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ABSTRACT
Introduction Current dietary guidelines recommend 
limiting sugar intake for the prevention of diabetes 
mellitus (DM). Reduction in sugar intake may require sugar 
substitutes. Among these, D- allulose is a non- calorie rare 
monosaccharide with 70% sweetness of sucrose, which 
has shown anti- DM effects in Asian populations. However, 
there is limited data on the effects of D- allulose in other 
populations, including Westerners.
Research design and methods This was a prospective, 
randomized, double- blind, placebo- controlled, crossover 
study conducted in 30 subjects without DM. Study 
participants were given a standard oral (50 g) sucrose load 
and randomized to placebo or escalating doses of D- allulose 
(2.5, 5.0, 7.5, 10.0 g). Subjects crossed- over to the alternate 
study treatment after 7–14 days of wash out. Plasma glucose 
and insulin levels were measured at five time points: before 
and at 30, 60, 90 and 120 min after ingestion.
Results D- allulose was associated with a dose- dependent 
reduction of plasma glucose at 30 min compared with 
placebo. In particular, glucose was significantly lower with 
the 7.5 g (mean difference: 11; 95% CI 3 to 19; p=0.005) 
and 10 g (mean difference: 12; 95% CI 4 to 20; p=0.002) 
doses. Although glucose was not reduced at the other time 
points, there was a dose- dependent reduction in glucose 
excursion compared with placebo, which was significant with 
the 10 g dose (p=0.023). Accordingly, at 30 min D- allulose 
was associated with a trend towards lower insulin levels 
compared with placebo, which was significant with the 10 
g dose (mean difference: 14; 95% CI 4 to 25; p=0.006). 
D- allulose did not reduce insulin at any other time point, but 
there was a significant dose- dependent reduction in insulin 
excursion compared with placebo (p=0.028), which was 
significant with the 10 g dose (p=0.002).
Conclusions This is the largest study assessing the 
effects of D- allulose in Westerners demonstrating an 
early dose- dependent reduction in plasma glucose and 
insulin levels as well as decreased postprandial glucose 
and insulin excursion in subjects without DM. These pilot 
observations set the basis for large- scale investigations to 
support the anti- DM effects of D- allulose.
Trial registration number NCT02714413.

Significance of this study

What is already known about this subject?
 ► D- allulose is defined one of the rare sugars, 
which has been shown in animal and clinical 
studies, conducted mostly in Asian populations, 
to have postprandial plasma glucose suppres-
sive effects with antiobesity and antidiabetic  
effects.

What are the new findings?
 ► Our study showed that D- allulose administered in 
addition to a standard sucrose load led to a dose- 
dependent reduction of plasma glucose at 30 min 
compared with placebo with a dose- dependent re-
duction in plasma glucose excursion.

 ► The effects of D- allulose on insulin levels and in-
sulin excursion were similar to those on plasma 
glucose.

 ► D- allulose effects appeared to be consistent in both 
white and African- American subjects.

 ► The administration of escalating doses of D- allulose 
appeared to be safe.

How might these results change the focus of 
research or clinical practice?

 ► The results of our investigation can set the basis 
for the potential use of D- allulose in a population 
where reduction of added sugar is of paramount 
importance.

 ► The present study suggests that adding 5–10 g of 
D- allulose to 50 g of sugar is sufficient to reduce the 
postprandial glycemia attributed to sugar.

 ► This ratio of D- allulose to sugar content is consistent 
with the composition of the currently marketed rare 
sugar syrup and is well tolerated.

 ► Future studies should explore more in depth the un-
derlying mechanisms by which D- allulose reduces 
glucose and insulin levels as well as its long- term 
effects, including its potential to impact clinically 
meaningful outcomes.

http://drc.bmj.com/
http://orcid.org/0000-0001-8503-5736
http://crossmark.crossref.org/dialog/?doi=10.1136/bmjdrc-2020-001939&domain=pdf&date_stamp=2021-02-26
NCT02714413
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INTRODUCTION
Although dieting is the cornerstone of weight manage-
ment, the optimal mix of diet to facilitate weight loss 
and maximize the health benefits remains controver-
sial. With the rapid increase in the prevalence of obesity 
worldwide, there is urgency in identifying an effective 
and safe diet for body weight reduction.1 While low fat 
diet has been the traditional cornerstone of the dietary 
guidelines of various national and international societies, 
there is increased popular attraction to low carbohydrate 
diets.2–6 More importantly, there is growing evidence 
for potential health benefits of low glycemic foods, and 
glycemic load is the best quantitative variable that can 
be correlated with clinical outcomes, including coronary 
artery disease, breast cancer and type 2 diabetes mellitus 
(DM).7 Notably, a substantial portion of glycemic load in 
western diets is attributed to added caloric sweeteners in 
the diet, which has been steadily increasing over the last 
four decades and associated with development of meta-
bolic syndrome and type 2 DM.8 9

Individuals in the USA consume a substantial propor-
tion of their total energy as added sugars. Unlike most 
other carbohydrates, added sugars alone contribute no 
nutrients other than energy and are easily modifiable. 
The mechanism through which the dysmetabolic effects 
of carbohydrates occur is not completely understood. 
Studies suggest that these effects could be mediated by 
fructose, a monosaccharide comprising 50% of table 
sugar. Fructose has been shown to increase de novo lipo-
genesis in the liver, hepatic triglyceride synthesis and 
increase secretion of very low- density lipoproteins. Fruc-
tose also appears to decrease the peripheral clearance 
of lipids.10 These findings support the current dietary 
guidelines that encourage consumers to limit their intake 
of added sugar.10–13

Drastic reductions in the consumption of sugar may 
necessitate the use of sugar substitutes. Reduced calorie 
sweeteners and non- nutritive sweeteners currently 
approved by the US Food and Drug Administration (FDA) 
have limitations and have not proven to confer metabolic 
benefits. This underscores the need for a sugar substitute 
that is safe, palatable and has favorable effects on energy 
metabolism and overall glucose homeostasis.14 15

D- allulose, also referred to in the literature as D- psi-
cose, a C-3 epimer of D- fructose, is defined one of the 
rare sugars since it is rarely found in nature. It is present 
in small quantities in commercial mixtures of D- glucose 
and D- fructose obtained from hydrolysis of sucrose or 
isomerization of D- glucose.16 D- allulose is a non- calorie 
monosaccharide, which has approximately 70% sweet-
ness of sucrose. Animal and clinical studies have shown 
postprandial plasma glucose suppressive effects with 
antiobesity and antidiabetic effects.17–27 However, to 
date, clinical studies have been conducted mostly in 
Asian populations and there are still insufficient data to 
confirm the efficacy of pure D- allulose in Western popu-
lations, including white and African- American. The aim 

of this study was to address the efficacy of D- allulose in 
reducing postprandial blood glucose level in a random 
sample of a US population.

METHODS
Study design and participants
This was a single- center, prospective, randomized, double- 
blind, placebo- controlled crossover study evaluating the 
effects of pure D- allulose ingestion on the glucose and 
insulin response to a standardized oral glucose load in 
a non- selected US population. The study was performed 
at the University of Florida Health- Jacksonville (Jackson-
ville, Florida, USA). Subjects between 18 and 70 years 
of age, a body mass index (BMI) between 20 an 40 kg/
m2, without a diagnosis of DM and a hemoglobin A1c 
(HbA1c) <5.8% were recruited from the community as 
well as from clinically stable ambulatory patients. Details 
on study inclusion and exclusion criteria are provided in 
the online supplemental material 1.

After providing written informed consent, subjects 
meeting inclusion/exclusion criteria were given a food 
diary along with instructions on how this should be filled, 
and were scheduled to return to complete screening 
within 7 days. Prior to the continuation of screening, 
study subjects completed overnight fasting of at least 8 
hours, after which screening labs were collected. Eligible 
subjects were asked to bring their 72- hour food diary for 
evaluation by a dietitian. An individualized diet plan was 
provided, which consisted of 50%–65% of the subject’s 
caloric needs from carbohydrates, which was followed 
throughout the whole course of the study. Subjects were 
asked to come back for a total of five treatment visits and 
were randomly assigned to sequentially receive varying 
amounts of D- allulose (2.5, 5, 7.5, 10 g), or placebo (water) 
given in a random order in addition to a standardized 
oral sucrose load of 50 g. In order to limit the possibility 
of carry- over effect, patients were randomized to different 
treatment sequences. In each sequence, all four doses 
were present only one time and were administered in a 
different order. A washout period of 1–2 weeks was done 
between each visit. At each visit, all administered sugars 
(sucrose plus D- allulose/placebo), which were not distin-
guishable by flavor, were dissolved in 300 mL of water to 
be consumed within 10 min. Randomized treatment was 
prepared by a research pharmacist, in order to maintain 
double- blinding. Blood draws were obtained at five time 
points for measurement of blood glucose (mg/dL) and 
insulin levels (μU/L): before (after overnight fasting) 
and 30, 60, 90 and 120 min after sucrose plus D- allulose/
placebo. All blood tests were carried out at Central Labs 
of UF Health Jacksonville using the blood collection tubes 
recommended by these labs. At each treatment visit, body 
weight and height were measured and BMI calculated, 
and food diary was reviewed to ensure adherence to the 
provided diet plan. A flow diagram of the study design is 
illustrated in figure 1.

https://dx.doi.org/10.1136/bmjdrc-2020-001939
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Study end points, sample size and statistical analysis
The end point of our study was the comparison between 
placebo and different dosing of D- allulose of (1) blood 
glucose and insulin concentrations at different time 
points, (2) blood glucose and insulin excursion and (3) 
area under the concentration- time curve (AUC) for blood 
glucose and insulin. As there were no preliminary data in 
Westerners, based on previous studies in Asian subjects 
showing that a number of 20 subjects was sufficient to 
detect statistically significant differences when D- allu-
lose effect was compared with placebo,19 we planned to 
randomize a total of 30 subjects. This would allow for up 
to 25% drop out, as well as to account for higher effects 
of variability within our population.

For baseline characteristics, continuous variables 
are presented as mean±SD and categorical variables 
as frequency (%). Treatment effects were evaluated 
comparing parameters observed in the overall patient 
population after each dose regardless of the sequence. 
Comparisons of plasma glucose and insulin among doses 
at each time point were performed using a linear mixed- 
effect model with treatment group as fixed effect, and 
study subject as a random effect. Given the nature of 
the study, no adjustment for multiple comparisons was 
performed. Glucose and insulin excursion were calcu-
lated as the difference between the highest achieved 
value after sugar load and baseline. Differences in 
excursion among dosing was calculated with a mixed- 
effect model. An exploratory analysis was performed to 
evaluate the effects of race (white vs African- American) 
on D- allulose effects using a mixed model with treat-
ment group, race and group by race interaction as fixed 
effects, and subject as a random effect. These results are 

reported as mean and 95% CI. AUC was measured by the 
trapezoidal method and compared with an analysis of 
variance methods. Results are reported as mean±SD. A p 
value <0.05 was considered to be statistically significant. 
Statistical analysis was performed with SPSS V.24 software 
(SPSS). Any adverse event reported by subjects during 
the study time course was recorded.

The first and last authors had full access to all data in 
the study and take responsibility for their integrity and 
the data analysis.

RESULTS
Between August 2016 and January 2017, a total of 50 
subjects were identified and consented to participate 
in the study. Of these, 17 subjects were screen failure 
because of HbA1c ≥5.8, and 3 subjects withdrew consent 
before randomization. Therefore, a total of 30 subjects 
were randomized to study treatment. One subject with-
drew consent after visit 4, and thus data were not avail-
able for visit 5. Baseline characteristics are reported in 
table 1. No serious adverse events occurred during the 
study time course. Two patients had minor adverse events 
(one patient had a vasovagal reaction after intravenous 
insertion and one patient reported loose stools 24 hours 
after sucrose plus placebo administration) that did not 
lead to study withdrawal.

D- allulose was associated with a dose- dependent reduc-
tion of plasma glucose at 30 min compared with placebo 
(across groups p=0.016; figure 2). In particular, there was 
a trend towards reduction of plasma glucose with the 5 
g dose (p=0.093), which was significantly lower with the 
7.5 g (mean difference: 11; 95% CI 3 to 19; p=0.005) 

Figure 1 Study design.
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and 10 g (mean difference: 12; 95% CI 4 to 20; p=0.002) 
doses compared with placebo. Although plasma glucose 
was not reduced at the other time points, there was a 
dose- dependent reduction in plasma glucose excursion 

compared with placebo, which was significant with the 
10 g dose (p=0.023). AUC for blood glucose was similar 
among groups (p=0.96; figure 3A).

In line with blood glucose findings, D- allulose was 
associated with a trend towards lower insulin levels at 
30 min compared with placebo (across groups p=0.054; 
figure 4), which was significant with the 10 g dose (mean 
difference: 14; 95% CI 4 to 25; p=0.006). D- allulose- 
related reduction in insulin levels did not reach statis-
tical significance at any other time point, but there was 
a significant dose- dependent reduction in insulin excur-
sion compared with placebo (p=0.028), which was signif-
icant with the 10 g dose (p=0.002). AUC for insulin was 
similar among groups (p=0.40; figure 3B).

The exploratory analysis comparing white (n=16) and 
African- American (n=5) subjects showed no treatment 
by race interaction at each time point for both plasma 
glucose and insulin levels (p for interaction >0.10 for 
each time point) (online supplemental figures 1 and 2).

DISCUSSION
Significant reductions in the consumption of added 
sugars, as recommended by current guidelines,10–13 may 
necessitate the use of sugar substitutes to enhance food 
sweetness and palatability. Reduced calorie sweeteners 
currently approved by the FDA include sugar alcohols 
(polyols) such as erythritol, isomalt, lactitol, maltitol, 
mannitol, sorbitol, xylitol and hydrogenated starch 
hydrolysates. Studies of subjects with and without DM 
have shown that sugar alcohols produce a lower post-
prandial glucose response than sucrose or glucose and 

Table 1 Baseline characteristics

Characteristics N=30

Age, years 33±8

Men 16 (53%)

Women 14 (47%)

BMI, kg/m2 28±4

Waist circumference (in) 45±22

Hip circumference (in) 52±25

Race

  White 16 (53.3%)

  African- American 5 (16.7%)

  Hispanic 4 (13.3%)

  Asian 4 (13.3%)

  Other 1 (3.3%)

Smoking

  Never 25 (83.3%)

  Current 3 (10%)

  Former 2 (6.7%)

Alcohol consumption

  No 11 (36.7%)

  Occasional 19 (63.3%)

BMI, body mass index.

Figure 2 Comparison of plasma glucose levels among placebo and different D- allulose doses. Results are reported as mean. 
Error bars represent 95% CI. P values represent the overall comparisons among doses at each time point.

https://dx.doi.org/10.1136/bmjdrc-2020-001939
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have lower available energy.14 15 Sugar alcohols contain, 
on average, about 2 calories/g (one- half the calories of 
other sweeteners such as sucrose). Use of sugar alcohols 
as sweeteners reduces the risk of dental caries. However, 
there is no evidence that the amounts of sugar alcohols 
likely to be consumed will reduce glycemia, energy intake 
or body weight. The use of sugar alcohols appears to be 
safe; however, they may cause diarrhea. The FDA has 
approved six non- nutritive sweeteners for use in the USA. 
These are acesulfame potassium, aspartame, neotame, 
saccharin, stevia and sucralose. Clinical studies involving 
subjects without diabetes provide no indication that 

non- nutritive sweeteners in foods will cause weight loss 
or weight gain.14 15

Rare sugar D- allulose as a substitute sweetener is 
produced through the isomerization of D- fructose by 
D- tagatose 3- epimerases or D- allulose 3- epimerases. It is 
a low energy monosaccharide sugar naturally existing in 
very small quantities in some fruits, including kiwis (9.4 
mg/100 g food), figs (29.6 mg/100 g food) and raisins 
(38.7 mg/100 g food).15 D- allulose has approximately 
70% relative sweetness to sucrose with 0.2 kcal/g that is 
a 95% calorie reduction compared with sucrose.16 With 
the advent of technology that allows the production of 

Figure 3 Comparison of plasma glucose and insulin area under the concentration- time curve (AUC) among placebo and 
different D- allulose doses. AUC for blood glucose (A) and insulin (B) according to different D- allulose doses. P values represent 
the overall comparisons among doses. Results are reported as individual values; bars indicate mean±SD.

Figure 4 Comparison of insulin levels among placebo and different D- allulose doses. Results are reported as mean. Error 
bars represent 95% CI. P values represent the overall comparisons among doses at each time point.
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D- allulose enzymatically on a large scale,28 29 it is now 
possible to conduct studies of utility of D- allulose in 
food and beverages. D- Allulose possesses high value as a 
food ingredient and dietary supplement, and may carry 
a variety of physiological functions, such as improving 
insulin resistance, antioxidant enhancement, reducing 
endoplasmic reticulum stress and hyperglycemic control, 
which makes it a very attractive option. However, so 
far, glucose suppressive effects of D- allulose have been 
mostly shown in animal studies and small clinical studies 
performed in Asian populations,17–20 and only limited 
data exist in Westerners.21 22

Our study was the largest to test the effects of D- allulose 
in Westerners, including white and African- American, 
and results can be summarized as follows: (1) D- allulose 
administered in addition to a standard sucrose load led to 
a dose- dependent reduction of plasma glucose at 30 min 
compared with placebo; (2) although plasma glucose 
was not reduced at the other time points and AUC was 
similar between D- allulose and placebo, there was a 
dose- dependent reduction in plasma glucose excursion 
compared with placebo; (3) the effects of D- allulose on 
insulin levels and insulin excursion were similar to those 
on plasma glucose; (4) D- allulose effects appeared to be 
consistent in both white and African- American subjects; 
(5) the administration of escalating doses of D- allulose 
appeared to be safe.

Various physiological activities of D- allulose have 
been reported so far. Of those, its postprandial glucose 
suppressive effect has been proven by both animal and 
clinical studies.17–20 Several animal experiments have 
reported antiobesity and antidiabetic effects of D- allu-
lose.23–27 There are multiple potential mechanisms that 
contribute to the antiglycemic effect of D- allulose. In one 
study, the antiglycemic effect of D- allulose was attributed 
to its ability to increase glucagon- like peptide 1 levels.30 
Shintani et al attributed the improved glucose tolerance 
and insulin sensitivity in Wistar rats to changes in hepatic 
glucokinase.31 Another study in animals suggested that 
the postprandial glucose suppression could be at least 
partly related to the inhibition of intestinal α-glycosi-
dase.17 In this latter study, D- allulose was also shown to 
suppress hepatic lipogenic enzyme activity and reduce 
intra- abdominal fat accumulation. Overall, it appears 
that the effect of D- allulose is independent of insulin 
and the changes in insulin concentrations during these 
experiments are secondary to changes in plasma glucose.

In small clinical trials conducted in Japan, D- allulose 
significantly suppressed blood glucose elevation after 
glucose loading study on healthy adults.19 20 These studies 
also suggested that supplemental D- allulose in the diet 
could reduce postprandial glycemic response and might 
have antidiabetic effects. In addition, studies on rats and 
humans did not detect any increase in carbohydrate 
energy expenditure by D- allulose absorbed through 
the small intestine, even at the upper limit of concen-
tration.17–20 Finally, clinical studies have also shown that 
D- allulose does not affect blood glucose or insulin levels 

after ingestion,19 and in a randomized, double- blind, 
controlled trial of long- term ingestion of D- allulose 3 
times a day with meal for 12 weeks in healthy human 
subjects did not show any abnormal effects or clinical 
problems.20

Early clinical trials of D- allulose demonstrating its anti-
diabetic and antiobesity effects have been carried out 
in Kagawa (Japan). In 2011, a rare sugar syrup (RSS), 
which contains 76% of regular syrup (D- glucose and 
D- fructose), 6% of D- allulose and 18% of other saccha-
rides including D- allose and D- sorbose, has been devel-
oped and commercialized in Japan and D- allulose and 
D- allulose- containing RSS have already been used for 
various foods.32 Two small studies conducted in subjects 
with or without DM in Canada showed none or modest 
reductions in the postprandial blood glucose response 
to oral glucose with administration of D- allulose.21 22 
Our investigation is the largest conducted so far in West-
erners, including both white and African- American, and 
using multiple D- allulose dosing regimens. The results 
of our investigation, which confirms D- allulose prop-
erties in reducing postprandial glycemic response, as 
well as safety, among Westerners, can set the basis for 
the potential use of D- allulose in a population where 
reduction of added sugar is of paramount importance. 
The results of the present study, along with the results in 
previously published studies, suggest that adding 5–10 g 
of D- allulose to 50 g of sugar is sufficient to reduce the 
postprandial glycemia attributed to sugar. This ratio of 
D- allulose- to- sugar content is consistent with the compo-
sition of the currently marketed RSS, which contains only 
6% of D- allulose and is well tolerated. Thus, the amount 
of D- allulose that would be necessary for an effect and 
that is reasonable in food products is 5%–10% of added 
table sugar.

It is noteworthy that targeting postprandial blood 
glucose spike may have beneficial clinical effects inde-
pendent of the average blood glucose levels as estimated 
by HbA1c measurements.33 34 In endothelial cell cultures 
there is rapid adaptive downregulation of oxidative burst 
induced by high concentrations of dextrose suggesting 
that repeated spikes of blood glucose levels are more 
likely to cause oxidative damage than sustained levels of 
blood glucose.35 Future studies should explore more in 
depth the underlying mechanisms by which D- allulose 
reduces glucose and insulin levels as well as its long- term 
effects, including its potential to impact clinically mean-
ingful outcomes.

Study limitations
Our study was of short duration and used a single admin-
istration of D- allulose in any given day of testing, there-
fore the effects and safety of long- term administration 
were not assessed and would require dedicated studies. It 
is in fact pivotal to identify the potential negative effects 
of administered rare sugars. For example, trehalose, 
a rare disaccharide, was found to enhance Clostridium 
difficile disease.36 We did not study the effects of doses 
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of D- allulose higher than 10 g. Although our dosing is 
in line with previously reported studies in Asians, we 
cannot rule out the possibility that higher doses would 
be more effective and well tolerated in Western popula-
tions. Our study was not powered to detect differences 
in treatment according to race, and included a limited 
number of African- American subjects. Therefore, our 
results showing consistent treatment effects in white and 
African- American subjects should be interpreted with 
caution and considered as hypothesis generating.

CONCLUSIONS
This is the first study assessing the effects of D- allulose in 
a Western population demonstrating a dose- dependent 
reduction in postprandial plasma glucose and insulin 
levels as well as decreased postprandial glucose and 
insulin excursion in subjects without DM. These pilot 
observations set the basis for large- scale investigations to 
help support the anti- DM effects of D- allulose.
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