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Rare sugars and their health effects in humans: a systematic
review and narrative synthesis of the evidence
from human trials

Amna Ahmed , Tauseef A. Khan, D. Dan Ramdath, Cyril W.C. Kendall, and John L. Sievenpiper

Context: Rare sugars are monosaccharides and disaccharides (found in small
quantities in nature) that have slight differences in their chemical structure com-
pared with traditional sugars. Little is known about their unique physiological and
cardiometabolic effects in humans. Objective: The objective of this study was to
conduct a systematic review and synthesis of controlled intervention studies of rare
sugars in humans, using PRISMA guidelines. Data Sources: MEDLINE and EMBASE
were searched through October 1, 2020. Studies included both post-prandial (acute)
and longer-term (�1 week duration) human feeding studies that examined the ef-
fect of rare sugars (including allulose, arabinose, tagatose, trehalose, and isomaltu-
lose) on cardiometabolic and physiological risk factors. Data extraction: In all, 50
studies in humans focusing on the 5 selected rare sugars were found. A narrative
synthesis of the selected literature was conducted, without formal quality assess-
ment or quantitative synthesis. Data synthesis: The narrative summary included
the food source of each rare sugar, its effect in humans, and the possible mecha-
nism of effect. Overall, these rare sugars were found to offer both short- and long-
term benefits for glycemic control and weight loss, with effects differing between
healthy individuals, overweight/obese individuals, and those with type 2 diabetes.
Most studies were of small size and there was a lack of large randomized controlled
trials that could confirm the beneficial effects of these rare sugars. Conclusion:
Rare sugars could offer an opportunity for commercialization as an alternative
sweetener, especially for those who are at high cardiometabolic risk.
Systematic Review Registration: OSF registration no. 10.17605/OSF.IO/FW43D.
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INTRODUCTION

As rates of obesity and type 2 diabetes continue to rise

globally, the role of excess sugars in the diet has become

a focus of intense concern.1 Most of the attention has

centered on the adverse health effects of the common

sugars – fructose, sucrose, and high-fructose corn syrup

(HFCS).2 Rare sugars, defined as “monosaccharides and

their derivatives that are present in limited quantities in

nature”, have received comparatively far less attention.3

These sugars, which can be found in small amounts in a

variety of food sources (including honey, certain fruits

and vegetables, and grains), may present as unique al-

ternative sweeteners with both caloric and metabolic

benefits.2,3 Over 40 different types of rare sugars have

been identified as having subtle differences in their

chemical structure compared with traditional sugars.2

Consumption of rare sugars as a sweetener alternative

has demonstrated several beneficial physiologic and car-

diometabolic effects, including improved glycemic re-

sponse and weight loss in in vitro and animal models.

Whether these findings translate to humans and have

clinical relevance is unclear.4,5 However, evidence of the

health effects of rare sugars in humans has begun to ac-

crue for a number of rare sugars, including allulose (psi-

cose), tagatose, isomaltulose (palatinose), L-arabinose,

and trehalose. The aim of this review was to provide a

systematic summary of the current literature on these

rare sugars regarding their physiological and cardiome-

tabolic effects in humans, discuss the possible mecha-

nism for their effects, and highlight their food sources,

while also identifying current gaps in the literature on

rare sugars.

METHODS

The study followed a systematic search and narrative re-

view methodology.6 A systematic search was conducted

according to the Cochrane Handbook for Systematic

Reviews of Interventions7 and reported in accordance

with the Preferred Reporting Items for Systematic

Reviews and Meta- Analyses (PRISMA) guidelines.8

The systematic search was followed by a narrative syn-

thesis of the selected literature, without formal quality

assessment or quantitative synthesis. The study protocol

was registered as an OSF Registration (osf.io/fw43d)

under the following identification number: 10.17605/

OSF.IO/FW43D.

Search and selection

MEDLINE and EMBASE were searched through

October 1, 2020 for eligible trials. Electronic searches

were supplemented with manual searches of references

from included studies. Appendix A shows the detailed

search strategy. Studies included were randomized,

non-randomized, and uncontrolled human feeding tri-

als that examined rare sugars (including allulose, L-

arabinose, D-tagatose, trehalose, or isomaltulose) and

reported on cardiometabolic and physiological risk fac-

tors. Both post-prandial (acute) studies and longer-term

(�1 week duration) studies were included. The PICOS

(population, intervention, outcome, study design) crite-

ria are provided in Table 1. In all, 882 records were

identified through searching MEDLINE and EMBASE.

Following removal of duplicates, and after completing a

full-text review of the studies identified, 50 studies were

eligible for inclusion in this review.

Allulose

Table 29–39 gives the study characteristics for all the in-

cluded studies on rare sugars. A total of 5 acute and 7

longer-term human studies reported results for allulose

and cardiometabolic risk factors. Table 32,37,40–55 gives

the chemical and physiological characteristics of rare

sugars. Allulose is a monosaccharide found in small

amounts in maple syrup, dried fruit, and brown sugar.

It is a C-3 epimer of fructose that has about two-thirds

of the sweetness of sucrose but a minimal caloric con-

tent (0.2 kcal/g).40,56 About 70% of allulose is absorbed

in the small intestine into the bloodstream (within 1 h)

but is excreted intact in urine (within 24 h), while the

other 30% is transported to the large intestine, where it

is not fermented and thus is excreted intact (within

48 h).57 Acute and longer-term randomized controlled

trials have examined the effect of allulose consumption

on plasma glucose and insulin release, and weight loss,

showing benefit in both healthy populations and in

individuals with type 2 diabetes.

Table 43,9–22,25–28,30,32,34–37,40,41,58–61 describes the

effects of rare sugars in human studies. Kimura et al, in

an acute single-bolus randomized controlled trial with

healthy participants, examined the effects of

Table 1 PICOS criteria for inclusion of studies
Parameter Criterion

Population Adult humans from all health backgrounds
Intervention Rare sugars (allulose, L-arabinose, D-tagatose,

trehalose, or isomaltulose)
Comparison Common sugars (sucrose, glucose, maltose, or

fructose)
Another rare sugar
No sugar

Outcomes Cardiometabolic and physiological risk factors
Study design Acute (post-prandial studies) trials

Longer-term (�1 week duration) trials
Included randomized, non-randomized, and

uncontrolled human feeding trials
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consumption of 5 g allulose, compared with that of

10 mg of aspartame, administered as preloads, on the
postprandial glycemic response to a test meal consisting

of rice and hamburger steak. They showed a reduction
in plasma glucose at 90 minutes following the test

meal.58 Furthermore, ingestion of allulose as a preload
resulted in an increase in fat energy expenditure (but a
decrease in carbohydrate energy expenditure) at

90 minutes in response to the test meal compared with
ingestion of the test meal alone, demonstrating a possi-

ble weight-loss effect.58 Iida et al demonstrated that, in
healthy individuals, 5 g and 7.5 g of allulose consumed

as preloads prior to 75 g of maltodextrin suppressed
glucose levels in a dose-dependent manner compared

with consumption of the maltodextrin.59 Braunstein et
al, however, found no effect of 5 g or 10 g of allulose on

the postprandial plasma glucose response to a 75 g oral
glucose tolerance test (OGTT) in a healthy population.

However, the results did reach statistical significance in
sensitivity analyses when the results were analyzed

according to the assigned placebo (as opposed to the
pooled placebo), and the magnitude of effect (25% re-

duction) was similar to that seen in the earlier trials by
Kimura et al and Iida et al.60 Noronha et al showed an

effect of the same interventions in individuals with type
2 diabetes. Ingestion of 10 g of allulose together with a

75 g OGTT resulted in both a lower plasma glucose
iAUC and plasma glucose absolute mean compared

with a control of water, while a dose of 5 g of allulose
had a borderline significant effect.40 A systematic re-

view and meta-analysis of acute feeding trials in people
with and without diabetes showed that a small dose of

allulose (<30 g) reduced the postprandial iAUC glucose
response to the oral glucose load by 10%, while there

was an indication of a nonsignificant improvement in
iAUC insulin.62 These randomized controlled trials

demonstrate that small doses of allulose can lead to
modest improvement in the postprandial glycemic re-

sponse to co-ingested carbohydrate.
Longer-term randomized controlled trials show a

benefit of allulose on adiposity and glycemic control,

though the effect has not been consistently shown.3,41

Hayashi et al compared consumption of a beverage

sweetened with a rare sugar syrup (containing 6% allu-
lose) daily for 12 weeks with that of a caloric-equivalent

beverage sweetened with HFCS, and showed a reduc-
tion in body weight, fat mass, and waist circumference

in the rare sugar syrup group in obese individuals.3 In
addition to allulose, this rare sugar solution also con-

tained glucose, fructose, mannose, sorbose, and other
oligosaccharides, making it difficult to attribute the ef-

fect entirely to the allulose content.3 It should be noted,
however, that the oligosaccharide content of the rare

sugar syrup was similar to that of the HFCS
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intervention. Han et al assessed the effect of two allu-

lose drinks of low (8 g) and high (14 g) dose compared

with a 0.024 g sucralose beverage consumed daily for

12 weeks in healthy participants and found a reduction

in body fat percentage and fat mass with both allulose

drinks; the high dose additionally reduced total subcu-

taneous fat.41 Conversely, Tanaka et al found that

15 g/day for 12 weeks of allulose supplementation

led to an increase in body fat percentage in 18 diabetic

or borderline diabetic participants.9 This study

lacked a control, and the change in body fat was

ascribed by the authors to the additional calories

provided by the allulose and the foods with which it

was consumed.9

In a longer-term randomized controlled trial exam-

ining specifically allulose, Hayashi et al demonstrated

that 5 g of allulose (compared with 5 g of glucose) 3

times a day for 12 weeks in 17 borderline diabetic par-

ticipants resulted in no difference in either plasma glu-

cose or insulin levels.10 A systematic review and meta-

analysis of controlled feeding trials of healthy and over-

weight/obese patients, assessing the effect of small dose

of allulose on glycemic markers, did not demonstrate a

benefit on hemoglobin A1c (HbA1c) or fasting insulin,

though there was a small beneficial effect on fasting glu-

cose.63 In assessing the effect of allulose on cardiometa-

bolic outcomes, Tanaka et al determined that

consumption of either 5 g or 15 g of allulose for

48 weeks led to no changes in total cholesterol or LDL

cholesterol in 82 hypercholesteremic males and

females.64 No side effects were observed. Han et al ex-

plored gastrointestinal tolerance to allulose in healthy

participants and noted symptoms of severe diarrhea

only in doses above 0.5 g/kg body weight. When a dose

of 0.5 g/kg body weight of allulose was compared with

the same dose of sugar, participants reported increased

abdominal pain, distention, and diarrhea. Doses below

this threshold, however, were not associated with an in-

crease in the measured gastrointestinal outcomes, indi-

cating that the average individual could consume

roughly up to 0.5 g/kg body weight of allulose in a single

dose without side effects.41

In summary, clinical studies show that both the short-

and longer-term effects of allulose ingestion may lead to

improvement in glycemic outcomes, with possible down-

stream benefit on body weight and body fat. It is hypothe-

sized that allulose may competitively inhibit movement of

glucose into the portal circulation, sharing the same glu-

cose transporter, thereby reducing absorption of glucose

in the small intestine.40 Additionally, allulose may also in-

crease hepatic glucose uptake, therefore encouraging gly-

cogen synthesis, reducing glucose output from the liver,

and reducing glucose plasma levels.40 The beneficial effect

on glycemic outcomes could also be due to a “catalytic” ef-

fect, whereby the small doses of fructose and its epimers

may increase the rate-limiting glucokinase activity, leading

to a subsequent increase in hepatic glucose metabolism.65

In a recent guidance to the industry, the Food and Drug

Administration (FDA) concluded, based upon scientific

evidence, that allulose is virtually unmetabolized in the hu-

man body and thus allowed manufacturers to use a very

low 0.4 calories per gram (kcal/g) for allulose. The FDA

also concluded that, while allulose is a carbohydrate, based

upon its chemical definition, it can be excluded from the

“Total Sugars” and “Added Sugars” in a Nutrition Facts

label because it is not metabolized, has almost no caloric

value, and does not promote dental caries (see Table 5 for

regulatory designations for rare sugars).57 Overall, as allu-

lose is generally regarded as safe by the FDA, it could

prove to be a viable sweetener alternative to sucrose, given

its demonstrated physiological and cardiometabolic

properties.57

Table 5 Rare sugars and their FDA, Health Canada, and EFSA designations
Rare sugar FDA designation FDA intended use Health Canada Designation EFSA designation

Allulose GRAS Notice 693 Bakery products, bever-
ages, confectionaries,
dairy products, sugar
substitute, etc.

ND N.D.

L-arabinose GRAS Notice 782 Bakery products, baking
mixes, condiments,
confectionaries, dairy
products, snack foods,
etc.

ND N.D.

D-tagatose ND ND ND Novel food
Trehalose GRAS Notice 912 Bakery products, frozen

desserts, dairy-based
foods and toppings,
hard and soft confec-
tionery, etc.

Novel food Novel food

Abbreviations: EFSA, European Food Safety Authority; FDA, Food and Drug Administration; GRAS, generally recognized as safe; ND not
described.
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L-arabinose

Results from a total of three acute studies and one

longer-term human study on L-arabinose and cardio-

metabolic risk factors have been reported (Table 2). L-

arabinose is a monosaccharide and aldopentose found

naturally in certain plant cell walls, including many

grains and plant gums. It has half the sweetness of su-

crose and has been shown in animals to be less metabo-

lizable compared with glucose. With no caloric value,

most of the studies examining consumption of L-arabi-
nose in humans are acute post-prandial studies, and

they demonstrate a benefit on glycemic control in

healthy individuals. All acute trials examining the effect

of L-arabinose in humans were conducted using a ran-

domized controlled crossover design. Krog-Mikkelson

et al showed that a number of doses of L-arabinose re-

duced insulin and glucose peak in healthy males when

given prior to a test meal, compared with sucrose. In a

similar study design, Shibanuma et al 2010 also found

that, in both males and females, consumption of 2 g of

L-arabinose before a 40 g sucrose test beverage led to re-
duced blood glucose levels at 2 hours compared with a

control of water.11 However, Halschou-Jensen et al

were unable to confirm this effect and found that a

breakfast meal supplemented with L-arabinose resulted

in no changes in the peak plasma glucose or glucose

iAUC compared with a sucrose-supplemented meal in

healthy participants.
Yang et al examined the longer-term effect of L-

arabinose supplementation in individuals with meta-

bolic syndrome who consumed 40 g–45 g L-arabinose

(dissolved in water) daily for 6 months with no alter-

ation in lifestyle habits.12 This intervention resulted in a

reduction in waist circumference, total cholesterol, and

fasting glucose, showing an overall benefit in partici-

pants with metabolic syndrome.12 However, since this

study lacked a control arm and participants were all di-
agnosed with metabolic syndrome, it is difficult to ex-

tend these results to a larger population. Regardless, the

study results promise a novel approach to reducing car-

diometabolic risk factors in persons suffering with met-

abolic syndrome.

No study has specifically examined the side effects

of arabinose consumption, though they may occur: the
abovementioned study by Krog-Mikkelsen et al showed

that out of 15 participants, one experienced mild nausea

after 1 g of arabinose, one experienced mild diarrhea af-

ter 2 g of arabinose, and another experienced a severe

stomach ache and diarrhea after 2 g of arabinose.13

Yang et al also noted that, with doses of either 40 or

45 g daily, 13 out of the 30 participants had mild nausea

and diarrhea following treatment.12 A study that specifi-

cally examined the gastrointestinal tolerance of

arabinose would be helpful in determining arabinose’s

side effects and also the maximum recommended dose.
The mechanism by which L-arabinose affects glu-

cose and insulin release in humans is unknown, but in
rodent studies it has been shown to inhibit the brush

border enzyme sucrose, which can reduce glucose ab-
sorption.2 Further high-quality studies in humans will

be needed to confirm its acute effects and help us to

better understand the long-term effects of regular
L-arabinose consumption on cardiometabolic outcomes.

D-tagatose

Table 2 shows the study characteristics of 4 acute and 6
longer-term human studies that have reported results

for D-tagatose consumption and cardiometabolic risk
factors. D-tagatose, a monosaccharide, is a C-4 epimer

of D-fructose that is found primarily in whey milk pro-

tein and is 92% as sweet as sucrose.42 While it has been
used as a low-calorie sweetener alternative in milk and

yogurt, there is a debate about its exact calorie content,
with values ranging from 1.5 kcal/g to 3 kcal/g.42,43

Multiple longer-term studies examining the effects of

D-tagatose on body weight and blood glucose show a
mild benefit.

Randomized acute controlled trials show a benefit
for D-tagatose for both glucose and appetite control. In

a crossover study, Wu et al demonstrated that in 10
healthy participants a beverage of 40 g D-tagatose and

isomaltulose (palatinose), rather than a sucralose bever-

age, consumed prior to a test meal led to reduced glu-
cose iAUC and serum insulin levels, and slower gastric

emptying following the test meal.14 Buemann et al, us-
ing a parallel study design, determined that giving 29 g

of D-tagatose in a breakfast meal resulted in reduced
appetite and decreased food intake at dinner on the

same day in 19 healthy individuals, thus possibly acting

as an appetite suppressant.61 Similarly, Kwak et al con-
ducted an acute cross-over trial in individuals with pre-

diabetes or newly diagnosed type 2 diabetes who were
given 5 g of D-tagatose compared with a combination

of sucralose plus erythritol. The post–test meal glucose
iAUC was reduced with tagatose compared with the

control, indicating a benefit in the plasma glucose

response.15

In longer-term studies in healthy individuals, D-

tagatose was equivocal in showing benefit. Buemann et
al (2 weeks, 8 individuals) and Boesch et al (4 weeks, 12

individuals) both showed no change in body weight
with daily ingestion of 30 g and 45 g of D-tagatose, re-

spectively, in a randomized controlled crossover

trial.16,17 The direction of effect still indicated a possible
benefit; it is possible that the effect is small and can only

be shown by a different dose or longer duration. In a
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randomized controlled parallel trial, Saunders et al sim-

ilarly examined the effect of 75 g of D-tagatose com-

pared with sucrose daily for 8 weeks in 8 healthy

individuals, but saw no change in any of the measured

cardiometabolic outcomes, with included blood glucose

levels, lipid levels, and uric acid levels.18

Compared with healthy individuals, the benefit in

patients with type 2 diabetes was clearer. In two studies

in patients with type 2 diabetes, both Donner et al (8

participants) and Ensor et al (112 participants) demon-

strated that the ingestion of D-tagatose resulted in

weight loss in a dose- and time-dependent manner.19,20

Specifically, Donner et al showed that 45 g/d of D-taga-

tose for 12 months led to mean reduction of 3.1 kg in an

uncontrolled trial, while Ensor et al confirmed this ef-

fect with a mean reduction of 5.1 kg in body weight

with 45 g/d of D-tagatose for 12 months in a random-

ized controlled parallel trial.19,20 Both studies also

showed a non-significant reduction in HbA1C, indicat-

ing a possible benefit for blood glucose control in indi-

viduals with type 2 diabetes.19,20

Donner et al also noted that all 8 participants had

mild gastrointestinal symptoms (including diarrhea,

nausea, and flatulence) during the first 2 weeks of D-

tagatose supplementation, but these effects subsided for

the remainder of the 6 month trial period.19 Ensor et al

reported mild to moderately severe adverse effects,

mostly due to gastrointestinal intolerance, with a 5%

withdrawal rate due to adverse effects.20 Boesch et al

similarly reported diarrhea-like effects and increased

bloating in 7 of the 12 participants during the tagatose

phase of the study.16 This was also seen by Saunders et

al, in whose study the majority of participants

experienced diarrhea and flatulence.18 Lastly, in a study

looking specifically at gastrointestinal tolerance of

D-tagatose, Buemann et al determined that approxi-

mately 30 g of D-tagatose resulted in diarrhea in approx-

imately 30% of participants, and nausea in approximately

15% of participants, with all individuals reporting flatu-

lence during the 15 day study period.61 As such, D-tagatose

appears to have poor gastrointestinal tolerance at a range

of doses, but the effects subside over time.

D-tagatose is known to inhibit the enzymes sucrase

and maltase, resulting in reduced absorption of dietary

disaccharides, which in turn can increase satiety, poten-

tially explaining the observation of weight loss in human

studies.66 D-tagatose also promotes hepatic glycogen syn-

thase and prevents glycogen breakdown, resulting in an

increase in glycogen production, leading to reduced

plasma glucose levels.66 This mechanism, along with the

evidence from the trials discussed, demonstrates that D-

tagatose shows promise as an alternative sweetener, espe-

cially in individuals with type 2 diabetes.

Trehalose

Table 2 gives the study characteristics for all the in-

cluded studies on trehalose: 2 acute and 3 longer-term

human studies reported results for trehalose and cardio-

metabolic risk factors. Trehalose, a disaccharide of 2

glucose molecules with an a1,1-glycosidic linkage, is

found in yeast, honey, shrimp, insects (for which it is

the primary circulating form of energy), and some

plants.67 It is half as sweet as sucrose, but has the same

caloric content.
Trehalose, in acute randomized controlled cross-

over studies, has been shown to reduce blood glucose

levels.44,45 Both van Can et al and Maki et al demon-

strated that, in overweight adults, consumption of tre-

halose prior to a test meal led to a lower plasma glucose

and attenuated insulin rise when compared with a glu-

cose control.21,22 Longer-term parallel controlled stud-

ies also show a benefit, but only in individuals with
impaired glucose tolerance. Mizote et al determined

that 10 g/d of trehalose compared with sucrose for

12 weeks in individuals with metabolic syndrome

resulted in a reduction in the fasting plasma glucose lev-

els, but this was limited to those individuals who had

greater trunk fat.23 Furthermore, when participants

were stratified by body weight, individuals on the

higher end of body weight also saw a reduction in waist

circumference and systolic blood pressure.23 Yoshizane

et al similarly showed that, in healthy individuals, con-

sumption of 3.3 g of trehalose for 12 weeks led to plasma

glucose levels 2 hours after an OGTT being closer to
fasting plasma glucose levels, compared with consump-

tion of sucrose, indicating a benefit in lowering post-

prandial glucose levels.24 Conversely, Kaplon et al

compared 100 g/d of trehalose with 100 g/d of maltose

(2 glucose molecules with an a1,4-glycosidic linkage)

for 12 weeks in healthy individuals and saw no differ-

ence in body weight, lipid levels, or blood pressure be-

tween the groups, indicating a lack of benefit in a

healthy population compared with more common sug-

ars.25 However, short- and long-term glucose control

measures (such as blood glucose or HbA1c levels) were

not measured in this study.
Side effects of trehalose have not been well

reported. Kaplon et al saw mild to moderate gastroin-

testinal discomfort, including bloating, flatulence, and

diarrhea in 4 of its 15 patients, while Maki et al reported

no adverse effects.21,22,25 As such, future studies should

also look at the side effects of trehalose at different
doses.

Trehalose is metabolized by the brush border en-

zyme trehalase, which cleaves the 1,1-glycosidic linkage,

leaving 2 glucose molecules.22 Trehalase activity, how-

ever, is shown to be slower compared with that of other
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disaccharidase enzymes, leading to reduced absorption

of trehalose and therefore a blunted glucose and insulin
response.22 However, trehalose has considerably fewer

clinical trials compared with the other rare sugars dis-
cussed, and as such needs more long-term clinical and

mechanistic studies to substantiate its use as a low-

calorie alternative sweetener.

Isomaltulose (palatinose)

A total of 7 acute and 5 longer-term human studies

reported results for isomaltulose and cardiometabolic
risk factors, as shown in Table 2. Isomaltulose, a more

intensely studied rare sugar also known as palatinose, is
a disaccharide of glucose and fructose linked together

by an a1-6 glycosidic bond.46 Naturally found in small

amounts in honey and cane sugar, isomaltulose has half
the sweetness of sucrose.46,47 While it does have the

same caloric content as regular sugar, isomaltulose has
been shown to improve the glycemic response in hu-

man studies, thus showing promise as an alternative
sweetener.46,68

Acute randomized controlled crossover trials dem-
onstrate a benefit for blood glucose and insulin levels

from isomaltulose consumption. In an acute trial with

77 healthy adults, Kendall et al demonstrated that con-
sumption of a trifle containing 72.3 g of isomaltulose,

compared with one with the same amount of sucrose,
led to a reduction in blood glucose levels at 60 minutes

following the test meal, with no difference in mean sati-
ety.26 Suklaew et al showed a reduction in glucose

iAUC following a meal supplemented with isomaltu-

lose, compared with sucrose, in 12 obese males.27 In a
24 hour study examining supplementation of isomaltu-

lose against sucrose, Henry et al determined that low–
glycemic index meals supplemented with isomaltulose

led to a lower 24 h glucose iAUC as well as reduced glu-

cose variability over the study period in 20 healthy
adults.28 This effect was also confirmed in individuals

with type 2 diabetes by Ang et al, who demonstrated
that ingestion of 1 g per kg of body weight of isomaltu-

lose compared with sucrose resulted in reduced plasma
glucose and insulin concentrations.29 A similar effect

was found by Sridonpai et al in individuals with type 2

diabetes, in which an isomaltulose-based breakfast re-
duced plasma glucose levels 30 to 60 minutes following

consumption, compared with a sucrose-based break-
fast.30 This effect was carried forward to the next meal,

when a standard lunch was given to both groups: those
who had an isomaltulose-based breakfast still demon-

strated lower plasma glucose levels following the second

meal.30 Arai et al confirmed a second-meal effect in 7
healthy males, with plasma glucose and insulin levels

remaining low at lunch, following a test breakfast

containing isomaltulose.31 Finally, Maeda et al demon-

strated that ingestion of 50 g of isomaltulose, compared
with 50 g of sucrose, resulted in lower postprandial

plasma insulin and glucose levels in 10 healthy males in
a parallel controlled trial.32 Overall, isomaltulose shows

a benefit in lowering plasma glucose levels acutely com-
pared with sucrose in both healthy participants and in
patients with type 2 diabetes, and appears to have an ad-

ditional second-meal effect.
Longer-term randomized controlled parallel studies

also demonstrate a beneficial effect of isomaltulose on
cardiometabolic outcomes in both healthy participants

and in those at high cardiometabolic risk. In obese and
overweight individuals, comparing the intake of 40 g/d

isomaltulose with that of sucrose in a calorie-restricted
diet, Lightowler et al demonstrated weight loss and re-

duction in fat mass in the isomaltulose group when
given for 12 weeks.33 Mateo-Gallego et al, on the other

hand, did not see any additional effect of isomaltulose
on weight loss in a population with type 2 diabetes by

administering alcohol-free beer with or without isomal-
tulose plus maltodextrin for 10 weeks.34 There was,

however, a reduction in both Homeostatic Model
Assessment of Insulin Resistance (HOMA-IR) and in-

sulin levels in the isomaltulose group but not in the reg-
ular alcohol-free beer group, indicating a possible

benefit for insulin resistance.34 Okuno et al further con-
firmed the benefit of isomaltulose for insulin response,

because they showed that 40 g/d of a 50/50 isomaltulose
and sucrose mix compared with 40 g/d of pure sucrose

resulted in a significantly reduced HOMA-IR in healthy
adults.35 However, 2 studies, both looking at the effect

of 50 g of isomaltulose on glycosylated hemoglobin lev-
els compared with sucrose for either 4 or 12 weeks,

found that isomaltulose did not lower HbA1c levels in a
patients with type 2 diabetes, nor did it affect hyperlipi-

daemia.36,37 The authors hypothesize that the dose pro-
vided was not enough to determine a true difference

between the effects of isomaltulose and sucrose, sug-
gesting further research is needed on the effects of dif-
ferent doses on HbA1c levels.36,37

Few studies saw any significant side effects of iso-
maltulose consumption, with only Mateo-Gallego et al

reporting that a few participants experienced abdominal
discomfort, nausea, diarrhea, and constipation.34 To

better understand the maximum tolerable dose of iso-
maltulose, however, future studies should examine gas-

trointestinal responses in a dose-dependent manner.
While the exact mechanism of how isomaltulose

exerts its effect on plasma glucose and insulin levels has
yet to be elucidated, Keyhani-Nejad et al determined

that ingestion of isomaltulose (compared with sucrose)
resulted in reduced gastric inhibitory polypeptide but

increased glucagon-like peptide 1, explaining the
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improved metabolic profile seen in many studies.69

Overall, while in the literature there is a lack of isomal-
tulose’s effect on body weight, there appears to be an

improvement in insulin resistance in several studies,
and therefore it may be of some benefit to individuals

with type 2 diabetes, though more research is

warranted.

Less-studied rare sugars

While there are numerous rare sugars that have yet to

be studied in detail, there are a few that show potential
in nonhuman studies (cell culture or animal studies).

These include kojibiose, sorbose, and allose. Kojibiose,
a glucose disaccharide connected by an a1-2 glycosidic

bond, is found in honey in small amounts.70 When ex-

amined in vitro in conditions mimicking the upper
gastro-intestinal tract and small intestine, kojibiose

demonstrated resistance to hydrolysis and was only
cleaved by a-glycosidases, and then at a very slow rate.70

This delayed digestion might explain the reduced ab-
sorption of glucose and may confer a benefit in manag-

ing blood glucose levels.70 In addition, kojibiose has

been shown to be a significant substrate for gut micro-
biota, creating a beneficial short-chain fatty acid profile,

which makes kojibiose a prebiotic.70,71 However, koji-
biose has yet to be studied in clinical trials; thus, these

possible benefits can only be hypothesized for humans.
Similarly, sorbose is a keto monosaccharide with

structural similarity to fructose and 70% of the sweet-
ness of table sugar.48 It has been well studied in animal

models: in long-term studies in rats, sorbose consump-

tion for 2 weeks, compared with sucrose, led to de-
creased food intake and a reduction in body weight.72

Furthermore, acute studies in rats have also demon-
strated that sorbose, compared with sucrose, resulted in

reduced glucose and insulin levels 30 minutes following

ingestion, and the authors identified inhibition of su-
crase as a possible mechanism for this result.72

Currently, research is needed to identify sorbose’s food
sources, its effects in humans, its mechanism of action,

and its potential as an alternative sweetener.
Lastly, D-allose, a C-3 epimer of glucose, is 80% as

sweet as sucrose and, although its exact caloric content
is unknown, it is estimated to be very low in calories.48

While these properties would make D-allose ideal as a

low-calorie sweetener, its cardiometabolic effects are
not well known, with research instead focusing on its

anti-cancer and anti-tumor properties.73 Shown to in-
hibit proliferation of carcinoma cells and display strong

antioxidant characteristics, D-allose shows benefit in
overall inflammation and treatment of disease.73 Future

clinical trials should, however, also investigate allose as

a replacement for sucrose, and its subsequent

cardiometabolic effects. Overall, the current literature

contains very little information on these rare sugars, in
particular whether these sugars would be beneficial as

alternative sweeteners, thus providing future areas of re-
search on rare sugars.

Conclusion

Rare sugars, specifically allulose, L-arabinose, D-taga-
tose, trehalose, and isomaltulose, are exciting in that

they may become alternative sweeteners that will offer
many physiological and cardiometabolic benefits, rang-

ing from weight loss to improving glycemic control and
reducing insulin resistance. Many of these rare sugars
need high-quality randomized clinical trials in a larger

number of participants coming from a greater variety of
health backgrounds, to substantiate many of their bene-

fits. Indeed, for allulose, which has been studied fairly
extensively, manufacturers can now state a very low ca-

loric content for it and can also exclude it from “Total
sugars” and “Added Sugars” on the Nutrition and

Supplemental Facts label in the USA, as per FDA guid-
ance.57 Further data elucidating the mechanism of the

beneficial effects of these rare sugars is also needed.
Given that future research may confirm the safety and

benefit of these rare sugars for use as alternative sweet-
eners, commercialization of these rare sugars could be

of great value in helping mitigate the risk associated
with diseases such as obesity and type 2 diabetes.

Acknowledgments

Author contributions. A.A., T.A.K. and JLS had full ac-
cess to all of the data in the study and take responsibility

for the integrity of the data and the accuracy of the data
analysis. A.A. and T.A.K. developed and executed the

search strategy, extracted the data, performed the analy-
sis and interpretation of the data, and wrote the first

draft of the manuscript. D.D.R, C.W.C.K., and J.L.S.
participated in the analysis and interpretation of data
and critically revised the manuscript for important in-

tellectual content. T.A.K. C.W.C.K. and J.L.S. obtained
the funding and were responsible for the original con-

cept, design, and supervision of the work. All authors
read and approved the final version of the manuscript.

Funding. The ILSI North America Technical

Committee on Carbohydrates contributed to the study
design during the grant application process. No other

funders contributed to the design, and none of the fun-
ders had a role in the conduct of the study; collection,

management, analysis, or interpretation of the data;
preparation, review, approval of the manuscript, or de-

cision to publish, or any other aspect of the present

Nutrition ReviewsVR Vol. 80(2):255–270 267



study. A.A. is funded by a Toronto 3D MSc Scholarship
Award. T.A.K. is funded by a Toronto 3D Post-

doctoral Fellowship Award. J.L.S. is funded by a

Diabetes Canada Clinician Scientist award. The spon-
sors did not have a role in design or conduct of the

study; collection, management, analysis, or interpreta-
tion of the data; preparation, review, approval of the

manuscript, or decision to publish, or any other aspect

of the present study.

Declaration of interest. A.A declares no relevant com-
peting interests with the present work.

T.A.K. has received research support from the CIHR

and an unrestricted travel donation from Bee Maid
Honey Ltd. He has also spoken as an invited speaker at

a Calorie Control Council annual general meeting for

which he received an honorarium.

D.D.R. has received research support from Pulse

Canada, the Saskatchewan Pulse Growers Association,

and the Ontario Bean Growers Association. He has no
other conflict of interest to declare.

C.W.C.K. has received grants or research support

from the Advanced Food Materials Network,
Agriculture and Agri-Foods Canada (AAFC), the

Almond Board of California, the Peanut Institute,

Barilla, the Canadian Institutes of Health Research
(CIHR), the Canola Council of Canada, the

International Nut and Dried Fruit Council, the
International Tree Nut Council Research and

Education Foundation, Loblaw Brands Ltd, Pulse

Canada, and Unilever. He has received in-kind research
support from the Almond Board of California, the

American Peanut Council, Barilla, the California
Walnut Commission, Kellogg Canada, Loblaw

Companies, Nutrartis, Quaker (PepsiCo), Primo,

Unico, Unilever, and WhiteWave Foods/Danone. He
has received travel support and/or honoraria from the

American Peanut Council, Barilla, the California
Walnut Commission, the Canola Council of Canada,

General Mills, the International Nut and Dried Fruit

Council, the International Pasta Organization,
Lantmannen, Loblaw Brands Ltd, the Nutrition

Foundation of Italy, Oldways Preservation Trust,
Paramount Farms, the Peanut Institute, Pulse Canada,

Sun-Maid, Tate & Lyle, Unilever, and White Wave

Foods/Danone. He has served on the scientific advisory
board for the International Tree Nut Council, the

International Pasta Organization, the McCormick
Science Institute, and Oldways Preservation Trust. He

is a member of the International Carbohydrate Quality

Consortium (ICQC), an Executive Board Member of

the Diabetes and Nutrition Study Group (DNSG) of the
European Association for the Study of Diabetes

(EASD), on the Clinical Practice Guidelines Expert

Committee for Nutrition Therapy of the EASD and a
Director of the Toronto 3 D Knowledge Synthesis and

Clinical Trials foundation.

J.L.S. has received research support from the
Canadian Foundation for Innovation, Ontario Research

Fund, Province of Ontario Ministry of Research and
Innovation and Science, Canadian Institutes of health

Research (CIHR), Diabetes Canada, PSI Foundation,
Banting and Best Diabetes Centre (BBDC), American

Society for Nutrition (ASN), INC International Nut and

Dried Fruit Council Foundation, National Dried Fruit
Trade Association, National Honey Board (the U.S.

Department of Agriculture [USDA] honey “Checkoff”
program), International Life Sciences Institute (ILSI),

Pulse Canada, Quaker Oats Center of Excellence, The

United Soybean Board (the USDA soy “Checkoff” pro-
gram), The Tate and Lyle Nutritional Research Fund at

the University of Toronto, The Glycemic Control and
Cardiovascular Disease in Type 2 Diabetes Fund at the

University of Toronto (a fund established by the

Alberta Pulse Growers), and The Nutrition Trialists
Fund at the University of Toronto (a fund established

by an inaugural donation from the Calorie Control
Council). He has received in-kind food donations to

support a randomized controlled trial from the Almond
Board of California, California Walnut Commission,

Peanut Institute, Barilla, Unilever/Upfield, Unico/

Primo, Loblaw Companies, Quaker, Kellogg Canada,
WhiteWave Foods/Danone, and Nutrartis. He has re-

ceived travel support, speaker fees and/or honoraria
from Diabetes Canada, Dairy Farmers of Canada,

FoodMinds LLC, International Sweeteners Association,

Nestl�e, Pulse Canada, Canadian Society for
Endocrinology and Metabolism (CSEM), GI

Foundation, Abbott, General Mills, Biofortis, ASN,
Northern Ontario School of Medicine, INC Nutrition

Research & Education Foundation, European Food

Safety Authority (EFSA), Comit�e Europ�een des
Fabricants de Sucre (CEFS), Nutrition

Communications, International Food Information
Council (IFIC), Calorie Control Council, and

Physicians Committee for Responsible Medicine. He
has or has had ad hoc consulting arrangements with

Perkins Coie LLP, Tate & Lyle, Wirtschaftliche

Vereinigung Zucker e.V., Danone, and Inquis Clinical
Research. He is a member of the European Fruit Juice

Association Scientific Expert Panel and former member
of the Soy Nutrition Institute (SNI) Scientific Advisory

Committee. He is on the Clinical Practice Guidelines

Expert Committees of Diabetes Canada, European

268 Nutrition ReviewsVR Vol. 80(2):255–270



Association for the study of Diabetes (EASD), Canadian

Cardiovascular Society (CCS), and Obesity Canada/

Canadian Association of Bariatric Physicians and

Surgeons. He serves or has served as an unpaid scien-

tific advisor for the Food, Nutrition, and Safety

Program (FNSP) and the Technical Committee on

Carbohydrates of ILSI North America. He is a member

of the International Carbohydrate Quality Consortium

(ICQC), Executive Board Member of the Diabetes and

Nutrition Study Group (DNSG) of the EASD, and

Director of the Toronto 3D Knowledge Synthesis and

Clinical Trials foundation. His wife is an employee of

AB InBev.

SUPPORTING INFORMATION

The following Supporting Information is available

through the online version of this article at the publish-

er’s website.

Table S1 Search term strategy to identify the effects

of rare sugars in human studies

Figure S1 Flow of the literature

REFERENCES

1. Mitchell NS, Catenacci VA, Wyatt HR, et al. Obesity: overview of an epidemic.
Psychiatr Clin North Am. 2011;34:717–732.

2. Van Laar ADE, Grootaert C, Van Camp J. Rare mono- and disaccharides as healthy
alternative for traditional sugars and sweeteners? Crit Rev Food Sci Nutr.
2021;61:713–741.

3. Hayashi N, Yamada T, Takamine S, et al. Weight reducing effect and safety evalua-
tion of rare sugar syrup by a randomized double-blind, parallel-group study in hu-
man. J Funct Foods. 2014;11:152–159.

4. Kita K, Furuse M, Yang SI, et al. Influence of dietary sorbose on lipogenesis in gold
thioglucose-injected obese mice. Int J Biochem. 1992;24:249–253.

5. Mois�es Laparra J, D�ıez-Municio M, Javier Moreno F, et al. Kojibiose ameliorates
arachidic acid–induced metabolic alterations in hyperglycaemic rats. Br J Nutr.
2015;114:1395–1402.

6. Grant MJ, Booth A. A typology of reviews: an analysis of 14 review types and asso-
ciated methodologies. Health Info Libr J. 2009;26:91–108.

7. Higgins JPT, Thomas J, Chandler J, et al. (eds). Cochrane Handbook for Systematic
Reviews of Interventions version 6.0 (updated July 2019). Available at www.train-
ing.cochrane.org/handbook. Accessed November 2, 2020.

8. Moher D, Liberati A, Tetzlaff J, et al.; for the PRISMA Group. Preferred reporting
items for systematic reviews and meta-analyses: the PRISMA statement. BMJ.
2009;339:b2535.

9. Tanaka M, Hayashi N, Iida T. Safety evaluation of 12-week continuous ingestion of
D-allulose in borderline diabetes and type 2 diabetes. Fundam Toxicol Sci.
2019;6:225–234.

10. Hayashi N, Iida T, Yamada T, et al. Study on the postprandial blood glucose sup-
pression effect of D-psicose in borderline diabetes and the safety of long-term in-
gestion by normal human subjects. Biosci Biotechnol Biochem. 2010;74:510–519.

11. Shibanuma K, Degawa Y, Houda K. Determination of the transient period of the
EIS complex and investigation of the suppression of blood glucose levels by L-
arabinose in healthy adults. Eur J Nutr. 2011;50:447–453.

12. Yang Z, Li D, Jiang H, et al. The effects of consumption L-arabinose on metabolic
syndrome in humans. J Pharm Nutr Sci. 2013;3:116–126.

13. Krog-Mikkelsen I, Hels O, Tetens I, et al. The effects of L-arabinose on intestinal su-
crase activity: dose–response studies in vitro and in humans. Am J Clin Nutr.
2011;94:472–478.

14. Wu T, Zhao BR, Bound MJ, et al. Effects of different sweet preloads on incretin hor-
mone secretion, gastric emptying, and postprandial glycemia in healthy humans.
Am J Clin Nutr. 2012;95:78–83.

15. Kwak JH, Kim MS, Lee JH, et al. Beneficial effect of tagatose consumption on post-
prandial hyperglycemia in Koreans: a double-blind crossover designed study.
Food Funct. 2013;4:1223–1228.

16. Boesch C, Ith M, Jung B, et al. Effect of oral D-tagatose on liver volume and hepatic
glycogen accumulation in healthy male volunteers. Regul Toxicol Pharmacol.
2001;33:257–267.

17. Buemann B, Toubro S, Astrup A. D-tagatose, a stereoisomer of D-fructose,
increases hydrogen production in humans without affecting 24-hour energy ex-
penditure or respiratory exchange ratio. J Nutr. 1998;128:1481–1486.

18. Saunders JP, Donner TW, Sadler JH, et al. Effects of acute and repeated oral doses
of D-tagatose on plasma uric acid in normal and diabetic humans. Regul Toxicol
Pharmacol. 1999;29:S57–S65.

19. Donner TW, Magder LS, Zarbalian K. Dietary supplementation with D-tagatose in
subjects with type 2 diabetes leads to weight loss and raises high-density lipopro-
tein cholesterol. Nutr Res. 2010;30:801–806.

20. Ensor M, Williams J, Smith R, et al. Effects of three low-doses of D-tagatose on gly-
cemic control over six months in subjects with mild type 2 diabetes mellitus under
control with diet and exercise. J Endocrinol Diabetes Obes. 2014;2:1057.

21. van Can JGP, van Loon LJC, Brouns F, et al. Reduced glycaemic and insulinaemic
responses following trehalose and isomaltulose ingestion: implications for postprandial
substrate use in impaired glucose-tolerant subjects. Br J Nutr. 2012;108:1210–1217.

22. Maki KC, Kanter M, Rains TM, et al. Acute effects of low insulinemic sweeteners on
postprandial insulin and glucose concentrations in obese men. Int J Food Sci Nutr.
2009;60:48–55.

23. Mizote A, Yamada M, Yoshizane C, et al. Daily intake of trehalose is effective in the
prevention of lifestyle-related diseases in individuals with risk factors for meta-
bolic syndrome. J Nutr Sci Vitaminol (Tokyo). 2016;62:380–387.

24. Yoshizane C, Mizote A, Arai C, et al. Daily consumption of one teaspoon of treha-
lose can help maintain glucose homeostasis: a double-blind, randomized con-
trolled trial conducted in healthy volunteers. Nutr J. 2020;19:68.

25. Kaplon RE, Hill SD, Bispham NZ, et al. Oral trehalose supplementation improves re-
sistance artery endothelial function in healthy middle-aged and older adults.
Aging (Albany NY). 2016;8:1167–1183.

26. Kendall F, Marchand O, Haszard J, et al. The comparative effect on satiety and sub-
sequent energy intake of ingesting sucrose or isomaltulose sweetened trifle: a
randomized crossover trial. Nutrients. 2018;10:1504.

27. Suklaew P, Suraphad P, Adisakwattana S, et al. The effects of isomaltulose-based
beverage on postprandial plasma glucose and lipid profiles in obese men. J Sci
Food Agric. 2015:1:36–39.

28. Henry C, Kaur B, Quek R, et al. A low glycaemic index diet incorporating isomaltu-
lose is associated with lower glycaemic response and variability, and promotes fat
oxidation in Asians. Nutrients. 2017;9:473.

29. Ang M, Linn T. Comparison of the effects of slowly and rapidly absorbed carbohy-
drates on postprandial glucose metabolism in type 2 diabetes mellitus patients: a
randomized trial. Am J Clin Nutr. 2014;100:1059–1068.

30. Sridonpai P, Komindr S, Kriengsinyos W. Impact of isomaltulose and sucrose based
breakfasts on postprandial substrate oxidation and glycemic/insulinemic changes
in type-2 diabetes mellitus subjects. J Med Assoc Thail Chotmaihet Thangphaet.
2016;99:282–289.

31. Arai H, Mizuno A, Sakuma M, et al. Effects of a palatinose-based liquid diet (Inslow) on gly-
cemic control and the second-meal effect in healthy men. Metabolism. 2007;56:115–121.

32. Maeda A, Miyagawa J, Miuchi M, et al. Effects of the naturally-occurring disacchar-
ides, palatinose and sucrose, on incretin secretion in healthy non-obese subjects. J
Diabetes Investig. 2013;4:281–286.

33. Lightowler S, Theis H. Changes in weight and substrate oxidation in overweight
adults following isomaltulose intake during a 12-week weight loss intervention: a
randomized, double-blind controlled trial. Nutrients. 2019;11:2367.

34. Mateo-Gallego R, P�erez-Calahorra S, Lamiquiz-Moneo I, et al. Effect of an alcohol-
free beer enriched with isomaltulose and a resistant dextrin on insulin resistance
in diabetic patients with overweight or obesity. Clin Nutr. 2020;39:475–483.

35. Okuno M, Kim M-K, Mizu M, et al. Palatinose-blended sugar compared with su-
crose: different effects on insulin sensitivity after 12 weeks supplementation in
sedentary adults. Int J Food Sci Nutr. 2010;61:643–651.

36. Brunner S, Holub I, Theis S, et al. Metabolic effects of replacing sucrose by isomal-
tulose in subjects with type 2 diabetes: a randomized double-blind trial. Diabetes
Care. 2012;35:1249–1251.

37. Holub I, Gostner A, Theis S, et al. Novel findings on the metabolic effects of the
low glycaemic carbohydrate isomaltulose (PalatinoseTM). Br J Nutr.
2010;103:1730–1737.

38. Halschou-Jensen K, Bach Knudsen KE, Nielsen S, et al. A mixed diet supplemented
with L-arabinose does not alter glycaemic or insulinaemic responses in healthy hu-
man subjects. Br J Nutr. 2015;113:82–88.

39. Buemann B, Toubro S, Raben A, et al. The acute effect of D-tagatose on food in-
take in human subjects. Br J Nutr. 2000;84:227–231.

40. Noronha JC, Braunstein CR, Glenn AJ, et al. The effect of small doses of fructose
and allulose on postprandial glucose metabolism in type 2 diabetes: a double-
blind, randomized, controlled, acute feeding, equivalence trial. Diabetes Obes
Metab. 2018;20:2361–2370.

Nutrition ReviewsVR Vol. 80(2):255–270 269

http://www.training.cochrane.org/handbook
http://www.training.cochrane.org/handbook


41. Han Y, Choi B, Kim S, et al. Gastrointestinal tolerance of D-allulose in healthy and
young adults. A non-randomized controlled trial. Nutrients. 2018;10:2010.

42. Xu Z, Li S, Feng X, et al. L-arabinose isomerase and its use for biotechnological
production of rare sugars. Appl Microbiol Biotechnol. 2014;98:8869–8878.

43. Turck D, Bresson J, Burlingame B, et al. Scientific Opinion on the energy conver-
sion factor of D-tagatose for labelling purposes. EFSA J. 2016;14:e04630.

44. Government of Canada. Archived – novel food information. Available at: https://
www.canada.ca/en/health-canada/services/food-nutrition/genetically-modified-
foods-other-novel-foods/approved-products/trehalose.html. Accessed September
24, 2020.

45. Chattopadhyay S, Raychaudhuri U, Chakraborty R. Artificial sweeteners – a review.
J Food Sci Technol. 2014;51:611–621.

46. Maresch CC, Petry SF, Theis S, et al. Low glycemic index prototype isomaltulose—
update of clinical trials. Nutrients. 2017;9:381.

47. Lina BAR, Jonker D, Kozianowski G. Isomaltulose (PalatinoseVR

): a review of biologi-
cal and toxicological studies. Food Chem Toxicol. 2002;40:1375–1381.

48. Mooradian AD, Smith M, Tokuda M. The role of artificial and natural sweeteners in
reducing the consumption of table sugar: a narrative review. Clin Nutr ESPEN.
2017;18:1–8.

49. Hishiike T, Ogawa M, Hayakawa S, et al. Transepithelial transports of rare sugar D-
psicose in human intestine. J Agric Food Chem. 2013;61:7381–7386.

50. Food and Drug Administration. Gras notification for L-arabinose (BetawellV
R

Arabinose). Published online May 4, 2018.
51. Feh�er C. Novel approaches for biotechnological production and application of L-

arabinose. J Carbohydr Chem. 2018;37:251–284.
52. University of Sydney. GI database. Available at: https://www.glycemicindex.com/

foodSearch.php. Accessed September 24, 2020.
53. Vastenavond CM, Bertelsen H, Hansen SJ, et al. Tagatose (D-tagatose). In

O’Brien-Nabors L (ed) Alternative Sweeteners. 4th edn. Baton Rouge: CRC;
2011;197–222.

54. Richards AB, Krakowka S, Dexter LB, et al. Trehalose: a review of properties, history
of use and human tolerance, and results of multiple safety studies. Food Chem
Toxicol. 2002;40:871–898.

55. Noguchi C, Kamitori K, Hossain A, et al. D-allose inhibits cancer cell growth by re-
ducing GLUT1 expression. Tohoku J Exp Med. 2016;238:131–141.

56. Han Y, Kwon E-Y, Yu M, et al. A preliminary study for evaluating the dose-
dependent effect of D-allulose for fat mass reduction in adult humans: a random-
ized, double-blind, placebo-controlled trial. Nutrients. 2018;10:160.

57. Food and Drug Industry. Guidance Document — The Declaration of Allulose and
Calories from Allulose on Nutrition and Supplement Facts Labels: Guidance for
Industry. Office of Nutrition and Food Labeling Center for Food Safety and
Applied Nutrition Food and Drug Administration; 2020.

58. Kimura T, Kanasaki A, Hayashi N, et al. d-Allulose enhances postprandial fat oxida-
tion in healthy humans. Nutrition. 2017;43–44:16–20.

59. Iida T, Kishimoto Y, Yoshikawa Y, et al. Acute D-psicose administration decreases
the glycemic responses to an oral maltodextrin tolerance test in normal adults. J
Nutr Sci Vitaminol (Tokyo). 2008;54:511–514.

60. Braunstein C, Noronha J, Glenn A, et al. A double-blind, randomized controlled,
acute feeding equivalence trial of small, catalytic doses of fructose and allulose on
postprandial blood glucose metabolism in healthy participants: the Fructose and
Allulose Catalytic Effects (FACE) trial. Nutrients. 2018;10:750.

61. Buemann B, Toubro S, Astrup A. Human gastrointestinal tolerance to D-tagatose.
Regul Toxicol Pharmacol. 1999;29:S71–S77.

62. Braunstein CR, Noronha JC, Khan TA, et al. Effect of fructose and its epimers on
postprandial carbohydrate metabolism: a systematic review and meta-analysis.
Clin Nutr. 2020;39:3308–3318.

63. Noronha J, Braunstein C, Blanco Mejia S, et al. The effect of small doses of fructose
and its epimers on glycemic control: a systematic review and meta-analysis of
controlled feeding trials. Nutrients. 2018;10:1805.

64. Tanaka M, Kanasaki A, Hayashi N, et al. Safety and efficacy of a 48-week long-term
ingestion of D-allulose in subjects with high LDL cholesterol levels. Fundam
Toxicol Sci. 2020;7:15–31.

65. Sievenpiper JL, Chiavaroli L, de Souza RJ, et al. ‘Catalytic’ doses of fructose may bene-
fit glycaemic control without harming cardiometabolic risk factors: a small meta-
analysis of randomised controlled feeding trials. Br J Nutr. 2012;108:418–423.

66. Espinosa I, Fogelfeld L. Tagatose: from a sweetener to a new diabetic medication?
Expert Opin Investig Drugs. 2010;19:285–294.

67. Elbein AD, Pan YT, Pastuszak I, et al. New insights on trehalose: a multifunctional
molecule. Glycobiology. 2003;13:17R–27R.

68. Oizumi T, Daimon M, Jimbu Y, et al. A palatinose-based balanced formula
improves glucose tolerance, serum free fatty acid levels and body fat composition.
Tohoku J Exp Med. 2007;212:91–99.

69. Keyhani-Nejad F, Kemper M, Schueler R, et al. Effects of palatinose and sucrose in-
take on glucose metabolism and incretin secretion in subjects with type 2 diabe-
tes. Diabetes Care. 2016;39:e38–e39.

70. Beerens K, De Winter K, Van de Walle D, et al. Biocatalytic synthesis of the rare
sugar kojibiose: process scale-up and application testing. J Agric Food Chem.
2017;65:6030–6041.

71. D�ıez-Municio M, Kolida S, Herrero M, et al. In vitro faecal fermentation of novel oli-
gosaccharides enzymatically synthesized using microbial transglycosidases acting
on sucrose. J Funct Foods. 2016;20:532–544.

72. Oku T, Murata-Takenoshita Y, Yamazaki Y, et al. D-sorbose inhibits disaccharidase
activity and demonstrates suppressive action on postprandial blood levels of glu-
cose and insulin in the rat. Nutr Res. 2014;34:961–967.

73. Chen Z, Chen J, Zhang W, et al. Recent research on the physiological functions,
applications, and biotechnological production of D-allose. Appl Microbiol
Biotechnol. 2018;102:4269–4278.

270 Nutrition ReviewsVR Vol. 80(2):255–270

https://www.canada.ca/en/health-canada/services/food-nutrition/genetically-modified-foods-other-novel-foods/approved-products/trehalose.html
https://www.canada.ca/en/health-canada/services/food-nutrition/genetically-modified-foods-other-novel-foods/approved-products/trehalose.html
https://www.canada.ca/en/health-canada/services/food-nutrition/genetically-modified-foods-other-novel-foods/approved-products/trehalose.html
https://www.glycemicindex.com/foodSearch.php
https://www.glycemicindex.com/foodSearch.php

	nuab012t2-tblfn1
	nuab012t4-tblfn2
	nuab012t5-tblfn3

