot
ei
n.

‡
St
ud

ie
s

w
it
h
m
et
ab
ol
ic
fe
ed
in
g
co
nt
ro
l.
xF
or

Ba
n
tle

et
al
.1

98
6
(1
5)

an
d
Ba
n
tle

et
al
.1

99
2
(2
0)
,b

as
el
in
e
H
bA

1
c
w
as

m
ea
su
re
d
bu

t
gl
yc
os
ly
at
ed

bl
oo

d
pr
ot
ei
n
s
w
er
e
re
po

rt
ed

as
en
d
va
lu
es
.

1614 DIABETES CARE, VOLUME 35, JULY 2012 care.diabetesjournals.org

Fructose and glycemic control

http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc12-0073/-/DC1


Fig. 2B shows the effect of isocaloric
fructose exchange for other carbohydrates
on fasting glucose. There was a borderline
reducing effect on fasting glucose (MD
20.40 mmol/L [95% CI 20.83 to 0.03];
P = 0.07) in the overall analysis, with evi-
dence of substantial and significant inter-
study heterogeneity (I2 = 63% [95%CI 38–
79%]; P , 0.001). There was a trend
favoring a reduction in fasting glucose in
people with type 2 diabetes (MD 20.46
mmol/L [95% CI 20.92 to 0.01]; P =
0.06) but not type 1 diabetes (MD
20.46 mmol/L [95% CI 22.83 to 1.91];
P = 0.7), although both strata had evidence
of substantial and significant interstudy

heterogeneity (I2 = 69% [95% CI 43–
83%]; P , 0.001; and I2=65% [95% CI
0–90%]; P = 0.06, respectively). A signif-
icant fasting glucose lowering effect was
seen in the overall analysis after the sys-
tematic removal of either Bantle et al. (15)
(MD 20.50 mmol/L [95% CI 20.94 to
20.05]; P = 0.03) or Turner et al. (25)
(MD 20.51 mmol/L [95% CI 20.96 to
20.06]; P = 0.03) during our sensitivity
analysis. Similarly, the removal of either
study achieved significance in the type 2
diabetes subset, with an MD of 20.57
mmol/L (95% CI 21.05 to 20.10; P =
0.02) after removal of Bantle et al. (15)
and an MD of 20.59 mmol/L (95% CI

21.09 to 20.09; P = 0.02) after removal
of Turner et al. (25). There was no change
in the interstudy heterogeneity during
sensitivity analyses. Meta-regression re-
vealed no statistically significant subgroup
effects (Supplementary Fig. 2).

Fasting insulin
A total of 7 comparisons were made in 57
subjects with type 2 diabetes (7 trials, n =
57) (9,13,21,22,25,26,28). Patients had a
median age of 53.7 years (IQR 46.0–54.6
years) and a diabetes duration of 8 years
(5.6–13 years). Four trials (57%) used
diet-only interventions, and three trials
(43%) used a combination of diet and

Figure 2dForest plot of controlled feeding trials investigating the effect of isocaloric exchange of fructose for other carbohydrate on (A) glycated blood
proteins (HbA1c and glycated albumin), (B) fasting glucose, and (C) fasting insulin. Data are SMD for glycated blood proteins and MD for fasting
glucose and insulin with 95% CI (16). P values are for generic inverse variance random effects models. Interstudy heterogeneity was tested by the
Cochran Q statistic (x2) at a significance level of P, 0.1 and quantified by I2 (2,16). There were no studies investigating type 1 or undifferentiated
diabetes for fasting insulin. CHO, carbohydrate. (A high-quality color representation of this figure is available in the online issue.)
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medications for their insulin treatment
before study onset. Two trials were ran-
domized (29%). Six trials used crossover
designs (86%), and one used a parallel
design (14%). Starch (43%) and sucrose
(43%) were used as carbohydrate compa-
rators, and notably Malerbi et al. (9) used
both starch and sucrose comparisons
(14%). Fructose was administered in
mixed (57%) and fluid (43%) formats
at a median dose of 63.2 g/day (IQR
47.5–99 g/day), with four trials (57%) ex-
ceeding the CDA threshold of 60 g/day (2)
and six trials (86%) exceeding the EASD
threshold of 30 g/day (8). Five trials (71%)
were metabolically controlled, and two
were nonmetabolically controlled (29%).

Background diets were 45–55% carbohy-
drate, 20–40% fat, and 15–30% protein.
The median follow-up was 4 weeks (IQR
3–10 weeks). Two trials were of high qual-
ity, with amedianMQS of 7 (IQR 5.5–7.5).
No hypercaloric feeding trial met the inclu-
sion criteria.

Fig. 2C shows the effect of isocaloric
fructose exchange for other carbohydrates
on fasting insulin. There was no effect on
fasting insulin (MD 23.92 pmol/L [95%
CI222.23 to 14.39 pmol/L]), with no ev-
idence of interstudy heterogeneity (I2 =
13% [95% CI 0–75]; P = 0.33) in the
type 2 diabetes stratum. Sensitivity analyses
did not alter the effect estimate or degree
of heterogeneity for fasting insulin, and

meta-regression revealed no statistically
significant subgroup effects (Supplemen-
tary Fig. 3). None of the subjects were
treated with insulin.

Publication bias
Supplementary Figs. 4 and 5 show the fun-
nel plots andEgger regression plots, respec-
tively, for investigating publication bias.
There was evidence of funnel plot asymme-
try for fasting glucose (P , 0.05 by Egger
test; P = 0.12 by Begg test), consistent with
small-study effects. There was no evidence
of publication bias for fasting insulin (P =
0.91 by Egger test; P = 1.00 by Begg test) or
glycated blood protein analyses (P = 0.20
by Egger test; P = 0.43 by Begg test).

Figure 2dContinued
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CONCLUSIONSdIn the current ag-
gregate analyses of 18 controlled feeding
trials with 209 subjects with type 1 and 2
diabetes, isocaloric fructose exchange for
other carbohydrate decreased glycated
blood proteins (aggregated glycated al-
bumin and HbA1c) but not fasting glucose
or insulin. The observed SMD reduction in
glycated blood proteins may be considered
clinically significant, because it was equiv-
alent to an absolute reduction of ;0.53%.
This reduction exceeds the clinically
meaningful threshold of$0.3% proposed
by the U.S. Food andDrug Administration
for the development of new drugs for di-
abetes (29) and lies at the lower limit of
efficacy expected for oral hypoglycemic
agents (30). The lack of change in fasting
glucose and insulin suggests that fructose
consumption does not promote hepatic
and systemic insulin resistance. Future
meta-analyses of direct measures of insulin
sensitivity would be of value.

Our observed reduction in glycated
blood proteins was consistent with the
findings of an earlier meta-analysis by
Livesey and Taylor (31), who found an im-
provement inHbA1c (31). It is important to
note, however, that their analysis, in con-
trast to the current meta-analysis, did not
focus exclusively on diabetes. Unlike
Livesey and Taylor (31), we found the re-
duction in glycated blood proteins to be
significant only in people with type 1 dia-
betes in stratified analyses. This discrepancy

is likely due in part to the use of glycated
albumin exclusively in the type 1 diabetes
studies (15,20). The null finding in individ-
uals with type 2 diabetes might be ex-
plained by the choice of glycated protein,
because those trials used both HbA1c (9–
13,21–23) and glycated albumin (15,20).
Because the half-life of glycated albumin
(;20 days) (32) is shorter than that of
HbA1c (;35 days) (38), it is possible that
the shorter type 2 diabetes studies may not
have been of sufficient duration to detect
true HbA1c changes, with the effect size
too small. An improvement in glycemic
control in individuals with type 2 diabetes
is supported by an improvement in fasting
glucose after removal of either Bantle et al.
(15) or Turner et al. (25) during sensitivity
analyses. It is noteworthy that the small, un-
usually precise study of Turner et al. (25)
was a seemingly disproportionate contribu-
tor to the pooled effect, including only two
participants and carrying a weight of 9%.
Individual patient data revealed that one
patient showed a dramatic increase in fast-
ing glucose after fructose consumption,
whereas the second patient’s fasting glucose
remained constant.

Subgroup analyses revealed no signif-
icant effect modification for glycated blood
proteins, fasting glucose, or insulin.Although
Livesey and Taylor (31) in their earlier
meta-analysis found that the improve-
ment in HbA1c was dependent on the de-
gree of dysglycemia, fructose dose, and

follow-up, we did not find that these con-
ditions altered any of the outcomes, nor
in a separate analysis did we see any effect
of fructose dose, follow-up, or compara-
tor on triglycerides in type 2 diabetes
with the same subgroup criteria (33).
There was, however, evidence of signi-
ficant interstudy heterogeneity across
most subgroup categories. These may be
related to real biological differences be-
tween study populations or to methodo-
logical differences between trials that
were not assessed in our a priori sub-
group analyses.

A number of potential mechanisms
have beenproposed to explain the improve-
ments in glycemia seen with the consump-
tion of fructose. One possibility is that the
addition of fructose to the diet may help
control postprandial glycemic excursions.
Replacement of a high–glycemic index (GI)
carbohydrate such as starch (for example,
white bread, GI = 100) with a low-GI car-
bohydrate source such as fructose (GI = 16)
(34) may decrease the GI of the diet suffi-
ciently to result in improvement in glycemic
control (35). Alternatively, an emerging
body of evidence has shown that low doses
of fructose (#10 g/meal) may improve
glycemic control through upregulation of
the glucokinase enzyme (36), exerting a
“catalytic” effect. The resulting fructose-1-P
is able to displace fructose-6-P from its bind-
ing site on the glucokinase regulatory pro-
tein, allowing increased translocation of

Figure 2dContinued
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glucokinase from the nucleus to the cyto-
sol, where it is active. Single catalytic
doses of fructose infused have shown a
;30% reduction in postprandial hepatic
glucose output under hyperglycemic
conditions in people with type 2 diabetes
(36) and a roughly threefold increase
in glycogen synthesis under euglycemic
hyperinsulinemic conditions in people
without diabetes (37). Both these mecha-
nisms may be operating.

Although it appears that isocaloric
fructose feeding benefits glycemia, a dose
threshold for harm must also be consid-
ered because fructose, more than other
sources of carbohydrate, may increase se-
rum triglycerides. We previously showed
in a meta-analysis of controlled feeding
trials that fructose at doses .60 g/day (in
excess of CDA recommendations)
or .10% energy in isocaloric exchange
for other carbohydrate increases serum
triglyceride levels in type 2 diabetes
(33). Livesey and Taylor (31) in their
meta-analysis also showed a consistent
triglyceride-raising effect of fructose at
high doses (.100 g/day) across different
subject types. We therefore must con-
sider the possible adverse effects of
substituting fructose for other carbohy-
drates at high doses. There are currently
no meta-analyses investigating the effect
of fructose on LDL.

A number of limitations complicate the
interpretation of these aggregate analyses.
First, most of these trials were relatively
short, with only four trials$12 weeks. It is
therefore possible that these shorter trials
may have underestimated the HbA1c re-
duction, given the evidence that HbA1c re-
duces at;0.1%/day at a steady state, with a
half-life of 5 weeks (38). Second, several
studies included participants who were re-
ceiving insulin or oral hypoglycemic
agents, treatments that in themselves
would be expected to influence glycemia.
Third, given the small number of trials in-
cluded in each stratum, meta-regression
may have been underpowered to detect
true differences. Fourth, a significant
amount of unexplainable heterogeneity
was detected in both primary and subgroup
analyses, although our random-effects
model did account for this heterogeneity.
Fifth, study quality was poor (MQS ,8)
in 50% of the included trials. These defi-
ciencies were especially of concern in the
context of the small sample sizes, with
most of the trials having 15 or fewer par-
ticipants. There was, however, no effect of
MQS (,8 vs. $8) in subgroup analyses.
Finally, because only published trials were

included, publication bias remains a pos-
sibility for all outcomes, although we
noted statistical evidence of publication
bias only for fasting glucose.

In conclusion, aggregate analyses
of short-term controlled feeding trials
showed that isocaloric fructose replace-
ment of other carbohydrates resulted in
clinically significant improvements in
glycemic control, equivalent to a ;0.53%
reduction in HbA1c, without significantly
affecting insulin in diabetic individuals.
This benefit was seen across a full dose
range (20–160 g/day), including at doses
below the CDA threshold of 60 g/day, a
level of exposure that is unlikely to have
an adverse effect on other aspects of me-
tabolic control. The harm-reduction ap-
proach to fructose taken by diabetes
associations (2,7,8), which is based on pos-
sible adverse serum lipid effects, may need
to be reconciled with a possible glycemic
benefit. These conclusions, however, are
limited by the short follow-up, small sam-
ple size, and poor quality of most trials in-
cluded in our meta-analysis, as well as the
large degree of unexplained significant het-
erogeneity. Larger, longer, and higher-
quality trials of controlled fructose feeding
that also weigh any possible glycemic ben-
efit against adverse metabolic effects are re-
quired for definitive confirmation of these
findings.
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