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CHAPTER 6
Effect of fructose consumption on insulin sensitivity 
in nondiabetic subjects: a systematic review and 
meta-analysis of diet-intervention trials

Kasper W. ter Horst, Merle R. Schene, Rebecca Holman, 
Johannes A. Romijn, Mireille J. Serlie
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ABSTRACT

Background
High fructose consumption has been suggested to contribute to several features of 
metabolic syndrome including insulin resistance, but – to our knowledge – no previous 
meta-analyses have investigated the effect of fructose on insulin sensitivity in nondia-
betic subjects.

Objective
We performed a systematic review and meta-analysis of controlled diet-intervention 
studies in nondiabetic subjects to determine the effect of fructose on insulin sensitivity.

Design
We searched MEDLINE, EMBASE, and the Cochrane Library for relevant trials on the 
basis of predetermined eligibility criteria. Two investigators independently performed 
the study selection, quality assessment, and data extraction. Results were pooled with 
the use of the generic inverse-variance method with random effects weighting and were 
expressed as mean differences (MDs) or standardized mean differences (SMDs) with 
95% CIs.

Results
Twenty-nine articles that described 46 comparisons in 1005 normal-weight and over-
weight or obese participants met the eligibility criteria. An energy-matched (isocalor-
ic) exchange of dietary carbohydrates by fructose promoted hepatic insulin resistance 
(SMD: 0.47, 95% CI: 0.03–0.91; p=0.04), but had no effect on fasting plasma insulin 
concentrations (MD: −0.79 pmol/l, 95% CI: −6.41–4.84 pmol/l, p=0.78), the homeosta-
sis model assessment of insulin resistance (HOMA-IR) (MD: 0.13, 95% CI: −0.07–0.34, 
p=0.21), or glucose disposal rates under hyperinsulinemic-euglycemic clamp condi-
tions (SMD: 0.00, 95% CI: 20.41–0.41, p=1.00). Hypercaloric fructose (~25% excess 
of energy compared with that of the weight-maintenance control diet) raised fasting 
plasma insulin concentrations (MD: 3.38 pmol/l, 95% CI: 0.03–6.73 pmol/l, p<0.05) and 
induced hepatic insulin resistance (SMD: 0.77, 95% CI: 0.28–1.26, p<0.01), without af-
fecting the HOMA-IR (MD: 0.18, 95% CI: −0.02– 0.39, p=0.08) or glucose disposal rates 
(SMD: 0.10, 95% CI: −0.21–0.40, p=0.54). Results may have been limited by the low 
quality, small sample size, and short duration (mostly <60 days) of included trials.

Conclusions
Short-term fructose consumption, in isocaloric exchange or in hypercaloric supplemen-
tation, promotes the development of hepatic insulin resistance in nondiabetic adults 
without affecting peripheral or muscle insulin sensitivity. Larger and longer-term studies 
are needed to assess whether real-world fructose consumption has adverse effects on 
insulin sensitivity and long-term outcomes.



511975-L-bw-terHorst511975-L-bw-terHorst511975-L-bw-terHorst511975-L-bw-terHorst
Processed on: 27-7-2017Processed on: 27-7-2017Processed on: 27-7-2017Processed on: 27-7-2017 PDF page: 81PDF page: 81PDF page: 81PDF page: 81

81

Ef
fe

ct
 o

f f
ru

ct
os

e 
on

 in
su

lin
 se

ns
iti

vi
ty

6

INTRODUCTION

The physiologic effects of insulin are vital for the regulation of carbohydrate and lipid 
metabolism [248]. In subjects with insulin resistance, elevated glucose production and 
triglyceride secretion by the liver [33], an increased release of free fatty acids from adi-
pose tissue [34], and impaired glucose disposal in peripheral tissues [35] contribute to 
the pathogenesis of hyperglycemia and dyslipidemia. As such, insulin resistance has 
a central role in the development of type 2 diabetes and, ultimately, cardiometabolic 
complications [126]. Thus, strategies to prevent or treat insulin resistance may have a 
major impact on public health. Although several mechanisms that underlie insulin re-
sistance in the liver, adipose tissue, and muscle have been identified [21], the cause of 
insulin resistance in humans remains only partially elucidated.

Parallel to the epidemic rises in obesity, diabetes, and metabolic syndrome, the intake 
of fructose has increased dramatically in the past decades [249]. The mean fructose 
consumption in the USA, as estimated from the 1999–2004 NHANES data, is 49 g/day 
[250], with even higher numbers reported for children and adolescents [251], thereby 
indicating that fructose makes up a substantial portion of the Western diet. There are 
strong, positive epidemiologic associations between fructose intake and components 
of the metabolic syndrome [252] and insulin resistance [107]. In addition, fructose-fed 
rodents [110], dogs [109], and monkeys [108] rapidly develop insulin resistance and 
other metabolic syndrome features, whereas glucose-fed animals do not.

These observations have fueled public and scientific interest in the adverse health ef-
fects of fructose with some trials advocating public health policy against fructose con-
sumption [19]. However, results of clinical trials have not been conclusive regarding 
these effects of fructose. Some diet-intervention trials have suggested that fructose may 
induce insulin resistance or dyslipidemia (in human subjects as well as in animal mod-
els) [111], whereas other studies have not been able to confirm these adverse metabolic 
effects of fructose when it is consumed at real-world amounts [112]. A meta-analysis 
showed that isocaloric fructose consumption improved glycemic control (without af-
fecting fasting plasma insulin concentrations) in patients with diabetes [253], but – to 
our knowledge – there have been no previous meta-analyses that have investigated the 
effect of fructose on glucose homeostasis or insulin sensitivity in nondiabetic subjects. 
Moreover, the interpretation of the current evidence on the effects of fructose intake is 
further complicated because intake of high-calorie sweeteners, especially of fructose, 
is often associated with increased energy intake and weight gain [106], which have in-
dependent effects on metabolic variables. In addition, fructose is commonly consumed 
together with glucose as sucrose or high-fructose corn syrup, which makes it difficult to 
dissociate the differential effects of distinct monosaccharides. Consequently, the cur-
rent major nutrition guidelines lack specific recommendations regarding fructose intake 
[254,255], and there is a need for better evidence-based public advice [112,254].
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In the current study, we performed a systematic review and meta-analysis of controlled 
diet-intervention trials in nondiabetic subjects to determine whether fructose consump-
tion or overconsumption has adverse effects on insulin sensitivity.

METHODS

Design
The study was designed in accordance with the Cochrane Handbook for Systematic 
Reviews of Interventions [256]. We reported our results according to the Preferred Re-
porting Items for Systematic Reviews and Meta-Analysis statement [257]. Two investi-
gators (KWH and MRS) independently performed the literature search, study selection, 
data extraction, and methodologic quality assessment. Disagreement was resolved in 
consultation with a third investigator (MJS).

Eligibility criteria
We included controlled clinical trials that investigated the effect of fructose intake on 
markers of insulin sensitivity in normal-weight and overweight or obese nondiabetic 
adults. Trials were eligible if the diet-intervention duration was ≥5 days. Outcomes of 
interest included i) indexes of insulin sensitivity derived from fasting blood samples (for 
instance, fasting plasma insulin concentration [184] and the HOMA-IR [137]), ii) indexes 
of insulin sensitivity derived from glucose tolerance tests (for instance, Matsuda index 
[47] and minimal model [46]), iii) measurements of insulin sensitivity derived from met-
abolic flux methods (for instance, glucose disposal under hyperinsulinemic-euglycemic 
clamp conditions [38,258]), and iv) measurements of hepatic insulin sensitivity (for in-
stance, insulin-mediated suppression of endogenous glucose production and the he-
patic insulin sensitivity index [259]). If multiple comparisons were eligible from trials that 
evaluated >2 intervention arms (for instance, low-dose fructose compared with low-
dose glucose and high-dose fructose compared with high-dose glucose), we included 
the dose-matched comparisons between fructose and control carbohydrates, and hy-
percaloric fructose comparisons if outcomes were also assessed after a well-controlled 
baseline diet period. We did not include comparisons in which the control diet had a 
higher caloric content (or higher carbohydrate dose) than the caloric content of the 
fructose-intervention diet. We also excluded uncontrolled studies, studies in children 
or adolescents, studies that used parenteral fructose administration, and studies with 
follow-up <5 days. Because the metabolic effects of fructose in patients with diabetes 
have been reviewed [253,260], we did not include studies in patients with diabetes. We 
applied no restrictions on other comorbid conditions.

Information sources and search
We searched, independently and in duplicate, for relevant publications in the MED-
LINE (http://www.ncbi.nlm.nih.gov/pubmed), EMBASE (http://ovidsp.tx.ovid.com), and 
Cochrane Library (http://www.cochranelibrary.com) databases from inception through 
14 September 2016. The full search strategy is presented in Supplemental Table S1 
and included search terms for fructose and insulin sensitivity or markers of insulin resist-
ance in combination with an ultrasensitive search strategy for controlled trials (sensitivity 
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98.9–99.5%) [261,262]. We manually reviewed reference lists of selected articles for ad-
ditional publications. There were no language restrictions. 

Study selection 
All entries that were identified through the literature search were screened for rele-
vant articles on the basis of predetermined eligibility criteria. Full-text publications were 
retrieved for entries that were accepted by ≥1 investigator and were evaluated inde-
pendently by 2 investigators for eligibility.

Data extraction
Predefined data were extracted from each report with the use of standardized forms. 
We extracted information on study characteristics, study-participant characteristics, 
baseline diet, intervention and control diets, outcomes of interest, and information used 
to assess the methodologic quality of studies. Primary outcomes were MDs ± stand-
ard errors (SEs) in markers of insulin sensitivity between fructose-intervention diets and 
control diets. We used a conversion factor of 1 mU/l = 6 pmol/l to convert insulin con-
centrations to Système International units [263]. When primary outcome data were not 
reported numerically, we extracted data from figures with the use of Plot Digitizer v2.6.8 
(Joseph A. Huwaldt, http://plotdigitizer.sourceforge.net/). Additional information was 
requested from the authors of most articles.

When articles did not report the SE of the MD, it was calculated from available statistics 
[for instance, standard deviation (SD), p value, or t statistic] with the use of standard for-
mulas [256]. When these statistics were not reported, missing SDs were imputed with the 
use of a pooled SD that was derived from the other trials (Supplemental Table S2) [256].

Effect sizes and variances for crossover trials were calculated in accordance with the 
Cochrane Handbook [256]. Briefly, when the mean ± SE of within-participant differences 
was not reported and could not be retrieved from the authors, we calculated the effect 
size as the difference between mean outcomes after fructose and control periods and 
i) retrieved the SE of the MD between the paired observations from reported paired p 
values or t statistics [264] or ii) imputed the SE of the MD with the use of the reported 
variance after each period with the assumption of a conservative correlation coefficient 
of 0.5 to approximate the paired analyses.

Risk of bias in individual studies
We assessed the methodologic quality of individual studies with the use of the Heyland 
methodological quality score (MQS) [265]. Studies with an MQS ≥8 were considered to 
be of high quality.

Synthesis of results
In line with other analyses of carbohydrate consumption [266-272], energy-matched and 
hypercaloric comparisons were analyzed separately. In energy-matched comparisons, 
fructose substituted control carbohydrates isocalorically (that is, the fructose-interven-
tion diet and control diet had the same energy contents). In hypercaloric comparisons, 
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surplus energy from fructose was added to a weight-maintenance control diet (that is, 
the fructose-intervention diet had a higher energy content than that of the control diet). 
When >2 studies reported quantitative data on the same outcome variable, results were 
pooled with the use of the generic inverse-variance method with random-effects mod-
els. Pooled data are expressed as MDs (95% CIs) for fasting plasma insulin concentra-
tions and HOMA-IR and as SMDs (95% CIs) (that is, the MD divided by the pooled SD 
[256]) for insulin-stimulated glucose disposal and hepatic insulin sensitivity.

We assessed intertrial heterogeneity with the use of Cochran’s Q statistic (p<0.10 was 
considered significant) and quantified heterogeneity with the I2 statistic (I2 >50% indi-
cated moderate heterogeneity, and I2 >75% indicated high heterogeneity). Sources of 
heterogeneity were evaluated by the removal of individual trials in sensitivity analyses 
and through a priori subgroup analyses.

Data were analyzed with the use of Review Manager v5.3 [273] and IBM SPSS Statistics 
v23 (Armonk, NY, USA). Reported p values are 2-tailed, and p<0.05 was considered 
significant.

Risk of bias across studies
Publication bias was assessed by an inspection of funnel plots and the use of Egger’s 
tests [274].

Additional analyses
We performed sensitivity analyses to determine whether the overall results were affect-
ed by i) the inclusion of studies with low methodologic quality (MQS <8) in the me-
ta-analysis, ii) the use of more- (0.25) or less- (0.75) conservative correlation coefficients 
to approximate paired analyses in crossover studies, iii) the imputation of missing SDs 
with the use of a pooled SD from the other trials, and iv) the inclusion of studies with >2 
arms (for instance, low-dose fructose compared with low-dose glucose and high-dose 
fructose compared with high-dose glucose in a paired design). In addition, we repeated 
all meta-analyses with the use of fixed-effects models, which gave proportionally more 
weight to larger, more precise trials [275].

RESULTS

Study selection
A flow diagram of the study selection process is shown in Figure 6.1. We identified 
1240 original records through electronic and manual searches. Twenty-nine articles met 
the eligibility criteria [116,118,276-302].

Study characteristics
Study characteristics of included diet-intervention studies are shown in Table 6.1. 
The 29 included articles provided data for the following 46 comparisons: 32 ener-
gy-matched comparisons in which fructose substituted control carbohydrates isocalori-
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cally and 14 hypercaloric comparisons in which surplus energy from fructose was added 
to a weight-maintenance control diet.

The study by Madero et al [291] was performed in Mexico. The other studies were 
conducted in Western Europe or the USA. Eighteen trials (56%) that were energy 
matched and 12 trials (86%) that were hypercaloric studies used crossover designs. 
Seventeen energy-matched comparisons (53%) and 7 hypercaloric comparisons (50%) 
were randomized. Studies tended to have been of short durations and with small 
sample sizes; median [interquartile range (IQR)] durations of follow-up were 28 (14–
37) days and 7 (7–15) days in energy-matched and hypercaloric studies, respectively, 
whereas median (IQR) sample sizes were 18 (10–32) and 12 (10–16) in energy-matched 
and hypercaloric studies, respectively.

Records identified through electronic 
searches: 1582 
    MEDLINE: 774 
    EMBASE: 469 
    Cochrane Library: 339 

Records after duplicates removed: 1240 

Records excluded on the basis of title and 
abstract: 1129 

Full-text articles reviewed: 111 

Articles excluded: 82 
    Follow-up under five days: 18 
    Studies in individuals with diabetes: 16 
    Duplicates of study population: 11 
    Review articles and meta-analyses: 9 
    No fructose intervention: 8 
    No suitable endpoint: 7 
    Studies in children or adolescents: 7 
    Uncontrolled studies: 6 

Articles included: 29 (describing 46 
controlled comparisons) 
    Isocaloric comparisons: 32 

Normal-weight: 16 
Overweight/obese: 9 
Other metabolic features: 7 

    Hypercaloric comparisons: 14 
Normal-weight: 10 
Overweight/obese: 3 
Other metabolic features: 1 

Additional records identified through 
checking reference lists: 18 

Figure 6.1. Flowchart of literature search and study selection.
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Table 6.1 Study characteristics of energy-matched and hypercaloric comparisons investigating the 
effect of fructose on insulin sensitivity. (Table continues on next page.)

Study (First author, year) Design RCT Duration
(days)

Participants
[n (M:W)]

Age 
(years)

BMI (kg/m2)
or weight (kg)

Fructose
form

Fructose dose
[g/day (E%)]1

Control2 Diet,
C:F:P (E%)3

Energy
balance4

MQS5

Energy-matched comparisons

   Normal-weight participants

      Aeberli, 2011 (HD) C Yes 21 26 (26:0) 26±76 22±2 Liquid 80 (~13) Glucose 55:32:14 Positive 10

      Aeberli, 2011 (LD) C Yes 21 26 (26:0) 26±7 22±2 Liquid 40 (~7) Glucose 51:35:14 Positive 10

      Aeberli, 2013 C Yes 21 9 (9:0) 23±2 20-247 Liquid 80 (~14) Glucose 56:31:13 Positive 10

      Agebratt, 2016 P Yes 56 30 (18:12) 24±4 22±2 Solid ~26 (~4) Mixed Neutral 8

      Bantle, 2000 C Yes 42 24 (12:12) 418 25±69 Mixed ~85 (17) Glucose 55:30:15 Neutral 7

      Beck-Nielsen, 1980 P Yes 7 17 (3:14) 21-35 61 Liquid 250 (~33) Glucose 62:26:12 Positive 6

      Bossetti, 1984 C Yes 14 8 (4:4) 27 (20-32)10 70 (40-80) Mixed 50-107 (33) Sucrose Neutral 6

      Hallfrisch, 1983 (HD) C No 35 12 (12:0) 40±8 81±11 Mixed ~100 (15) Starch 45:40:15 Neutral 7

      Hallfrisch, 1983 (LD) C No 35 12 (12:0) 40±8 81±11 Mixed ~50 (7·5) Starch 45:40:15 Neutral 7

      Huttunen, 1976 P No 665 68 28±7 Mixed ~64 (~13) Sucrose Neutral 5

      Koh, 1988 C No 28 9 (3:6) 50±15 66±14 Mixed 45-112 (15) Glucose 52:32:17 Neutral 6

      Ngo Sock, 2010 C Yes 7 11 (11:0) 25±2 19-25 Liquid ~175 (~26)11 Glucose 67:22:11 Positive 8

      Reiser, 1989 C No 35 11 (11:0) 38 24 Mixed ~168 (20) Starch 51:36:13 Neutral 5

      Schwarz, 2015 C No 9 8 (8:0) 42±8 24±5 Liquid (25)11 Mixed 50:35:15 Neutral 6

      Silbernagel, 2011 P Yes 28 20 (12:8) 31±8 26±29 Liquid 150 (~18) Glucose 59:29:12 Positive 8
      Stanhope, 2011 P No 15.5 32 (16:16) 28±7 26±49 Liquid ~168 (25) Glucose 55:30:15 Neutral/

positive
7

   Overweight/obese participants

      Johnston, 2013 (Neutral E) P Yes 14 32 (32:0) 34±10 29±2 Liquid ~218 (25) Glucose 55:30:15 Neutral 12

      Johnston, 2013 (Positive E) P Yes 14 32 (32:0) 34±10 29±2 Liquid ~218 (~20) Glucose 57:30:13 Positive 12

      Lowndes, 2015 P Yes 70 64 (33:31) 36±11 26±4 Liquid ~54 (9) Glucose 52:28:20 Positive 6

      Madero, 2011 P Yes 42 131 (29:102) 39±9 32±5 Mixed 50-70 (~13) Starch 55:30:15 Negative 6

      Mark, 2014 P Yes 28 73 (0:73) 40±9 33±4 Liquid 60 (~14) Glucose 45:34:20 Neutral 9
      Rizkalla, 1986 (T1) P Yes 14 23 (7:16) 22±15 70±12 Liquid 36 (~26) Glucose/

galactose12
25:25:50 Negative 8

      Rizkalla, 1986 (T2) P Yes 14 18 22±15 72±12 Liquid 36 (~26) Glucose/
galactose12

25:25:50 Negative 8

      Stanhope, 2009 P No 56 32 (16:16) 54±8 29±3 Liquid ~182 (25) Glucose 55:30:15 Neutral/
positive

7

      Swarbrick, 2008 C No 70 7 (0:7) 50-72 29±6 Liquid ~125 (25) Starch 55:30:15 Neutral 6

   Other metabolic features

      Hallfrisch, 1983 (HD) C No 35 HI: 12 (12:0) 40±7 81±8 Mixed ~100 (15) Starch 45:40:15 Neutral 7
      Hallfrisch, 1983 (LD) C No 35 HI: 12 (12:0) 40±7 81±8 Mixed ~50 (7·5) Starch 45:40:15 Neutral 7

      Johnson, 2015 P Yes 56 PCOS: 51 (0:51) 29±6 44±6 Liquid ~85 (~32) Mixed 44:18:38 Negative 6
      Koh, 1988 C No 28 IGT: 9 (3:6) 54±18 74±15 Mixed 45-83 (15) Glucose 52:32:17 Neutral 6



511975-L-bw-terHorst511975-L-bw-terHorst511975-L-bw-terHorst511975-L-bw-terHorst
Processed on: 27-7-2017Processed on: 27-7-2017Processed on: 27-7-2017Processed on: 27-7-2017 PDF page: 87PDF page: 87PDF page: 87PDF page: 87

87

Ef
fe

ct
 o

f f
ru

ct
os

e 
on

 in
su

lin
 se

ns
iti

vi
ty

6

Table 6.1 Study characteristics of energy-matched and hypercaloric comparisons investigating the 
effect of fructose on insulin sensitivity. (Table continues on next page.)

Study (First author, year) Design RCT Duration
(days)

Participants
[n (M:W)]

Age 
(years)

BMI (kg/m2)
or weight (kg)

Fructose
form

Fructose dose
[g/day (E%)]1

Control2 Diet,
C:F:P (E%)3

Energy
balance4

MQS5

Energy-matched comparisons

   Normal-weight participants

      Aeberli, 2011 (HD) C Yes 21 26 (26:0) 26±76 22±2 Liquid 80 (~13) Glucose 55:32:14 Positive 10

      Aeberli, 2011 (LD) C Yes 21 26 (26:0) 26±7 22±2 Liquid 40 (~7) Glucose 51:35:14 Positive 10

      Aeberli, 2013 C Yes 21 9 (9:0) 23±2 20-247 Liquid 80 (~14) Glucose 56:31:13 Positive 10

      Agebratt, 2016 P Yes 56 30 (18:12) 24±4 22±2 Solid ~26 (~4) Mixed Neutral 8

      Bantle, 2000 C Yes 42 24 (12:12) 418 25±69 Mixed ~85 (17) Glucose 55:30:15 Neutral 7

      Beck-Nielsen, 1980 P Yes 7 17 (3:14) 21-35 61 Liquid 250 (~33) Glucose 62:26:12 Positive 6

      Bossetti, 1984 C Yes 14 8 (4:4) 27 (20-32)10 70 (40-80) Mixed 50-107 (33) Sucrose Neutral 6

      Hallfrisch, 1983 (HD) C No 35 12 (12:0) 40±8 81±11 Mixed ~100 (15) Starch 45:40:15 Neutral 7

      Hallfrisch, 1983 (LD) C No 35 12 (12:0) 40±8 81±11 Mixed ~50 (7·5) Starch 45:40:15 Neutral 7

      Huttunen, 1976 P No 665 68 28±7 Mixed ~64 (~13) Sucrose Neutral 5

      Koh, 1988 C No 28 9 (3:6) 50±15 66±14 Mixed 45-112 (15) Glucose 52:32:17 Neutral 6

      Ngo Sock, 2010 C Yes 7 11 (11:0) 25±2 19-25 Liquid ~175 (~26)11 Glucose 67:22:11 Positive 8

      Reiser, 1989 C No 35 11 (11:0) 38 24 Mixed ~168 (20) Starch 51:36:13 Neutral 5

      Schwarz, 2015 C No 9 8 (8:0) 42±8 24±5 Liquid (25)11 Mixed 50:35:15 Neutral 6

      Silbernagel, 2011 P Yes 28 20 (12:8) 31±8 26±29 Liquid 150 (~18) Glucose 59:29:12 Positive 8
      Stanhope, 2011 P No 15.5 32 (16:16) 28±7 26±49 Liquid ~168 (25) Glucose 55:30:15 Neutral/

positive
7

   Overweight/obese participants

      Johnston, 2013 (Neutral E) P Yes 14 32 (32:0) 34±10 29±2 Liquid ~218 (25) Glucose 55:30:15 Neutral 12

      Johnston, 2013 (Positive E) P Yes 14 32 (32:0) 34±10 29±2 Liquid ~218 (~20) Glucose 57:30:13 Positive 12

      Lowndes, 2015 P Yes 70 64 (33:31) 36±11 26±4 Liquid ~54 (9) Glucose 52:28:20 Positive 6

      Madero, 2011 P Yes 42 131 (29:102) 39±9 32±5 Mixed 50-70 (~13) Starch 55:30:15 Negative 6

      Mark, 2014 P Yes 28 73 (0:73) 40±9 33±4 Liquid 60 (~14) Glucose 45:34:20 Neutral 9
      Rizkalla, 1986 (T1) P Yes 14 23 (7:16) 22±15 70±12 Liquid 36 (~26) Glucose/

galactose12
25:25:50 Negative 8

      Rizkalla, 1986 (T2) P Yes 14 18 22±15 72±12 Liquid 36 (~26) Glucose/
galactose12

25:25:50 Negative 8

      Stanhope, 2009 P No 56 32 (16:16) 54±8 29±3 Liquid ~182 (25) Glucose 55:30:15 Neutral/
positive

7

      Swarbrick, 2008 C No 70 7 (0:7) 50-72 29±6 Liquid ~125 (25) Starch 55:30:15 Neutral 6

   Other metabolic features

      Hallfrisch, 1983 (HD) C No 35 HI: 12 (12:0) 40±7 81±8 Mixed ~100 (15) Starch 45:40:15 Neutral 7
      Hallfrisch, 1983 (LD) C No 35 HI: 12 (12:0) 40±7 81±8 Mixed ~50 (7·5) Starch 45:40:15 Neutral 7

      Johnson, 2015 P Yes 56 PCOS: 51 (0:51) 29±6 44±6 Liquid ~85 (~32) Mixed 44:18:38 Negative 6
      Koh, 1988 C No 28 IGT: 9 (3:6) 54±18 74±15 Mixed 45-83 (15) Glucose 52:32:17 Neutral 6
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Study (First author, year) Design RCT Duration
(days)

Participants
[n (M:W)]

Age 
(years)

BMI (kg/m2)
or weight (kg)

Fructose
form

Fructose dose
[g/day (E%)]1

Control2 Diet,
C:F:P (E%)3

Energy
balance4

MQS5

      Reiser, 1989 C No 35 HI: 10 (10:0) 47 26 Mixed ~168 (20) Starch 51:36:13 Neutral 5
      Turner, 1979 (HD) C No 14 HTG: 4 (4:0) 48±8 79±5 Liquid 90-154 (17) Dextro-

maltose
85:0:15 Neutral 4

      Turner, 1979 (LD) C No 14 HTG: 4 (4:0) 48±8 79±5 Liquid 33-46 (9) Dextro-
maltose

45:40:15 Neutral 4

Hypercaloric comparisons

   Normal-weight participants

      Beck-Nielsen, 1980 P No 7 10 (21-35) 60 kg Liquid 250 (~33) Diet alone 62:26:12 Positive 5

      Couchepin, 2008 C Yes 6 16 (8:8) 23 (1) 22 kg/m2 (2) (~25)11 Diet alone 63:26:11 Positive 6

      Faeh, 2005 C Yes 6 7 (7:0) (22-31) (20-25 kg/m2) Liquid 200-250 (25)11 Diet alone 63:26:11 Positive 7

      Le, 2006 C No 28 7 (7:0) 25 (3) 69 kg (7) Liquid ~104 (18)11 Diet alone 62:25:13 Positive 6

      Le, 2009 C Yes 7 8 (8:0) 24 (3) 71 kg (6) Liquid (~26)11 Diet alone 67:22:11 Positive 8

      Lecoultre, 2014 C Yes 6 10 (10:0) 23 (6) 23 kg/m2 (2) Liquid ~293 (~32)11 Diet alone 69:20:10 Positive 8

      Ngo Sock, 2010 C Yes 7 11 (11:0) 25 (2) (10-25 kg/m2) Liquid ~175 (~26)11 Diet alone 67:22:11 Positive 8

      Silbernagel, 2011 C No 28 10 (7:3) 33 (9) 26 kg/m2 (2)6 Liquid 150 (~18) Diet alone 59:29:12 Positive 6

      Sobrecases, 2010 C No 7 12 (12:0) 24 (2) 23 kg/m2 (1) Liquid (~26)11 Diet alone 67:22:11 Positive 5
      Stanhope, 2011 C No 15.5 16 (9:7) 28 (7) 25 kg/m2 (4) Liquid ~168 (25) Diet alone 55:30:15 Neutral/

positive
7

   Overweight/obese participants

      Johnston, 2013 C No 14 15 (15:0) 35 (11) 30 kg/m2 (1) Liquid ~218 (~20) Diet alone 58:29:13 Positive 8

      Rizkalla, 1986 P Yes 14 13 22 (15) 72 kg (12) Liquid 36 (~26) Diet alone 25:25:50 Negative 8
      Stanhope, 2009 C No 56 17 (9:8) 53 (9) 29 kg/m2 (3) Liquid ~182 (25) Diet alone 55:30:15 Neutral/

positive
7

    Other metabolic features
      Le, 2009 C Yes 7 OffT2D: 16 (16:0) 25 (5) 76 kg (4) Liquid (~26)11 Diet alone 67:22:11 Positive 8

Non-standard abbreviations: C, crossover; C:F:P, carbohydrate:fat:protein; E%, percentage of 
total energy intake; HD, high dose; HI, hyperinsulinemic; HTG, hypertriglyceridemia; LD, low 
dose; P, parallel; PCOS, polycystic ovarian syndrome; RCT, randomized controlled trial; T1, trial 
1; T2, trial 2. 1 All values preceded by the approximate symbol are mean doses calculated from 
reported mean energy intakes. 2 In energy-matched comparisons, fructose was exchanged for the 
control carbohydrate isocalorically. In hypercaloric comparisons, fructose was added to a weight-
maintenance or control diet as excess energy. 3 Composition of the fructose-intervention diet.  
4 Energy balance of the intervention diet compared with a weight-maintenance background 

Table 6.1 – Continued.
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Study (First author, year) Design RCT Duration
(days)

Participants
[n (M:W)]

Age 
(years)

BMI (kg/m2)
or weight (kg)

Fructose
form

Fructose dose
[g/day (E%)]1

Control2 Diet,
C:F:P (E%)3

Energy
balance4

MQS5

      Reiser, 1989 C No 35 HI: 10 (10:0) 47 26 Mixed ~168 (20) Starch 51:36:13 Neutral 5
      Turner, 1979 (HD) C No 14 HTG: 4 (4:0) 48±8 79±5 Liquid 90-154 (17) Dextro-

maltose
85:0:15 Neutral 4

      Turner, 1979 (LD) C No 14 HTG: 4 (4:0) 48±8 79±5 Liquid 33-46 (9) Dextro-
maltose

45:40:15 Neutral 4

Hypercaloric comparisons

   Normal-weight participants

      Beck-Nielsen, 1980 P No 7 10 (21-35) 60 kg Liquid 250 (~33) Diet alone 62:26:12 Positive 5

      Couchepin, 2008 C Yes 6 16 (8:8) 23 (1) 22 kg/m2 (2) (~25)11 Diet alone 63:26:11 Positive 6

      Faeh, 2005 C Yes 6 7 (7:0) (22-31) (20-25 kg/m2) Liquid 200-250 (25)11 Diet alone 63:26:11 Positive 7

      Le, 2006 C No 28 7 (7:0) 25 (3) 69 kg (7) Liquid ~104 (18)11 Diet alone 62:25:13 Positive 6

      Le, 2009 C Yes 7 8 (8:0) 24 (3) 71 kg (6) Liquid (~26)11 Diet alone 67:22:11 Positive 8

      Lecoultre, 2014 C Yes 6 10 (10:0) 23 (6) 23 kg/m2 (2) Liquid ~293 (~32)11 Diet alone 69:20:10 Positive 8

      Ngo Sock, 2010 C Yes 7 11 (11:0) 25 (2) (10-25 kg/m2) Liquid ~175 (~26)11 Diet alone 67:22:11 Positive 8

      Silbernagel, 2011 C No 28 10 (7:3) 33 (9) 26 kg/m2 (2)6 Liquid 150 (~18) Diet alone 59:29:12 Positive 6

      Sobrecases, 2010 C No 7 12 (12:0) 24 (2) 23 kg/m2 (1) Liquid (~26)11 Diet alone 67:22:11 Positive 5
      Stanhope, 2011 C No 15.5 16 (9:7) 28 (7) 25 kg/m2 (4) Liquid ~168 (25) Diet alone 55:30:15 Neutral/

positive
7

   Overweight/obese participants

      Johnston, 2013 C No 14 15 (15:0) 35 (11) 30 kg/m2 (1) Liquid ~218 (~20) Diet alone 58:29:13 Positive 8

      Rizkalla, 1986 P Yes 14 13 22 (15) 72 kg (12) Liquid 36 (~26) Diet alone 25:25:50 Negative 8
      Stanhope, 2009 C No 56 17 (9:8) 53 (9) 29 kg/m2 (3) Liquid ~182 (25) Diet alone 55:30:15 Neutral/

positive
7

    Other metabolic features
      Le, 2009 C Yes 7 OffT2D: 16 (16:0) 25 (5) 76 kg (4) Liquid (~26)11 Diet alone 67:22:11 Positive 8

Non-standard abbreviations: C, crossover; C:F:P, carbohydrate:fat:protein; E%, percentage of 
total energy intake; HD, high dose; HI, hyperinsulinemic; HTG, hypertriglyceridemia; LD, low 
dose; P, parallel; PCOS, polycystic ovarian syndrome; RCT, randomized controlled trial; T1, trial 
1; T2, trial 2. 1 All values preceded by the approximate symbol are mean doses calculated from 
reported mean energy intakes. 2 In energy-matched comparisons, fructose was exchanged for the 
control carbohydrate isocalorically. In hypercaloric comparisons, fructose was added to a weight-
maintenance or control diet as excess energy. 3 Composition of the fructose-intervention diet.  
4 Energy balance of the intervention diet compared with a weight-maintenance background 

diet. In energy-matched comparisons, both the fructose-intervention diet and the control diet 
had the same energy balance compared with that of a weight-maintenance diet. 5 Scores ≥8 
were considered high quality. 6 Mean ± SD (all such values). 7 Range (all such values). 8 Mean.  
9 Comparisons in borderline normal-weight and overweight participants were analyzed as normal 
weight. 10 Mean; range in parentheses (all such values). 11 Fructose was dosed individually on the 
basis of body weight or lean body mass. 12 Comparisons were obtained by averaging fructose 
compared with glucose comparisons and fructose compared with galactose comparisons.
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In energy-matched comparisons, participants had normal weight (n=323), overweight or 
obesity (n=412), or other metabolic features [hyperinsulinemia: n=34; polycystic ovari-
an syndrome: n=51; impaired glucose tolerance (IGT): n=9; and hypertriglyceridemia: 
n=8]. Participants in hypercaloric comparisons were of normal weight (n=107), over-
weight or obese (n=45), or offspring of parents with type 2 diabetes (OffT2D) (n=16). 
The mean age in each study ranged from 22–54 years in energy-matched comparisons 
and from 22–53 years in hypercaloric comparisons. Women were underrepresented, 
whereby 374 of 751 participants (50%) with known sex in energy-matched comparisons 
(sex not reported: n=86) and 26 of 145 participants (18%) with known sex in hypercalor-
ic comparisons (sex not reported: n=23) were women.

Fructose was provided as beverages, crystalline fructose, or natural solid foods. The 
mean fructose dose in each study ranged from 26–293 g/day. Doses tended to be high-
er in the hypercaloric comparisons (Table 6.1). Fructose was compared with glucose, 
sucrose, starch, galactose, dextromaltose, or a mixture of nutrients in energy-matched 
comparisons. All hypercaloric studies compared a diet that was supplemented with 
fructose to the same diet without fructose supplementation. In these comparisons, the 
mean dietary caloric surplus from fructose ranged from 18–33% of total energy intake.

The median (IQR) Heyland MQS was 7 (6–8) in both energy-matched and hypercaloric 
comparisons (Supplemental Table S3). Eleven energy-matched comparisons (34%) and 
6 hypercaloric comparisons (43%) had MQSs ≥8, which were indicative of high quality.

Effect of fructose on fasting plasma insulin concentrations
The energy-matched substitution of dietary carbohydrates with fructose had no ef-
fect on fasting insulin concentrations in the overall analysis (MD: −0.79 pmol/l, 95% 
CI: −6.41–4.84 pmol/l, p=0.78; Figure 6.2A). Isocaloric fructose intake tended to raise 
fasting insulin concentrations in overweight or obese subjects (MD: 7.10 pmol/l, 95% 
CI: −0.07–14.27 pmol/l, p=0.05). There was significant intertrial heterogeneity in both 
the normal-weight subgroup and the subgroup with other metabolic features (I2=67%, 
p<0.01 and I2=83%, p<0.01, respectively) as well as in the overall pooled analysis 
(I2=69%, p<0.01).

In hypercaloric comparisons, fructose supplementation slightly raised fasting insulin 
concentrations by 3.38 pmol/l (95% CI: 0.03–6.73 pmol/l; p<0.05) in the overall analysis 
(Figure 6.2B). The effect was most outspoken in OffT2D subjects in the study by Lê et al 
[301] (MD: 11.29 pmol/l, 95% CI: 5.36–17.21 pmol/l, p<0.01). Hypercaloric fructose di-
ets did not induce any insulin-raising effects in normal-weight or overweight and obese 
subgroups.

Finally, although we were unable to retrieve quantitative data for pooling, Huttunen et al 
[282] reported no differences in fasting insulin concentrations between normal-weight 
participants who used either fructose (n=35) or sucrose (n=33) as a dietary sweetener 
for 95 weeks, and Mark et al [292] reported no differences in fasting insulin concentra-
tions between overweight or obese participants who consumed diets with low or high 
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advanced glycation end products that were supplemented with either fructose (n=35) 
or glucose (n=38) for 28 days.

A. Energy-matched comparisons

B. Hypercaloric comparisons

Mean difference [95% CI] in fasting plasma 
insulin concentration (pmol/l)WeightStudy

WeightStudy
Mean difference [95% CI] in fasting plasma 

insulin concentration (pmol/l)

Normal-weight participants

Overweight/obese participants

Other metabolic features

Normal-weight participants

Overweight/obese participants

Other metabolic features

1

1

1

1

1

1

1

1

1

1

1

1

Figure 6.2. Forest plot of the effect of fructose on fasting plasma insulin concentrations in (A) 
energy-matched comparisons. (Figure continues on next page.)
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A. Energy-matched comparisons

B. Hypercaloric comparisons

Mean difference [95% CI] in fasting plasma 
insulin concentration (pmol/l)WeightStudy

WeightStudy
Mean difference [95% CI] in fasting plasma 

insulin concentration (pmol/l)

Normal-weight participants

Overweight/obese participants

Other metabolic features
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Overweight/obese participants

Other metabolic features
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Figure 6.2 – Continued. Forest plot of the effect of fructose on fasting plasma insulin concentrations 
in (B) hypercaloric comparisons. Results from individual trials were pooled with the use of the 
generic inverse-variance method with random-effects models and are expressed as weighted 
(squares) MDs with 95% CIs (horizonal lines; arrows indicate when 95% CIs were outside the axis 
limits). Pooled effect estimates (diamonds) are presented for each subgroup as well as for the 
overall analysis. Non-standard abbreviations: E, energy; LD, low dose; HD, high dose; T1, trial 1; T2, 
trial 2. 1 Data were provided by the original authors.

Effect of fructose on HOMA-IR
Fructose had no effect on the HOMA-IR in energy-matched comparisons (MD: 0.13, 
95% CI: −0.07–0.34, p=0.21; Figure 6.3A) with no evidence of intertrial heterogeneity 
in the overall analysis. Isocaloric fructose tended to increase the HOMA-IR in the over-
weight or obese subgroup (MD: 0.38, 95% CI: 0.00–0.77, p=0.05), but there were no 
differences (qualitatively) in the HOMA-IR between fructose supplementation and glu-
cose supplementation in Mark et al [292]. Hypercaloric fructose supplementation had 
no effect on the HOMA-IR in the overall pooled analysis (MD: 0.18, 95% CI: −0.02–0.39, 
p=0.08; Figure 6.3B), but it did raise the HOMA-IR in OffT2D subjects in Lê et al [301] 
(MD: 0.56, 95% CI: −0.30–0.81, p<0.01).
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A. Energy-matched comparisons

B. Hypercaloric comparisons

Mean difference [95% CI] in HOMA-IRWeightStudy

WeightStudy Mean difference [95% CI] in HOMA-IR
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Figure 6.3. Forest plots of the effect of fructose on HOMA-IR in (A) energy-matched and (B) hy-
percaloric comparisons. Results from individual trials were pooled with the use of the generic 
inverse-variance method with random-effects models and are expressed as weighted (squares) 
MDs with 95% CIs (horizontal lines). Pooled effect estimates (diamonds) are presented for each 
subgroup as well as for the overall analysis. Non-standard abbreviation: E, energy. 1 Data were 
provided by the original authors.
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Effect of fructose on insulin-stimulated glucose disposal rates
Insulin-stimulated glucose disposal, which is assessed under hyperinsulinemic-euglyce-
mic clamp conditions, is the best variable of whole-body insulin sensitivity in vivo [38]. 
Fructose intake had no effect on insulin-stimulated glucose disposal in primary pooled 
analyses of energy-matched comparisons (SMD: 0.00, 95% CI: −0.41–0.41, p=1.00;  
Figure 6.4A) or of hypercaloric comparisons (SMD: 0.10, 95% CI: −0.21–0.40, 
p=0.54; Figure 6.4B). There was no evidence of intertrial heterogeneity or subgroup  
differences.

Effect of fructose on hepatic insulin sensitivity
Hepatic insulin sensitivity was assessed with the use of the insulin-mediated suppression 
of endogenous glucose production under hyperinsulinemic-euglycemic clamp condi-
tions [277,286,299-301], which was the preferred method for pooling, or with the use 
of the hepatic insulin sensitivity index [284]. In normal-weight, nondiabetic participants, 
the isocaloric substitution of control carbohydrates with fructose induced hepatic insu-
lin resistance (SMD: 0.47, 95% CI: 0.03–0.91, p=0.04; Figure 6.5A) without evidence 
of intertrial heterogeneity (I2=17%, p=0.30). In accordance, hypercaloric fructose sup-
plementation reduced hepatic insulin sensitivity in normal-weight nondiabetic subjects 
and in OffT2D subjects (SMD: 0.77, 95% CI: 0.28–1.26, p<0.01; Figure 6.5B). There was 
moderate intertrial heterogeneity within the normal-weight subgroup (I2=64%, p=0.04).

Effect of fructose on other markers of insulin sensitivity
We identified several other outcomes of insulin sensitivity. In energy-matched compar-
isons between fructose- and glucose-intervention arms, there were no differences in i) 
the updated homeostasis model assessment of insulin resistance [276], ii) the Matsuda 
index of insulin sensitivity derived from an oral-glucose-tolerance test (OGTT) [287], iii) 
another OGTT-based insulin sensitivity index [292], iv) the rate of glucose disappear-
ance during an intravenous insulin tolerance test [279], and v) an insulin-sensitivity index 
derived from the deuterated-glucose disposal test [294]. In the study by Koh et al [283], 
normal-weight subjects (n=9) and subjects with IGT (n=9) had lower glucose and insulin 
excursions during an OGTT after the 4-week high-fructose diet than after the 4-week 
high-glucose diet.

In hypercaloric comparisons, fructose that provided surplus energy had no effect on the 
rate of glucose disappearance during an intravenous insulin tolerance test [279], but 
it did reduce the Matsuda index of insulin sensitivity [287] and induced lower insulin 
sensitivity during the deuterated-glucose disposal test [294]. Because these outcomes 
were not reported in >2 studies, we did not pool the results.

Publication bias
A visual inspection of funnel plots suggested that there was mild asymmetry in ener-
gy-matched comparisons for the HOMA-IR (Egger’s test: p=0.10; Supplemental Figure 
S1). There was no evidence of funnel plot asymmetry for fasting insulin meta-analy-
ses (Egger’s test: p>0.68; Supplemental Figures S2 and S3) or in hypercaloric com-
parisons for HOMA-IR (Egger’s test: p=0.32; Supplemental Figure S4). We could not 
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meaningfully evaluate publication bias for glucose disposal and hepatic insulin resist-
ance outcomes because of the small number of studies.

A. Energy-matched comparisons

B. Hypercaloric comparisons

Standardized mean difference [95% CI] in insulin-stimulated
glucose disposal during an euglycemic hyperinsulinemic clampWeightStudy

WeightStudy
Standardized mean difference [95% CI] in insulin-stimulated

glucose disposal during an euglycemic hyperinsulinemic clamp

Normal-weight participants

Overweight/obese participants

Normal-weight participants

Overweight/obese participants

Other metabolic features

1

1

1

1

1

Figure 6.4. Forest plots of the effect of fructose on insulin-stimulated glucose disposal rates under 
hyperinsulinemic-euglycemic clamp conditions in (A) energy-matched and (B) hypercaloric com-
parisons. Results from individual trials were pooled with the use of the generic inverse-variance 
method with random-effects models and are expressed as weighted (squares) SMDs with 95% CIs 
(horizontal lines). Pooled effect estimates (diamonds) are presented for each subgroup as well as 
for the overall analysis. Non-standard abbreviation: E, energy. 1 Data were provided by the original 
authors.
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A. Energy-matched comparisons

B. Hypercaloric comparisons

Standardized mean difference [95% CI] in hepatic insulin sensitivity

Standardized mean difference [95% CI] in hepatic insulin sensitivity

WeightStudy

WeightStudy

Normal-weight participants

Normal-weight participants

Other metabolic features

1

1

1

Figure 6.5. Forest plots of the effect of fructose on hepatic insulin sensitivity in (A) energy-matched 
and (B) hypercaloric comparisons. Results from individual trials were pooled with the use of the 
generic inverse-variance method with random-effects models and are expressed as weighed 
(squares) SMDs with 95% CIs (horizontal lines). Pooled effect estimates (diamonds) are presented 
for each subgroup as well as for the overall analysis. 1 Data were provided by the original authors.

Additional analyses and sources of heterogeneity
Sensitivity analyses showed that the results were consistent when we limited the analyses 
to high-quality studies, excluded trials that had SDs imputed, used more- or less-con-
servative correlation coefficients to approximate paired analyses in crossover studies, 
excluded trials with >2 intervention arms, or used fixed-effects models instead of ran-
dom-effects models (Supplemental Tables S4 to S6). Overall, there was little intertrial 
heterogeneity throughout the analyses. The systematic removal of individual compari-
sons revealed that most heterogeneity was caused by a few studies, in particular the 2 
comparisons from the study by Koh et al [283] and the comparison in OffT2D subjects 
from the study by Lê et al [301]. The comparisons by Koh et al [283] were small and may 
have had heterogeneous results by chance. Also, Koh et al [283] did not report SDs for 
their outcomes, and we imputed a pooled SD that was derived from the other trials 
(Supplemental Table S2), which may have been inappropriately precise for this study. 
However, the removal of these comparisons did not alter the effects. Another source of 
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heterogeneity was that Lê et al [301] selectively studied OffT2D subjects, who may have 
had distinct metabolic characteristics.

DISCUSSION

Summary of evidence
Data from the current systematic review and meta-analysis of 46 comparisons in 1005 
participants showed that both isocaloric fructose consumption and hypercaloric fruc-
tose consumption induce hepatic insulin resistance in normal-weight, nondiabetic 
adults. Short- and medium-term fructose consumption does not promote muscle or 
peripheral insulin resistance as was shown by the lack of a change in insulin-stimulated 
glucose disposal in all analyses. In addition, the energy-matched (isocaloric) substitu-
tion of dietary carbohydrates for fructose had no effect on fasting insulin concentrations 
and the HOMA-IR, whereas hypercaloric fructose supplementation raised fasting insu-
lin concentrations and the HOMA-IR in OffT2D subjects but not in normal-weight and 
overweight or obese participants. These results were remarkably robust in all sensitivity 
analyses. There also was little heterogeneity throughout the analyses except for hetero-
geneity caused by a few select studies.

One finding was of particular interest, whereby both the isocaloric exchange of control 
carbohydrates (mostly glucose) by fructose and hypercaloric fructose supplementation 
induced hepatic insulin resistance. This result indicated that the promotion of hepatic in-
sulin resistance by fructose could not be attributed only to excess energy intake (and as-
sociated weight gain [266]) under hypercaloric diet conditions. Instead, fructose has an 
ability to induce metabolic changes in the liver that is inherently different from the effect 
of glucose and other carbohydrates. Fructose is preferentially metabolized by the liver 
on the first pass and bypasses the major regulatory steps in glycolysis, thereby lead-
ing to a rapid buildup of downstream intermediaries [303,304]. Elevated intrahepatic 
fructose intermediaries may alter hepatic gene-expression patterns, promote glucose 
production, and act as uncontrolled substrates for de novo lipogenesis [111,305] asso-
ciated with the development of hepatic insulin resistance [306]. Moreover, high-fructose 
diets have consistently caused insulin resistance in animal models [108-110]. Therefore, 
the hepatic insulin resistance–inducing effect of fructose is mechanistically plausible 
and consistent with evidence from animal and epidemiologic studies. The near-com-
plete first-pass extraction of fructose from portal blood may also explain why no study 
to date – to our knowledge – has shown that short-term fructose consumption promotes 
muscle insulin resistance.

Initial concerns about fructose were raised >10 years ago [105]. Since then, clinical trials 
have provided data for the synthesis of summary evidence. To fully appreciate where 
we stand today [106], our results should also be considered in light of other meta-anal-
yses on the metabolic effects of fructose. These meta-analyses have investigated the 
effects of fructose on body weight [266], uric acid [267], blood pressure [268], blood 
lipid targets [269], postprandial triglycerides [270], and non-alcoholic fatty liver disease 
[271,272]. Across these previous aggregate analyses, there was no effect of isocaloric 
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fructose intake, but there were adverse effects of hypercaloric fructose intake. These re-
sults suggest that some of the adverse metabolic effects of fructose under hypercaloric 
conditions may be attributed in part to increased energy intake rather than to fructose 
itself. For the first time – to our knowledge – we provide aggregate evidence to support 
suspicions that fructose consumption is worse than the (isocaloric) consumption of oth-
er carbohydrates with respect to hepatic insulin resistance.

Thus, current evidence clearly implicates the consumption of excess energy from fruc-
tose in the development of several features of metabolic disease. Most adults (especial-
ly the overweight or obese) should avoid being in a positive energy balance. Already, 
this advice has been recommended in nutrition guidelines [254,255] and has been the 
focus of many public health policies. The current study more specifically implicates 
fructose to be more harmful than other carbohydrates, even over the short-to-medium 
term, with regard to hepatic insulin sensitivity. This outcome indicates that the type of 
carbohydrate matters and is relevant at a time when public interest in and media at-
tention for the adverse health effects of fructose are high. Hepatic insulin resistance is 
associated with early stages of diabetes development [176] and is considered 1 of the 
main contributors to hyperglycemia in type 2 diabetes [200], thereby suggesting the 
intriguing hypothesis that the amelioration of hepatic insulin resistance by a reduction 
of fructose intake may have a positive impact on the incidence of type 2 diabetes and 
public health. Although some foods that are high in free fructose, including whole fruit, 
can be included in healthy diets [255], most fructose is currently consumed as added 
sugar (together with glucose in sucrose or high-fructose corn syrup). Therefore, a sim-
ple way to reduce fructose intake is to limit added sugars [255]. However, practically, it 
may be easier to regulate certain types of sugar than to reduce sugar intake altogether. 
Low-fructose sweeteners include free glucose, maltose, or rice-malt syrup, and these 
substitutes may be healthier with regard to hepatic insulin resistance although this pos-
sibility should first be confirmed in longer and larger future studies.

In contrast, in patients with diabetes, isocaloric fructose consumption improved gly-
cemic control, possibly because of the low glycemic index of fructose [253], but also 
conditionally raised triglyceride concentrations [260]. Although beyond the scope of 
this review, previous studies have assessed the effect of fructose on markers of insulin 
sensitivity in subjects with diabetes [297,307-311]. One study in 6 subjects with type 2 
diabetes showed that hepatic insulin sensitivity was not affected by isocaloric fructose 
consumption [307]. Consequently, our findings may not hold for patients with diabetes, 
and a systematic review of the diabetes literature on this issue could be the focus of 
future work. Eventually, recommendations regarding fructose intake may have to differ-
entiate between nondiabetic adults and diabetes patients.

Limitations and future research needs
Several factors may have limited the strength or generalizability of our conclusions. We 
restricted the analysis to studies in nondiabetic adults, and this restriction may have 
limited the number of studies that were available for inclusion. The available trials 
tended to be small, short, and of low quality. We identified only 3 trials in a total of 28 
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normal-weight men that evaluated the effect of isocaloric fructose on hepatic insulin 
sensitivity. Although there was no heterogeneity across the trials, the implication of the 
results for the general population, including adults of both sexes, and for all ages and 
ethnicities is uncertain. The exclusion of studies in children or adolescents and patients 
with diabetes, in particular, may have affected the generalizability of our conclusions. 
Therefore, our conclusions are limited to nondiabetic adults. In addition, many people 
are exposed to fructose in their (long-term) regular diets. In longer and larger studies, 
subtle effects of fructose on peripheral insulin sensitivity may become apparent. Unex-
plained heterogeneity (inconsistency that could not be explained by sensitivity and sub-
group analyses) and imprecision in the effect estimates also contributed to uncertainty 
in the findings. Finally, most studies provided pure (free) fructose in higher doses than 
real-world human exposure; in 25 energy-matched studies (78%) and 13 hypercaloric 
studies (93%), the mean daily fructose dose was (much) higher than the mean USA in-
take of 49 g/day [250]. Our results were consistent across the vastly different fructose 
doses, but it will be of interest to determine whether there is a dose threshold for harm 
and to learn more about the adverse health effects of unbound fructose compared with 
those of other fructose-containing sugars such as sucrose or high-fructose corn syrup. 
Therefore, there is a need for high-quality studies at lower fructose doses over longer 
periods of time in both men and women to determine whether real-world fructose ex-
posure has adverse effects on insulin sensitivity and other metabolic variables and to 
determine recommended maximum intake.

Conclusions
Fructose consumption in an energy-matched exchange for other carbohydrates or in 
hypercaloric supplementation to a weight-maintenance control diet in short-term con-
trolled diet-intervention trials promotes the development of hepatic insulin resistance 
in nondiabetic adults. The data do not support meaningful effects of short-term isoca-
loric or hypercaloric fructose on fasting insulin concentrations, HOMA-IR, or peripheral 
or muscle insulin sensitivity. However, fructose raised fasting insulin and HOMA-IR in 
OffT2D subjects consuming a hypercaloric high-fructose diet. These conclusions are 
limited by the small sample sizes and short durations (mostly <60 days) of included 
trials but clearly illustrate the need for large, long-term randomized controlled studies 
to evaluate whether real-world fructose consumption has adverse effects on insulin sen-
sitivity and long-term outcomes.

Supplemental information to this chapter is available online (http://ajcn.nutrition.org/).




