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Abstract

Contrary to concerns that fructose may have adverse metabolic effects, there is evidence that small, ‘catalytic’ doses (#10 g/meal) of fruc-

tose decrease the glycaemic response to high-glycaemic index meals in human subjects. To assess the longer-term effects of ‘catalytic’

doses of fructose, we undertook a meta-analysis of controlled feeding trials. We searched MEDLINE, EMBASE, CINAHL and the Cochrane

Library. Analyses included all controlled feeding trials $7 d featuring ‘catalytic’ fructose doses (#36 g/d) in isoenergetic exchange for other

carbohydrates. Data were pooled by the generic inverse variance method using random-effects models and expressed as mean differences

(MD) with 95 % CI. Heterogeneity was assessed by the Q statistic and quantified by I 2. The Heyland Methodological Quality Score assessed

study quality. A total of six feeding trials (n 118) met the eligibility criteria. ‘Catalytic’ doses of fructose significantly reduced HbA1c (MD

20·40, 95 % CI 20·72, 20·08) and fasting glucose (MD 20·25, 95 % CI 20·44, 20·07). This benefit was seen in the absence of adverse

effects on fasting insulin, body weight, TAG or uric acid. Subgroup and sensitivity analyses showed evidence of effect modification under

certain conditions. The small number of trials and their relatively short duration limit the strength of the conclusions. In conclusion, this

small meta-analysis shows that ‘catalytic’ fructose doses (#36 g/d) may improve glycaemic control without adverse effects on body weight,

TAG, insulin and uric acid. There is a need for larger, longer ($6 months) trials using ‘catalytic’ fructose to confirm these results.
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Table 1. Characteristics of controlled feeding trials investigating the effect of catalytic doses (#36 g/d) of fructose on cardiometabolic endpoints

(Mean values and standard deviations)

Age (years)

Study Subjects Mean SD Setting Design
Feeding
control* Randomisation

Fructose
dose
(g/d)†

Fructose
forms‡

Fructose
delta Comparator§ Dietk

Energy
balance

Follow-
up

(weeks) MQS{
Funding
type**

Rizkalla
et al.
(1986)
(Expt
1)(14)

23 OW/OB 22·2 OP,
Fra-
nce

P Met Yes 36 Liquid Absolute Glucose
Galactose

25:50:25 Negative 2 8 Agency–
indus-
try

Rizkalla
et al.
(1986)
(Expt
2)(14)

18 OW/OB 22·2 OP,
Fra-
nce

P Met Yes 36 Liquid Absolute Glucose
Galactose

25:50:25 Negative 2 8 Agency–
indus-
try

Grigoresco
et al.
(1988)(1-

0)

8 DM2
(5M:3F)

40 20 OP,
Fra-
nce

C S Yes 30 Liquid Net Starch 50:30:20 Neutral 8 8 Agency–
indus-
try

Blayo et al.
(1990)(1-

1)

14 DM1, 6
DM2

46·9 13·1 OP,
Fra-
nce

P S Yes ,25 Mixed Net Starch
Sucrose

55:30:15 Neutral 52 7 Agency–
indus-
try

Sunehag
et al.
(2002)(1-

3)

24 N ado-
lescents
(12M:12-
F)

IP/OP,
USA

P Met Yes ,35·5 Mixed Net Starch 60:25:15 Neutral 1 10 Agency

Vaisman
et al.
(2006)(1-

2)

25 DM2 65·4 10·7 OP,
Isra-
el

P S Yes 22·5 – Net Starch – Neutral 12 6 –

MQS, Methodological Quality Score; OW/OB, overweight/obese; OP, outpatient; P, parallel; Met, metabolic; DM2, type 2 diabetes mellitus; M, male; F, female; C, cross-over; S, supplement; DM1, type 1 diabetes mellitus; N, nor-
mal; IP, inpatient.

* Met feeding control represents the provision of all meals, snacks and study supplements (test sugars and foods) during the study. S feeding control represents the provision of study supplements.
† Doses preceded by ‘ , ’ represent average doses, where fructose was administered on % energy or g/kg body-weight basis.
‡ Fructose was provided in one of two forms: (1) a liquid form, where all or most of the fructose was provided as beverages or crystalline fructose to be added to beverages, or (2) in a mixed form, where all or most of the fructose

was provided as beverages, solid foods and/or crystalline fructose to be added to beverages and/or foods.
§ Comparator refers to the reference carbohydrate (starch, sucrose or glucose).
kValues are for the ratio of carbohydrate:fat:protein.
{The Heyland MQS assigns scores from 0 to 1 or 0 to 2 over nine categories of quality related to study design, sampling procedures and interventions for a total of thirteen points. Trials scored $8 were considered high quality(8).
** Agency funding represents funding from government, university or not-for-profit health agency sources. None of the trialists declared any conflicts of interest.
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There is a consensus among diabetes and heart associations

in the recommendation to restrict the intake of fructose to

avoid adverse metabolic effects(1,2). Whether there is a

level of fructose such as that provided by fruit below

which there may be benefit is unclear. An emerging litera-

ture has shown that low-dose fructose (#10 g/meal) may

benefit glycaemic control. Fructose, through its metabolite

fructose-1-P, has been shown to have catalytic effects on

hepatic glucose metabolism by increasing glucokinase

activity(3). This mechanism has been shown to relate to an

approximately 30 % decrease in hepatic glucose production

under hyperglycaemic conditions in type 2 diabetic subjects(3)

and an approximately 3-fold increase in glycogen synthesis by
13C NMR spectroscopy under euglycaemic conditions in non-

diabetic subjects(4). Translation of these findings in the acute

clinical setting has shown that ‘catalytic’ fructose doses

(#10 g/meal) can decrease the postprandial glycaemic

response to high-glycaemic index (GI) meals from about 15 to

30 %(5–7). To assess whether this benefit is sustainable without

adverse effects on other aspects of metabolic control, we under-

took a meta-analysis of controlled feeding trials of ‘catalytic’

fructose doses.

Rizkalla et al. (Expt 1)(14)

Rizkalla et al. (Expt 2)(14)

Grigoresco et al. (10)

Sunhag et al. (13)

Total

Rizkalla et al. (Expt 1)(14)

Rizkalla et al. (Expt 2)(14)

Grigoresco et al. (10)

Blayo et al. (11)

Sunhag et al. (13)

Total

Rizkalla et al. (Expt 1)(14)

Rizkalla et al. (Expt 2)(14)

Grigoresco et al. (10)

Blayo et al. (11)

Vaisman et al. (12)

Total

(c)

(b)

(a)

1986
1986
1988
1990
2006

16
12
8
14
25

75

37·2
15·5
9·6
13·4
24·2

100

–0·50 –0·84, –0·16
–0·60 –1·31, 0·11
0·50
–0·85
–0·22

–0·45, 1·45
–1·63, –0·07
–0·73, 0·29

–0·40 –0·72, –0·08

Heterogeneity : τ2 = 0·04; χ2 = 5·80, df = 4 (P = 0·21); I 2 = 31 %
Test for overall effect : Z = 2·45 (P = 0·01)

1986
1986
1988
1990
2002

16
12
8
14
24

74

26·9
25·1
1·0
19·9
27·2

100

–0·11
0·06
–0·40
–0·77
–0·30

–0·25

–0·17, –0·06
–0·06, 0·17
–2·26, 1·46
–0·99, –0·55
–0·34, –0·26

–0·44, –0·07

Heterogeneity : τ2 = 0·03; χ2 = 77·90, df = 4 (P < 0·00001); I 2 = 95 %
Test for overall effect : Z = 2·67 (P = 0·008)

1986
1986
1988
2002

16
12
8
24

60

29·3
29·3
12·1
29·3

100

–57·82
7·64
–2·08
2·17

–60·56, –55·07
3·25, 12·03

–91·53, 87·36
–0·34, 4·69

–14·33 –54·85, 26·18

Heterogeneity : τ2 = 1455·09; χ2 = 1180·33, df = 3 (P < 0·00001); I2= 100 %
Test for overall effect : Z = 0·69 (P = 0·49)

–4 –2 0 2 4

–4 –2 0 2 4

Favours fructose Favours other CHO

–200 –100 0 100 200

Favours fructose Favours any CHO

Favours any CHOFavours fructose

Study or subgroup MD, IV,
random effectsWt (%)nYear 95 % CI

Study or subgroup MD, IV,
random effectsWt (%)nYear 95 % CI

Study or subgroup MD, IV,
random effectsWt (%)nYear 95 % CI

Fig. 1. Forest plots of controlled feeding trials investigating the effect of isoenergetic exchange of ‘catalytic’ fructose doses (#36 g/d) for other carbohydrates on

glycaemic endpoints: (a) HbA1c, (b) fasting blood glucose (FBG) and (c) fasting blood insulin (FBI). Paired analyses were applied to the one cross-over trial by

Grigoresco et al.(10). To mitigate a unit-of-analysis error, we used only the starch comparison for Blayo et al.(11) and the glucose comparison for Rizkalla et al.

(Expt 1 and 2)(14). Values are between-treatment end differences for five of the six trials (Grigoresco et al.(10), Blayo et al.(11), Vaisman et al.(12), and Sunehag

et al.(13), Rizkalla et al. (Expt 1)(14)) in the HbA1c analysis and for all trials in the FBG and FBI analyses, as change-from-baseline data were not available. P

values are for generic inverse variance random-effects models, with differences expressed as mean differences (MD) with 95 % CI(9). Inter-study heterogeneity

was tested by Cochrane’s Q statistic (x 2) at a significance level of P,0·10 and quantified by I 2 (9). CHO, carbohydrate.
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Methods

Study selection

We conducted separate searches of the effect of ‘catalytic’

doses of fructose on glycaemic endpoints (fasting blood glu-

cose, fasting blood insulin and HbA1c), fasting TAG, body

weight, blood pressure and uric acid in human subjects in

MEDLINE, EMBASE, CINAHL and the Cochrane Central Regis-

ter of Controlled Trials. We defined a ‘catalytic’ fructose intake

in chronic feeding trials as 36 g/d based on doses of #10 g/

bolus in acute trials(5–7), allowing for three meals (10 g/

meal) and two snacks (3 g/snack) per d. Trials that were

,7 d follow-up, administered fructose intravenously, lacked

an adequate control or did not provide suitable endpoint

data were excluded. The study has been registered in the Clin-

icalTrials.gov registry (study identifier: NCT01363791).

Data extraction

At least two reviewers independently reviewed and extracted

relevant data from each report on trial characteristics and out-

comes. The quality of each study was assessed using the Hey-

land Methodological Quality Score (MQS)(8). Disagreements

were reconciled by consensus. Differences in mean values

and standard deviations were extracted as the main endpoints.

Trials that did not report either had these calculated from the

available data. Missing standard deviation values were calcu-

lated from the available statistics or imputed using standard

formulae(9).

Statistical analyses

Data were analysed using Review Manager (RevMan) 5.1.4

(The Nordic Cochrane Centre, The Cochrane Collaboration).

Meta-analyses were conducted using the generic inverse var-

iance method using random-effects models with data

expressed as mean differences (MD) with 95 % CI. Between-

treatment change-from-baseline differences were preferred

over end differences as the primary endpoint. We approxi-

mated paired analyses for the one cross-over trial(10–14)

using a conservative correlation coefficient (0·5) with sensi-

tivity analyses at 0·25 and 0·75. To mitigate a unit-of-analysis

error in the trials by Blayo et al.(11) and Rizkalla et al. (Expt

1 and 2)(14), we used only the starch and glucose comparisons,

respectively. This approach of using a single arm as opposed

to combing arms was selected, so as to minimise the influence

of heterogeneity. Inter-study heterogeneity was tested by the

Q statistic with the significance level set at P,0·10 and quan-

tified by the I 2 statistic, where I 2 $ 50 % is the evidence of

substantial heterogeneity(9). Sources of heterogeneity were

investigated by subgroup analyses (diabetes status, compara-

tor, fructose delta, fructose form, follow-up, MQS, randomis-

ation and design). Publication bias was investigated by

inspection of funnel plots.

Results

Search results

Fig. S1 of the supplementary material (available at http://

www.journals.cambridge.org/bjn) shows the flow of the litera-

ture applying the systematic search and selection strategies.

The search identified 7762 eligible reports. A total of five

reports(10–14) providing data for six trials were selected for

analyses.

Trial characteristics

The trial characteristics are shown in Table 1. There were six

trials in 118 subjects(10–14). All six (100 %) trials were random-

ised. Of these trials, one (17 %) used a cross-over design.

Starch (four comparisons), glucose (two comparisons) and

sucrose (one comparison) were the comparators. Fructose

was administered in liquid or mixed formats at a median

dose of 32·5 (range 22·5–36) g/d. Of the trials, three (50 %)

used metabolically controlled designs. Background diets in

the trials consisted of 25–60 % energy as carbohydrate, 25–

50 % energy as fat and 15–25 % energy as protein. The

median follow-up was 6 (range 1–52) weeks. The Heyland

MQS in the trials ranged from 6 to 10 with four trials (67 %)

considered high quality (MQS $ 8).

Glycaemic effects of ‘catalytic’ fructose feeding

Fig. 1 shows the effect of ‘catalytic’ fructose doses on fasting

glucose, fasting insulin and HbA1c. HbA1c was significantly

reduced (MD 20·40, 95 % CI 20·72, 20·08) without evidence

of heterogeneity, while fasting glucose was significantly

reduced (MD 20·25, 95 % CI 20·44, 20·07) with significant

inter-study heterogeneity (I 2 ¼ 95 %, P,0·001). There was

no effect on fasting insulin, with the evidence of inter-study

heterogeneity (I 2 ¼ 100 %, P,0·001) explained away by the

removal of Rizkalla et al. (Expt 1)(14) (data not shown). A

priori subgroup analyses (see Table S1 of the supplementary

material, available at http://www.journals.cambridge.org/bjn)

showed significant effect modification by diabetes status, com-

parator, follow-up, fructose form and MQS for fasting glucose;

and comparator and fructose form for fasting insulin. None of

the subgroup analyses explained away the heterogeneity for

fasting glucose or insulin. The results of HbA1c and fasting

glucose were sensitive to the removal of individual trials,

and the results of HbA1c were sensitive to the correlation

used (0·75) for paired analyses (data not shown).

Other metabolic effects of ‘catalytic’ fructose feeding

There was no effect of ‘catalytic’ fructose on body weight, TAG

or uric acid without evidence of significant heterogeneity (see

Fig. S2 of the supplementary material, available at http://

www.journals.cambridge.org/bjn). None of the subgroup ana-

lyses was significant (see Table S2 of the supplementary

material, available at http://www.journals.cambridge.org/

bjn). Sensitivity analyses did not alter the results (data not

shown).

Metabolic effects of ‘catalytic’ fructose 421
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Publication bias

Funnel plots for each of the analyses were inspected for the

presence of publication bias (see Fig. S3 of the supplementary

material, available at http://www.journals.cambridge.org/bjn).

There was no evidence of funnel plot asymmetry, although

the small number of trials made assessment difficult.

Discussion

This small meta-analysis of six controlled feeding trials in 118

subjects over a median follow-up of 6 weeks showed that ‘cat-

alytic’ doses (22·5–36 g/d) of fructose in isoenergetic

exchange for other carbohydrates may improve glycaemic

control without adversely affecting other cardiometabolic

risk factors. The reduction in HbA1c of 0·4 % was clinically sig-

nificant, lying at the lower limit of efficacy expected for oral

hypoglycaemic agents(2,15). These results support an earlier

meta-analysis by Livesey & Taylor(19), which did not show a

dose threshold for HbA1c reductions across a wider dose

range of fructose.

A benefit of ‘catalytic’ doses of fructose has implications for

the benefit of low-GI fruit. In a secondary analysis of a ran-

domised controlled trial investigating the effect of a 6-month

low-GI diet compared with a high-cereal fibre diet in 152 par-

ticipants with type 2 diabetes(16), we showed that low-GI fruit

intake was the strongest independent predictor of HbA1c. The

HbA1c decrease of 0·5 % (highest v. lowest quartile of low-GI

fruit intake) was similar to that seen in the present analysis,

despite none of the trials in the meta-analysis using fruit.

Although it is unclear whether this reduction in HbA1c was

attributable to a ‘catalytic’ effect of fructose, its ability to

lower the GI of the diet, or both, the low-GI fruit increase

(2·2 servings/d) was equivalent to a ‘catalytic’ increase in fruc-

tose, which expressed as the most commonly consumed low-

GI fruit in the study, apples, represents approximately 24 g/d

of fructose.

A dose threshold for harm, however, remains an important

consideration for fructose(17). The ‘catalytic’ mechanism

through which fructose is thought to operate, up-regulation

of glucokinase, may under certain circumstances contribute

to increased de novo lipogenesis with downstream metabolic

sequelae(18). Despite showing an improvement in HbA1c,

the meta-analysis by Livesey & Taylor(19) showed a consistent

TAG raising effect of fructose at doses .100 g/d (.95th per-

centile total US fructose intake(20)). In another meta-analysis

of controlled feeding trials, we also showed that fructose in

excess of the Canadian Diabetes Association threshold of

.60 g/d(2) increased TAG in type 2 diabetes(1). Body-weight

raising effects have otherwise been restricted to more extreme

doses in hyperenergetic feeding trials (þ18 to 50 %

energy)(17), making it difficult to disentangle the relative con-

tributions of excess fructose and energy. Sugar-sweetened

beverage intakes as low as 1–2 servings/d, nevertheless,

have been associated with overweight/obesity, the metabolic

syndrome and diabetes in meta-analyses of prospective

cohort studies(21). The present findings confirm that fructose

at intakes below these thresholds does not appear to have

adverse effects on related cardiometabolic risk factors: fasting

insulin, body weight, TAG or uric acid.

Limitations of the present analysis need to be considered.

First, only 2–6 trials were included in the meta-analyses for

each endpoint. It meant that effects were sensitive to the

removal of individual trials, there may have been too little

power to detect some differences and publication bias was dif-

ficult to assess reliably. Second, the trials were of short dur-

ation with only three of the six trials $8-weeks. It is

possible that shorter trials may have underestimated the true

effect on HbA1c, given the evidence of a t1/2 for HbA1c

reductions of 35·2 d(22). Subgroup analyses, however, did not

show effect modification by follow-up. Third, inter-study het-

erogeneity complicated the analyses of fasting glucose and

insulin. Although the removal of Rizkalla et al. (Expt 1)(14)

explained the heterogeneity for fasting insulin, sensitivity

and subgroup analyses did not explain the heterogeneity for

fasting glucose. Random-effects models, however, were used

to address residual heterogeneity in all analyses. Finally,

although there was a preference for change-from-baseline

differences, end differences were used almost exclusively

owing to the data reported. There was, however, no evidence

of baseline differences between the trials (data not shown).

In conclusion, this small meta-analysis of controlled feeding

trials supports earlier 13C NMR spectroscopy investigations(3,4)

and acute feeding studies(5–7) showing that ‘catalytic’ doses

(#36 g/d) of fructose may improve glycaemic control. This

benefit is seen without the adverse cardiometabolic effects

reported when fructose is fed at high doses or as excess

energy. The strength of these conclusions is limited by the

small number of trials and their relatively short duration,

especially in relation to HbA1c measurements. That such a

small number of eligible trials were identified despite our

broad inclusion criteria reinforces that there is a lack of ade-

quate data. To clarify the effect of ‘catalytic’ doses of fructose

and low-GI fruit as sources of ‘catalytic’ doses of fructose on

glycaemic control, larger and longer-term ($6 months) feed-

ing trials are required.
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