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Aim: To assess and compare the effect of small doses of fructose and allulose on postprandial

blood glucose regulation in type 2 diabetes.

Methods: A double-blind, multiple-crossover, randomized, controlled, acute feeding, equiva-

lence trial in 24 participants with type 2 diabetes was conducted. Each participant was randomly

assigned six treatments separated by >1-week washouts. Treatments consisted of fructose or

allulose at 0 g (control), 5 g or 10 g added to a 75-g glucose solution. A standard 75-g oral glu-

cose tolerance test protocol was followed with blood samples at −30, 0, 30, 60, 90 and

120 minutes. The primary outcome measure was plasma glucose incremental area under the

curve (iAUC).

Results: Allulose significantly reduced plasma glucose iAUC by 8% at 10 g compared with 0 g

(717.4 � 38.3 vs. 777.5 � 39.9 mmol × min/L, P = 0.015) with a linear dose response gradient

between the reduction in plasma glucose iAUC and dose (P = 0.016). Allulose also significantly

reduced several related secondary and exploratory outcome measures at 5 g (plasma glucose

absolute mean and total AUC) and 10 g (plasma glucose absolute mean, absolute and incremen-

tal maximum concentration [Cmax], and total AUC) (P < .0125). There was no effect of fructose

at any dose. Although allulose showed statistically significant reductions in plasma glucose iAUC

compared with fructose at 5 g, 10 g and pooled doses, these reductions were within the pre-

specified equivalence margins of �20%.

Conclusion: Allulose, but not fructose, led to modest reductions in the postprandial blood glu-

cose response to oral glucose in individuals with type 2 diabetes. There is a need for long-term

randomized trials to confirm the sustainability of these improvements.

KEYWORDS

clinical trial, dietary intervention, dose–response relationship, glucose, metabolism, type

2 diabetes, randomized trial

Received: 12 March 2018 Revised: 14 May 2018 Accepted: 17 May 2018

DOI: 10.1111/dom.13374

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited and is not used for commercial purposes.

© 2018 The Authors. Diabetes, Obesity and Metabolism published by John Wiley & Sons Ltd.

Diabetes Obes Metab. 2018;1–10. wileyonlinelibrary.com/journal/dom 1

http://orcid.org/0000-0002-1040-6229
http://orcid.org/0000-0002-3270-5772
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/dom
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fdom.13374&domain=pdf&date_stamp=2018-06-25


New Investigator Partnership Prize, and

Banting & Best Diabetes Centre Sun Life

Financial New Investigator Award. Tate & Lyle

Ingredients Americas LLC contributed to the

design of the study but did not participate in

the conduct of the study; collection,

management, analysis, and interpretation of

the data; and preparation, review, approval of

the manuscript or decision to publish. None of

the other sponsors had a role in any aspect of

the present study, including design and

conduct of the study; collection, management,

analysis, and interpretation of the data; and

preparation, review, approval of the

manuscript or decision to publish.

1 | INTRODUCTION

Sugars have emerged as the dominant nutrient of concern in the epi-

demics of obesity and diabetes. The fructose moiety in particular has

been implicated as a potent driver of type 2 diabetes due to its unique

set of biochemical, metabolic and endocrine responses.1,2

A less appreciated body of research suggests that small doses (≤

10 g/meal) of fructose, at a level obtainable from fruit, may elicit a

catalytic effect on hepatic glucose metabolism by increasing glycogen

synthesis, as shown by 13C nuclear magnetic resonance (NMR) under

euglycaemic conditions in people without diabetes3 and decreasing

hepatic glucose output under hyperglycaemic clamp conditions in people

with type 2 diabetes.4 Clinical translation of these findings has shown

that small doses of fructose decrease the postprandial blood glucose

response to oral glucose in people with5 and without type 2 diabetes.6

Under chronic feeding conditions, fructose, in exchange for other carbo-

hydrates, has further been shown to decrease HbA1c in systematic

reviews and meta-analyses of controlled feeding trials.7,8 This apparent

benefit, however, is tempered by evidence that fructose providing excess

calories has an adverse effect on body weight,9 fasting blood glucose

levels and insulin sensitivity,8 fasting10,11 and postprandial12 triglycerides,

uric acid,13 and markers of non-alcoholic fatty liver disease (NAFLD).14

Identifying low-calorie alternatives to fructose that share its advan-

tages without its adverse effects is of interest. Allulose is a low-calorie

(<0.2 kcal/g) C-3 epimer of fructose found naturally in small amounts in

dried fruits, brown sugar and maple syrup that shares many of its func-

tional and sensory properties and is generally regarded as safe (GRAS)

as a sugar substitute by the Food and Drug Administration (FDA).15–18

It has shown similar catalytic effects on hepatic glucose metabolism in

cultured hepatocytes19,20 and animal models.21,22 Small doses of allu-

lose have also been shown to reduce the postprandial blood glucose

response to high glycaemic index carbohydrate meals in people who

are otherwise healthy23 or have prediabetes.24 Whether these effects

of allulose are reproducible and are equivalent to those of fructose in

people with type 2 diabetes is untested. The minimum dose at which

improvements in glucose metabolism are observed also remains to be

determined for both fructose and allulose in people with type 2 diabe-

tes. The aim of this double-blind, randomized, controlled, acute feeding

equivalence trial was to assess and compare the effects of small cata-

lytic doses (5, 10 g) of fructose and allulose on postprandial glucose reg-

ulation in response to a 75-g oral glucose tolerance test (75-g OGTT) in

individuals with type 2 diabetes.

2 | METHODS

2.1 | Participants

Recruitment took place from November 2015 to July 2016. Partici-

pants were included in the study if they met the following eligibility cri-

teria: aged 18 to 75 years, non-pregnant, non-smoker, BMI 18.5 to

35 kg/m2, well-controlled type 2 diabetes (HbA1c ≤ 58 mmol/mol

[7.5%]), on diet and/or antihyperglycaemic agents, not taking insulin,

and free of other major illnesses. Eligible participants provided informed

consent and received a financial reward for their participation. The

study protocol was approved by the St. Michael's Hospital Ethics

Review Board and registered on ClinicalTrials.gov (NCT02459834).

2.2 | Trial design

The trial followed a double-blind, randomized, controlled, acute feeding,

equivalence design with a ≥ 1-week washout period. Sequence ran-

domization of the six treatments was performed using a random

sequence generator.25 The study statistician who performed this ran-

domization was blinded to the identity of participants and did not have

contact with the participants or the data. There were two levels of allo-

cation concealment. First, the manufacturer of the treatments (Tate &

Lyle Ingredients Americas LLC, Hoffman Estates, Illinois) provided

unique codes for each of the six treatments. Second, the statistician

who was blinded to the identity of these codes used the codes to label

the packaging of the six treatments so that the treatments were only

distinguishable by the participant number and the visit number to which

they corresponded based on the randomization. The participants, study

staff, investigators and outcome assessors were blinded to the identity

of these treatment sequences. The two sets of blinding codes for each

participant were not broken until all participants had completed the

study and all analyses were completed.

2.3 | Treatments

Participants received a total of six treatment drinks (provided and

manufactured by Tate & Lyle Ingredients Americas LLC, Hoffman

Estates, Illinois) in random order: two control drinks and four test

drinks. Treatments consisted of fructose or allulose at 0 g (control),

5 g or 10 g added to a 75-g glucose solution dissolved in 500 mL of

water. The drinks were matched for appearance, sweetness, texture
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and packaging. Flavour and colour enhancements were used to mask

any differences.

2.4 | Protocol

The protocol followed the World Health Organization guidelines for

the administration of an OGTT.26 This study was conducted in an out-

patient setting at the Clinical Nutrition and Risk Factor Modification

Centre in St. Michael’s Hospital, Toronto, Canada. Participants arrived

at the study centre on six separate mornings following a 10 to

12 hours overnight fast. They were instructed to consume a minimum

of 150 g of carbohydrates each day over the 3 days prior to the study

visit, and maintain their regular dietary, exercise, and medication pat-

terns the evening before each study visit. Antihyperglycaemic medica-

tion use was discontinued on the morning of each study visit. To

ensure that fasting blood glucose was similar on each day, participants

provided a finger prick blood sample for the measurement of fasting

blood glucose using a point of care glucometer (Contour®Next EZ

blood glucose monitor, Bayer, New Jersey). If the fasting glucose value

fell outside �2 mmol/L of their initial screening value, or the average

value of all previous study visits for those who had attended two or

more visits, then participants were asked to return for another visit

the following week.27 If fasting blood glucose was acceptable, a regis-

tered nurse inserted a catheter into a forearm vein; the catheter was

secured by tape and kept patent by saline. Two samples were col-

lected in the fasting state: one at −30 minutes and the other at

0 minutes. One of the six treatment drinks was then administered in

random order with instructions to consume it at a constant rate over

5 minutes. Additional blood samples were drawn at 30, 60, 90 and

120 minutes after the start of the treatment.

2.5 | Outcome measures

The pre-specified primary outcome measure was the incremental area

under the curve (iAUC) for plasma glucose. Pre-specified secondary

outcome measures included plasma insulin iAUC, plasma glucose and

insulin absolute maximum concentrations (Cmax), time of maximum

concentrations (Tmax), and mean incremental concentrations; the Mat-

suda whole body insulin sensitivity index (Matsuda ISIOGTT); and the

early insulin secretion index (ΔPI30–0/ΔPG30–0). Exploratory outcome

measures which were not pre-specified included plasma glucose and

insulin total AUC, incremental Cmax, and mean absolute concentra-

tions; and the insulin secretion-sensitivity index-2 (ISSI-2).

2.6 | Plasma glucose and insulin analyses

Blood samples for glucose and insulin were collected in fluoride oxa-

late and EDTA tubes, respectively, with plasma separated by centri-

fuge and immediately frozen at –72�C. Mount Sinai Services Inc.

performed analyses of plasma glucose using the hexokinase

method28,29 and plasma insulin using the electrochemiluminescence

immunoassay.30

2.7 | Calculations

Plasma glucose and insulin concentrations at −30 and 0 minutes were

averaged to provide a single measurement of fasting glucose and fast-

ing insulin. Total AUC and iAUC (which ignored values below the fast-

ing value) were calculated geometrically using the trapezoidal rule for

plasma glucose and insulin for each participant.31 The early insulin

secretion index (ΔPI30–0/ΔPG30–0) is a measure of insulin secretion

derived from the early period of the OGTT. It was calculated as the

change in plasma insulin (PI) from 0 to 30 minutes divided by the

change in plasma glucose (PG) over the same period.32 The Matsuda

ISIOGTT is an OGTT-derived measure of whole-body insulin sensitivity

that has been validated against the euglycaemic insulin clamp tech-

nique.33 It was calculated using the 75-g OGTT PG and PI concentra-

tions as follows: √ (fasting PG × fasting PI × mean PG × mean PI),

where PG was expressed in mg/dL (1/18 mmol/L) and PI in μU/mL

(6 pmol/L). ISSI-2 is an OGTT-derived measure of β-cell function that

has been validated against the disposition index from the frequently

sampled intravenous glucose tolerance.34 It was calculated by taking

the product of (1) insulin secretion as measured by the ratio of the

total area-under-the-insulin-curve (AUCins) to the total area-under-

the-glucose curve (AUCglu), and (2) insulin sensitivity as measured by

the Matsuda ISIOGTT. ISSI-2 was calculated using SI units for AUCins,

AUCglu and Matsuda ISIOGTT, such that ISSI-2 = total AUCins/glu x Mat-

suda ISIOGTT.

2.8 | Statistical analysis

Statistical analyses were performed using STATA 13.1 (StataCorp LP,

College Station, Texas). Based on a 20% attrition rate, 25 participants

were needed to achieve a final sample size of n = 20 to detect a dif-

ference in iAUC plasma glucose of 160 mmol × min/L (based on a

20% reduction from 800 mmol × min/L) assuming a standard devia-

tion of 130 mmol × min/L with 90% power (1-β = 90%).35 The sample

size also provided 80% power (1-β = 80%) to detect equivalence in

the iAUC plasma glucose differences between fructose and allulose

using margins of �20% assuming a standard deviation of 16.25%

(130/800 mmol × min/L*100%).36 The 20% difference and equiva-

lence margins were based on the minimally important difference pro-

posed by Health Canada to support postprandial blood glucose

response reduction claims.36 Participants were excluded from analysis

if fasting plasma glucose values at one or more study visits fell outside

of the pre-specified tolerance limit of �2 mmol/L of the baseline fast-

ing plasma glucose value (defined as the mean of all six study visits).

Separate analyses were conducted for fructose and allulose with

the data averaged for the two controls (0 g) for comparisons with the

two other doses (5, 10 g). Linear mixed-effects models were used to

assess differences in all outcome measures with unstructured covari-

ance for repeated measures within subjects. Although it had been pre-

specified to use repeated measures of ANOVA with the Dunnett’s

test to adjust for the pairwise comparisons between each dose

(5, 10 g) and the mean of the two controls (0 g) for fructose and allu-

lose, linear mixed-effects models were selected because they allowed

for the handling of missing data, fitting of the correlation between

repeated measures in the same subject, and modelling of time,
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sequence, and carryover effects.37,38 The interactive effects of treat-

ment and time (0, 30, 60, 90 and 120 minutes) on mean incremental

changes in plasma glucose and insulin were assessed. Significant inter-

actions were explored at individual time points. Linear dose–response

relationships were assessed using a continuous exposure variable in

the mixed-effects model, while departures from linearity were

assessed by comparing the linear dose model with the categorical

dose model using a likelihood ratio test. Equivalence testing was con-

ducted using the two one-sided test (TOST) procedure by determining

whether the upper and lower bounds of the 90% CI for the effect of

allulose on iAUC for plasma glucose fell within the equivalence mar-

gins (� δ) set at �20%.36 An equivalence test was chosen instead of a

traditional comparative test to allow assessment of whether any dif-

ferences between allulose and fructose were not just statistically sig-

nificant but clinically significant based on the minimally important

difference set by Health Canada to support postprandial blood glu-

cose response reduction claims.36 Subgroup analyses were conducted

using linear mixed-effects models with interaction terms. Significance

for the primary outcome measure was established at P < .05. To

reduce the false discovery rate, secondary and exploratory outcome

measures were evaluated at P < .0125. This alpha level was chosen by

dividing α = 0.05/4 to adjust for the multiplicity of testing across the

four broad domains of secondary and exploratory outcomes (glucose

response, insulin response, insulin resistance and insulin secretion)

within which results would be expected to be correlated. All data are

presented as mean � standard error of the mean (SEM), unless speci-

fied otherwise.

3 | RESULTS

3.1 | Flow of study participants

Figure S1 (see the supporting information for this article) shows the

flow of study participants. Two hundred and thirty-eight participants

were assessed for eligibility, of whom 27 were randomized. Of these,

24 participants were included in the final analysis as two participants

were unable to complete the trial due to work conflicts, and one par-

ticipant was excluded from analysis due to fasting plasma glucose

values at one or more study visits exceeding �2 mmol/L of their aver-

age value from all six study visits.

3.2 | Participants' characteristics

Table 1 details the participants' characteristics. Twenty-four partici-

pants with type 2 diabetes (aged 66 � 1.2 years; BMI 27.0 � 0.9 kg/

m2; diabetes duration 11.3 � 1.7 years; HbA1c 50.0 � 1.3 mmol/mol

[6.7 � 0.1%]) were analysed. Diabetes was managed with diet alone

(n = 5), metformin (n = 8), or metformin plus a second-line therapy

(n = 11). Second-line therapies included DPP-4 inhibitors (n = 6),

sulfonylureas (n = 3), thiazolidinediones (n = 1) and SGLT-2 inhibi-

tors (n = 1).

3.3 | Primary outcome measure

Figures 1A and S4A show the effect of fructose at 0 g (control),

5 g and 10 g on the postprandial plasma glucose iAUC response to a

75-g OGTT. Pairwise comparisons showed that fructose at 5 g and

10 g did not have a significant effect on the plasma glucose iAUC

response (P > .05) compared with 0 g (control). No significant linear or

non-linear dose responses were identified (P > .05).

Figures 1B and S4B show the effect of allulose at 0 g (control),

5 g and 10 g on the postprandial plasma glucose iAUC response to a

75-g OGTT. Pairwise comparisons showed that allulose at 10 g signifi-

cantly reduced the plasma glucose iAUC response to the 75-g OGTT

by 8% compared with 0 g (control) (717.4 � 38.3 vs. 777.5 � 39.9

mmol × min/L, P = 0.015), while the 5-g dose was of borderline signif-

icance (P = 0.051). A significant linear dose response gradient was

shown between the reduction in plasma glucose iAUC and dose

(P = 0.016). No significant non-linear dose threshold was identi-

fied (P > .05).

3.4 | Secondary and exploratory outcome measures

Figures 2A and S5–7 and Table S1 show the effect of fructose at 0 g

(control), 5 g and 10 g on the 75-g OGTT derived secondary and

exploratory outcome measures. Pairwise comparisons did not show a

significant effect of fructose and no significant linear or non-linear

dose responses were identified for any of the secondary or explor-

atory outcome measures (P > .0125).

Figures 2B and S8–10 and Table S2 show the effect of allulose at

0 g (control), 5 g and 10 g on the 75-g OGTT derived secondary and

exploratory outcome measures. Pairwise comparisons showed that

allulose significantly reduced plasma glucose absolute mean

(13.0 � 0.6 vs. 13.6 � 0.5 mmol/L, P = 0.002) and total AUC

(1615.7 � 67.6 vs. 1694.1 � 57.8 mmol × min/L, P = 0.003) at 5 g,

and plasma glucose absolute mean (12.9 � 0.5 vs. 13.6 � 0.5 mmol/L,

P = 0.001), absolute (16.1 � 0.7 vs. 17.5 � 0.6 mmol/L, P < .001) and

incremental (8.7 � 0.5 vs. 9.8 � 0.5 mmol/L, P < .001) Cmax and total

TABLE 1 Participants' characteristics

Characteristics Type 2 diabetes

Sex, M/F 12/12

Age, years 66 � 1.2

Weight, kg 76.2 � 3.7

BMI, kg/m2 27.0 � 0.9

Diabetes duration, years 11.3 � 1.7

HbA1c, % 6.7 � 0.1

HbA1c, mmol/mol 50.0 � 1.3

Fasting blood glucose, mmol/L 6.9 � 0.2

Diabetes therapy

Diet alone 5

Metformin only 8

Metformin + DPP-4 inhibitor 6

Metformin + sulfonylurea 3

Metformin + thiazolidinedione 1

Metformin + SGLT-2 inhibitor 1

Data reported as mean � SEM.
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AUC (1607.7 � 59.3 vs. 1694.1 � 57.8 mmol × min/L) at 10 g com-

pared with 0 g (control) (P < .0125). A significant linear dose response

gradient was shown for plasma glucose absolute (P < .0001) and incre-

mental (P < .0001) Cmax, total AUC (P = 0.002) and absolute mean

(P = 0.001). No significant non-linear dose thresholds were identified

(P > .0125).

3.5 | Equivalence assessment

Figure 3 shows results of the equivalence test comparing the effect of

allulose with fructose on iAUC for plasma glucose. Although allulose

showed statistically significant reductions compared with fructose at

5 g (MD = −7.47% [90% CI: −13.02% to −1.93%]), 10 g

(MD = −7.36% [90% CI: −14.32% to −0.40%] and pooled doses

(MD = −7.42% [90% CI: −11.91% to −2.92%]), these reductions were

within the pre-specified equivalence margins of �20%.

3.6 | Subgroup analyses

Figures S11 and S12 show the subgroup analyses of the pooled effect

of fructose and allulose, respectively, on plasma glucose iAUC com-

pared to control (0 g). Self-reported ethnicity was a significant effect

modifier of the effect of fructose (P = 0.02), and baseline 2 h-plasma

glucose (2hPG) during the 75-g OGTT (P = 0.02) and type of back-

ground diabetes therapy (P = 0.03) were significant effect modifiers

of the effect of allulose.

3.7 | Side effects

Most participants tolerated the treatments well. There was one report

of nausea and one report of a slight headache following consumption

of the 75-g OGTT + 10 g fructose, which subsided by the end of the

study visit.

4 | DISCUSSION

4.1 | Summary of findings

A double-blind, randomized, controlled, acute feeding, equivalence

trial of the effect of small catalytic doses (5 g and 10 g) of fructose

and allulose on postprandial blood glucose regulation in response to

oral glucose based on a 75-g OGTT in individuals with well-controlled

type 2 diabetes was conducted. The 10-g dose of allulose resulted in

a modest lowering in the postprandial blood glucose response to oral

glucose with a linear dose–response gradient over 0–10 g. There was
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75-g OGTT + 0 g allulose (control) 777.5 ± 39.9

729.3 ± 44.9

717.4 ± 38.3

−48.1 (24.7)

−60.1 (24.7)

0.051
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iAUC PG,
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0 g vs. 5 g, p-value

0 g vs. 10 g, p-value

0 g vs. 5 g, contrast (SE)

75-g OGTT + 5 g allulose

Treatment effect: p = 0.891
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Interaction: p = 0.944

Treatment effect: p = 0.920
Time effect: p < 0.0001
Interaction: p = 0.437

(A)
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*

FIGURE 1 A, Effect of small doses of fructose on incremental change and incremental area under the curve (iAUC) for plasma glucose

(PG) following consumption of 75-g OGTT + 0 g fructose (control), 75-g OGTT + 5 g fructose and 75-g OGTT + 10 g fructose in 24 participants
with type 2 diabetes. Mean fasting glucose concentrations were similar prior to consumption of 75-g OGTT (control), 75-g OGTT + 5 g fructose
and 75-g OGTT + 10 g fructose at 7.64 � 0.25, 7.61 � 0.27 and 7.49 � 0.26 mmol/L, respectively (P > .05, linear mixed-effects models); B,

effect of small doses of allulose on incremental change and incremental area under the curve (iAUC) for PG following consumption of 75-g OGTT
+ 0 g allulose (control), 75-g OGTT + 5 g allulose and 75-g OGTT + 10 g allulose in 24 participants with type 2 diabetes. Mean fasting glucose
concentrations were similar prior to consumption of 75-g OGTT (control), 75-g OGTT + 5 g allulose and 75-g OGTT + 10 g allulose at
7.64 � 0.25, 7.39 � 0.27 and 7.42 � 0.29 mmol/L, respectively (P > .05, linear mixed-effects models). *Represents a statistically significant
difference (P < .05, linear mixed-effects models) compared with control (0 g). Data reported as mean � SEM
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no effect on measures of insulin resistance or secretion. The 5-g and

10-g doses of fructose did not have a significant effect on any out-

come measures of postprandial blood glucose regulation. Although

allulose significantly reduced the postprandial blood glucose response

at 5 g, 10 g and pooled doses when compared with fructose, these

reductions were within the pre-specified equivalence margins

of �20%.

4.2 | Findings in the context of previous literature

The presence of a catalytic effect with fructose in decreasing the

postprandial blood glucose response to a glucose load was not shown.

It was previously shown that 7.5 g fructose significantly reduced the

3-h plasma glucose iAUC response to a 75-g oral glucose load by 14%

in individuals with type 2 diabetes.5 This study was unable to repro-

duce those findings with 5 g and 10 g fructose. Potential sources of

discrepancy between the previous trial and the current trial include:

follow-up duration (3 vs. 2 hours), sample size (n = 5 vs. n = 24), han-

dling of medications (discontinued 5 days prior to treatment vs. on

the morning of the treatment), participant age (42 � 5 years

vs. 66 � 1.2 years), participant BMI (42 � 4 kg/m2 vs. 27 � 0.9 kg/

m2) and HbA1c (8.5 � 0.5% vs. 6.7 � 0.1%). In a study conducted in

11 healthy participants, 7.5 g fructose reduced the iAUC plasma glu-

cose response by 19% to a 75-g oral glucose challenge.6 However, a

follow-up study which assessed the timing of fructose administration

in 31 healthy participants failed to show postprandial blood glucose

reduction when 10 g fructose was consumed with an instant mashed

potato meal (50 g available carbohydrate). Instead, postprandial blood

glucose reductions of 25% and 27% were observed only when fruc-

tose was consumed 60 or 30 minutes prior to the meal load, respec-

tively.39 It could be possible that although a catalytic effect from

fructose was not observed in the current trial, fructose administration

prior to (instead of with) the 75-g oral glucose challenge may reduce

the postprandial blood glucose response in individuals with type

2 diabetes.

A catalytic effect of allulose was confirmed in decreasing the

postprandial blood glucose response to oral glucose, particularly in

individuals with poorer glucose tolerance (75-g OGTT 2-h PG ≥ 11.1

mmol/L). A study in 20 healthy subjects found that 5 g and 7.5 g

allulose reduced the postprandial blood glucose response by ~22%

and ~32%, and insulinaemic response by ~28% and ~31%,
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FIGURE 2 A, Effect of small doses of fructose on incremental change and incremental area under the curve (iAUC) for plasma insulin

(PI) following consumption of 75-g OGTT + 0 g fructose (control), 75-g OGTT + 5 g fructose and 75-g OGTT + 10 g fructose in 24 participants
with type 2 diabetes. Mean fasting insulin concentrations were similar prior to consumption of 75-g OGTT + 0 g fructose (control), 75-g OGTT
+ 5 g fructose and 75-g OGTT + 10 g fructose at 79.4 � 12.1, 82.7 � 12.9 and 81.4 � 10.0 pmol/L, respectively (P > .05, linear mixed-effects
models); B, effect of small doses of allulose on incremental change and incremental area under the curve (iAUC) for PI following consumption of
75-g OGTT + 0 g allulose (control), 75-g OGTT + 5 g allulose and 75-g OGTT + 10 g allulose in 24 participants with type 2 diabetes. Mean fasting
insulin concentrations were similar prior to consumption of 75-g OGTT + 0 g allulose (control), 75-g OGTT + 5 g allulose and 75-g OGTT + 10 g
allulose at 79.4 � 12.1, 80.6 � 11.9 and 74.1 � 8.7, respectively (P > .05, linear mixed-effects models). *Represents a statistically significant
difference (P < .0125, linear mixed-effects models) compared with control (0 g). p-values correspond to log-transformed data due to non-normal
distribution of residuals. Data reported as mean � SEM
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respectively, to a 75-g maltodextrin challenge.23 In a separate study,

when 11 healthy participants consumed 5 g allulose-sweetened tea

with a standard meal load, no significant differences were found in

postprandial glucose and insulin responses when compared to con-

sumption of the same meal load with 10 mg aspartame-sweetened

tea.24 However, in the same study, when 15 participants with predia-

betes were analysed, 5 g allulose-sweetened tea resulted in ~14%

reduction in postprandial blood glucose response to the standard meal

load compared with aspartame-sweetened tea.

4.3 | Potential mechanism of action

The mechanism by which allulose reduces the postprandial blood glu-

cose response to an oral glucose load is unclear. One possibility is

enhanced glucose-stimulated insulin secretion by allulose. This mecha-

nism was not supported by the trial's data as allulose failed to show a

significant effect on plasma insulin iAUC responses, the insulin secre-

tion index (ΔPI30–0/ΔPG30–0), or the ISSI-2.

Another possibility is reduced intestinal absorption of glucose in

the presence of allulose. Glucose and allulose pass through different

transporters (SGLT1 and GLUT2, respectively) as they move from the

intestinal lumen to the apical membrane of the enterocyte. However,

they utilize the same transporter (GLUT2) as they pass from the baso-

lateral membrane of the enterocyte to the portal circulation.40 It has

been suggested that allulose may competitively inhibit the transport

of glucose at the basolateral GLUT2 transporter. Support for this

hypothesis is provided from experiments conducted in Caco-2 mono-

layer cell lines where the addition of 30 mM allulose to 30 mM glu-

cose reduced glucose permeability by 60%.41 No studies have been

conducted in humans to confirm this mechanism.

There has also been some suggestion that allulose may reduce

the postprandial blood glucose response by enhancing hepatic glucose

uptake. Hepatic glucokinase activity is decreased in some individuals

with type 2 diabetes.42,43 Phosphorylation of glucose by glucokinase

is a rate-determining step in hepatic glucose metabolism. Glucokinase

is inhibited by glucokinase regulatory protein (GKRP), and this action

is enhanced in the presence of fructose-6-phosphate. Under fasting

conditions, hepatic glucokinase is localized primarily in the nucleus,

where it is bound to the glucokinase regulatory protein (GKRP) and

fructose-6-phosphate. In the postprandial state (presence of allulose

and glucose), allulose is phosphorylated to allulose-1-phosphate by an

enzyme called ketohexokinase. Allulose-1-phosphate competes with

fructose-6-phosphate from GKRP. This enables the liberated and acti-

vated glucokinase to translocate from the nucleus to the cytosol,

where it can drive hepatic glucose uptake, promote glycogen synthe-

sis, suppress hepatic glucose output and reduce plasma glucose

levels.40 In support of this hypothesis, immunohistochemical analyses

in allulose-fed rats have shown induction of glucokinase translocation

from the nucleus to the cytoplasm and an increased amount of

hepatic glycogen content after glucose loading.22,44 No studies have

been conducted in humans to confirm this mechanism.

4.4 | Implications

The implications of these findings are that allulose may be a useful

substitute for sugars, especially when consumed as part of high gly-

caemic index carbohydrate foods. Allulose tastes ~70% as sweet as

sucrose and contains 90% fewer calories. When consumed alone, allu-

lose does not raise blood glucose and insulin levels in healthy individ-

uals.23 The current study, along with a previous study in participants

with prediabetes, has shown that the addition of small doses of allu-

lose also helps to lower the postprandial blood glucose response to

high glycaemic index carbohydrate meals (i.e. 75-g OGTT or standard

Japanese meal) by ~8% to 14%.24 This decrease is modest when com-

pared to an oral antihyperglycaemic agent such as acarbose, which

has shown reductions of ~31% to 58% on postprandial glycaemia

when administered with a meal load.45,46

4.5 | Strengths and limitations

This acute trial had several strengths. These included the randomized

double-blind controlled design, which provides the best protection

against bias; a crossover design, which allows each participant to act

as their own control thus reducing between-subject variation; a

Dose % difference plasma glucose iAUC MD [90% CI] 

7 42 [ 11 91 2 92]Pooled (5g + 10g) - . - . , - .

]04.0-,23.41-[63.7-g01

5g -7.47 [-13.02, -1.93]

30 20 10 0 10 20 30- - -

(%) Favours fructoseFavours allulose -δ +δ(%)

FIGURE 3 Equivalence assessment comparing the effect of allulose with fructose on plasma glucose incremental area under the curve (iAUC); %

difference plasma glucose iAUC = [(alluloseiAUCglucose/controliAUCglucose) – (fructoseiAUCglucose/controliAUCglucose)] × 100%. Equivalence margins
(+δ, −δ) were set at −20%, +20%. If the 90% CIs completely fell within the equivalence margins, then allulose was considered equivalent to
fructose. If either the upper or lower bound of the 90% CI fell outside the equivalence margins, then the assessment was considered inconclusive.
If the 90% CIs fell either completely above or completely below the equivalence margins, then allulose was considered inferior or superior to
fructose, respectively
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reliable estimate of fasting glucose and insulin based on the mean of

two fasting samples at −30 and 0 minutes; and a reliable estimate of

the comparator based on the mean of two separate controls (0 g).

This acute trial also had several limitations. First, the 2 hours

duration of the OGTTs may not have been long enough to detect

meaningful differences in postprandial glucose and insulin responses,

as individuals with type 2 diabetes typically return to baseline after

3 hours or longer.47–49 Second, the trial was not designed to examine

the mechanism(s) by which allulose reduced the postprandial blood

glucose response to an oral glucose load. Third, although a significant

linear dose response for allulose was found, the doses examined may

have been too few or insufficient to detect dose–response gradients

or thresholds. Finally, the acute design of the trial creates uncertainty

as to whether the reductions in the postprandial blood glucose

response seen with allulose will manifest as sustainable improvements

in glycaemic control (i.e. HbA1c) over the long term.

In conclusion, it was shown that allulose, but not fructose, mod-

estly reduced the postprandial blood glucose response to an oral glu-

cose load, showing a linear dose response gradient over 0 to 10 g in

individuals with type 2 diabetes. There is a need for long-term ran-

domized trials to confirm whether these acute reductions in postpran-

dial blood glucose will lead to sustainable improvements in glycaemic

control.
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