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A B S T R A C T

In this study, we assessed whether D-allulose was associated with reproductive toxicity in rats, assessing re-
production and offspring growth following gavage of parents with 0, 500, 1000, and 2000mg/kg of this com-
pound. Specifically, female rats were continuously dose from 2 weeks prior to mating until day 21 of lactation,
while males were dose for the 10 weeks before mating. We did not observe any direct toxicity or mortality upon
D-allulose administration, with no changes in body weight or eating behavior between study and control groups.
We also did not observe any significant alterations in precoital time, copulation index, fertility index (male), or
pregnancy index (male) between groups. Relative to controls, there was also no effect of D-allulose treatment on
pregnancy rates, implantation, pregnancy length, gender ratios, viability indexes, lactation indexes, prenatal
death rates, or number of live young at time of birth. Organ weights and indexes were also comparable between
groups at time of sacrifice, and treatment was not linked to any obvious manifestations upon necropsy or his-
topathological examination. In the F1 offspring, the body weights of pups born to parents administered D-
allulose (2000, 1000, and 500mg/kg) were slightly higher on days 1–9 postnatally relative to controls
(p < 0.05), however after day 9 these effects were no longer evident. Together, these results indicate a no-
observed-adverse-effect level (NOAEL) of D-allulose of 2000mg/kg, the highest dose tested, in parental animals
and their offspring.

1. Introduction

D-allulose, is a rare sugar that is not commonly found in nature and
which is a C3 epimer of D-fructose. The United States department of
agriculture (USDA) has deemed D-allulose to be generally recognized as
safe (GRAS) (GRN 693, FDA, 2017), with several reports indicating an
impact of D-allulose on the metabolism of lipids (Choi et al., 2018;
Nagata et al., 2018). D-allulose can increase liver glucose uptake and
suppress the activity of lipid-generating enzymes within the liver
(Nagata et al., 2015), and it can further both decrease food intake and
increase energy usage and activity of soleus muscle lipoprotein lipase in
rats on a high-sucrose diet (Ochiai et al., 2014). Work in mice indicates
that D-allulose further reduces the absorption of dietary fat absorption
via the small intestine, and increases fat tissue oxidation upon high-fat
diet feeding (Han et al., 2016). Many researchers using animal models
have found D-allulose to be linked with decreases in overall fat mass,
body weight, and/or energy intake (Matsuo et al., 2001). Preliminary

work in a clinical setting has similarly observed reductions in body fat
mass in those patients that are obese or overweight upon D-allulose
administration (Han et al., 2018). Even in healthy humans, D-allulose
can increase rates of postprandial fat oxidation, highlighting its po-
tential as a possible novel sweetening agent useful for achieving and
maintaining a healthy weight based on enhancements to overall rates of
energy metabolism (Hossain et al., 2015).

Toxicological evaluation plays a very important role in the research
and sue of substance (Li et al., 2017; Gao et al., 2014). Previous studies
have indicated that long-term administration of D-allulose caused no
harmful effects in dogs up to 0.2 g/kg (Nishii et al., 2017). In acute
toxicity, some dogs (1/6) experienced vomiting, and others (5/6)
showed transient diarrhea after single treatment 4 g/kg of D-allulose
(Nishiiet al., 2016). The present study aimed to assess the reproductive
toxicity linked with D-allulose based on a one-generation assessment of
reproductive outcomes in rats, in compliance with OECD Test Guideline
415 (OECD, 1983). In total, we administered D-allulose by gavage to 24
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male and 48 female rats per group (0, 500, 1000, and 2000mg/kg/day.
These dosages, if extrapolated on a body weight basis to humans, cor-
respond to 5, 10, 20 g/person/day, respectively), with our results in-
dicating a no-observed-adverse-effect level (NOAEL) for D-allulose of
2000mg/kg for both parental animals and their offspring.

2. Materials and methods

2.1. Chemicals

D-allulose derived from a non-genetically modified Microbacterium
foilorum was provided by Samyang Corp. (Republic of Korea).

2.2. Animals and treatment

2.2.1. F0 animals
Prior to mating, males were dosed with D-allulose for a total of 10

weeks, while females were dosed from 2 weeks before mating until day
21 of lactation. Mating was conducted with a ratio of 1 male to 2 fe-
males for a 14-day mating period, with successful mating detected ei-
ther based on vaginal plug detection or identification of sperm upon a
vaginal smear, with both protocols being conducted daily. The day a
successful mating event was identified was denotes as gestation day
(GD) 0 of the pregnancy period, and males and females were then se-
parated and individually housed.

If after the 14-day period a female had not undergone mating, fe-
male was re-mated with a male of proven fertility in the same exposure
group. A continued lack of successful mating led to separation of these
females who were then sacrificed 21 days later and subjected to ne-
cropsy. Rats were able to give birth to and rear their own F1 offspring
until lactation day (LD) 21. Normal maternal clinical signs (i.e., changes
in eyes, mucous membranes, loss of fur or scabbing) were observed in
all groups. In addition, we calculated copulation, fertility, and preg-
nancy indices, as well as the precoital interval, and duration of preg-
nancy. Male rats were euthanized by carbon dioxide inhalation after the
mating period (Guo et al., 2018), while females who gave birth were
euthanized following weaning.

Females who did not deliver were euthanized on day 3 after the
final expected parturition date. Upon euthanasia, all rats underwent a
complete gross necropsy, with special attention paid to reproductive
tissues. We also preserved organs for microscopy including the ovaries,
uterus, cervix, vagina, testes, epididymides, seminal vesicles, prostate,
coagulating gland, and pituitary gland (Li et al., 2016). Briefly, the
organs/tissues were fixed in formalin (10%) and embedded in paraffin,
and were sectioned following hematoxylin eosin (H&E) staining. Then,
the histological sections were examined by the study pathologist. If test
substance related pathological changes were note in some organs/tis-
sues, the middle dosage group was checked until no abnormity was
found (Li et al., 2014, 2018a).

2.2.2. F1 animals
The day upon which parturition was completed was deemed post-

natal day (PND) 0. On this day, pups were examined and number of
liver and stillborn pups were assessed. Live pups further underwent
counting, sexing, weighing, and external examinations. Pups were then
monitored daily, with numbers of live and dead pups recorded on PNDs
4, 7, 14, and 21. Extra pups present on PND 4 were eliminated at
random to reduce litter sizes to 4 males and 4 females when possible,
with the goal of avoiding any influences of litter size on study out-
comes. Deceased pups were assessed for any evident structural
anomalies or pathological findings. On PNDs 0, 3, 6, 9, 12, 15, 18, and
21, body weights of F1 animals were measured and physical findings
were assessed for 1 random male and female in each litter.

We additionally assessed behavior in 1 random male and female pup
from each litter, measuring the righting reflex on PND 2 by calculating
the time it takes the pup to right itself following placement on a flat

surface with the dorsal side down (Palanza et al., 2001). If subjects
failed to right after 2min, the test was terminated. On PND 4, cliff
avoidance was assessed by positioning animals on the edge of a plat-
form with their forelimbs and snout positioned such that the eyes were
directly over the platform edge (Palanza et al., 2001). On PND 10,
negative geotaxis was assessed via placing an animal head down on a
board positioned at a 45-degree angle, and measuring the time needed
for the animal to turn 180° up to a maximum of 2min (Cada et al.,
2000). On PND 21, a rotarod test was performed by assessing how long
it took animals to fall off of a 6-cm-diameter rod spinning at 15 rpm
(Meyer et al., 1979).

2.3. Statistical analysis

All data are given as mean ± standard deviation. Non-parametric
data were tested via Kruskal-Wallis analysis of variance (ANOVA) fol-
lowed by a Mann-Whitney U test where appropriate, while a one-way
ANOVA was used to test parametric data. When significant differences
were detected, a multiple comparisons test was performed based on the
Dunnett method. Incidence data, including clinical signs and histo-
pathologic findings, were compared by via Fisher's exact probability
test. Significance is indicated as: p < 0.05 (*).

3. Results

3.1. Clinical observations

We observed no evidence of toxicity or mortality linked with D-
allulose at any time in this study, with no significant differences in body
weights in rats of any sex or at any time relative to the mating period
(Figs. 1–4). Male body weights did trend slight lower in the 2000 and
1000mg/kg groups, but these differences were not significant
(p > 0.05). There were also no differences in food consumption be-
tween treatment groups (data not shown).

3.2. Fertility data results

Copulation index, fertility index (male), and pregnancy index
(male) did not differ significantly relative to control at any D-allulose
dose (Table 1). Precoital time was slightly shorter in the D-allulose
groups (2000, 1000, and 500mg/kg), but these differences were not
statistically significant (p > 0.05).

3.3. Reproductive and litter outcomes

As shown in Table 2, we did not detect any abnormalities in

Fig. 1. Mean body weights for male rats.
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newborn pups. We also observed no significant differences in numbers
of pregnant females, corpora lutea, and implantations. No significant
differences were found in the pregnancy period (day), prenatal death,
gender ratio, viability index, lactation index, prenatal death rates, and
number of live young at birth.

3.4. Necropsy and histopathology findings

Tables 3 and 4 show the terminal organ weights and indexes for
study animals, with no evidence of significant differences between
groups. While there was a significant difference was found in testes
coefficient (relative organ weight) in the 500mg/kg D-allulose group
(p < 0.05). However, this change was only found in low dose animals,
and there was no clear dose-response relationship, and the determined
value was within the normal range observed in our facility. This finding
was therefore not believed to be a toxicological effect. In gross necropsy
examinations, we have checked all organs/tissues above mentioned in
all test substance treatment group, and no abnormities were found. On
histopathological investigations, no substance-related changes in all
samples in high dose group (2000mg/kg D-allulose) when compared
with control group. Taken together, D-allulose did not induced any
obvious reproductive organs toxicity under our test conditions.

3.5. F1 findings

Pup body weights in the D-allulose groups (2000, 1000, and
500mg/kg) were slightly increased on PNDs 1–9 (p < 0.05) relative to
control (Fig. 5). However, these changes were no longer evident after
PND 9. Physical development and behavioral functions were not altered
in response to D-allulose treatment (data not shown).

4. Discussion

D-Allulose is a unique form of bioactive monosaccharide with de-
sirable effects on human healthy. Recent studies have ascribed many
functions to D-allulose, with evidence it can combat hyperglycemia and
obesity (Hossain et al., 2015; Iwasaki et al., 2018; Shintani et al., 2017).
Herein, we assessed any potential adverse effects of D-allulose on re-
production in male and female rats, monitoring key reproductive
parameters including mating behavior, conception, parturition, lacta-
tion, and weaning in SD rats.

Adverse outcomes of food or chemical-related toxicity often man-
ifest as differences in body weight or food intake (Gao et al., 2013,
2017b). Here, we did observe a trend towards lower body weight in D-
allulose treated groups (2000 and 1000mg/kg), and this result maybe
the enlargement of test substance activity. The outcome was consistent
with previous findings regarding the anti-obesity effects of this com-
pound. Indeed, some studies have found that subchronic ingestion of D-
allulose in an obese mouse model system can effectively combat obesity
and obesity-related disorders (Itoh et al., 2015). While we only ob-
served differences in weight in the male rats, this is likely due to the
shorter treatment time used for female rats.

Our findings did not detect significant effects of D-allulose treat-
ment of pre-mating, mating, gestation, or lactation parameters.
Although a slight decrease in precoital time in D-allulose treated rats
(2000, 1000, and 500mg/kg), this was believed to be incidental as this
value was within historical control values in the laboratory. There were
no significant differences in fertility data, or in reproductive and litter
findings. Increases in relative testes weights were observed in the D-
allulose 500mg/kg group, but as this effect was not dose-dependent
and no apparent changes in histology were observed, this was not be-
lieved to be due to toxicity.

Among F1 offspring, the number of corpora lutea and implantations,
percent of prenatal death and live young, sex ratio, viability index,
lactation index and pup abnormalities were unaffected by D-allulose
treatment. No malformed pups were evident in any group. There was a
slight increase in pup body weight on PNDs 1–9 in the D-allulose groups
(2000, 1000, and 500mg/kg) relative to controls. However, these
changes were small, with no obvious dose dependence. While decreased
body weights are often a sign of toxicity, increased body weights are not
generally of toxicological significance (Gao et al., 2017a; Li et al.,
2018b). We also conducted behavioral assessments of F1 offspring,

Fig. 2. Mean body weights for female rats (Pre-mating). Animals were treated
with D-allulose during 9–10 week.

Fig. 3. Mean body weights for female rats (Lactation).

Fig. 4. Mean body weights for female rats (Gestation).
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detecting and no treatment-related effects on behavioral development
in these rats.

As we detected no adverse developmental or reproductive out-
comes, the NOAEL for D-allulose is at least 2000mg/kg, which was the
maximum dose in the present study. Administration of 2000mg/kg
does thus not affect the reproductive abilities of parental rats, or the
development of F1 offspring of these rats.
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Table 1
Fertility data of parent animals treated with D-allulose during premating periods.

Items Control 2000mg/kg WB 1000mg/kg WB 500mg/kg WB

Male
No. of males mated 12 12 12 12
Copulation indexa (%) 12/12 (100) 12/12 (100) 12/12 (100) 12/12 (100)
Fertility indexb (%) 23/25 (92) 22/25 (88) 23/25 (92) 22/25 (88)
Female
No. of females mated 25 25 25 25
Copulation indexa (%) 25/25 (100) 25/25 (100) 25/25 (100) 25/25 (100)
Pregnancy indexc (%) 23/25 (92) 22/25 (88) 23/25 (92) 22/25 (88)
Precoital time (day) 4.0 ± 3.7 2.3 ± 1.9 3.3 ± 3.3 2.5 ± 1.5

a Number of animals with successful copulation/number of mated animals.
b Number of impregnating animals/number of animals with successful copulation.
c Number of pregnant animals/number of animals with successful copulation.

Table 2
Reproductive and littering findings of dams treated with D-allulose during premating, gestation, and lactation periods.

Items Control 2000mg/kg WB 1000mg/kg WB 500mg/kg WB

No. of pregnant females 23 22 23 22
No. of corpora lutea 17.3 ± 1.8 16.0 ± 2.7 18.0 ± 2.2 17.6 ± 3.0
No. of implantations 14.3 ± 1.9 12.7 ± 3.8 14.0 ± 2.0 12.5 ± 2.7
Pregnancy period (day) 21.7 ± 0.6 21.8 ± 0.5 21.7 ± 0.6 21.6 ± 0.6
Percent of prenatal death 1.4 ± 4.1 4.1 ± 7.1 2.7 ± 4.8 1.0 ± 2.6
Female/Male 0.9 ± 0.4 1.1 ± 1.0 1.1 ± 0.7 0.9 ± 0.6
Viability index (%)a 99.7 ± 1.2 99.7 ± 1.6 100 100
Lactation index (%)b 100 100 100 100
No. of neonates with external anomalies 0 0 0 0
Percent of live young at birth 98.6 ± 4.1 95.9 ± 7.1 97.3 ± 4.8 99.0 ± 2.6

a Viability index = (no. of live pups at day 4/no. of live pups at birth)× 100.
b Lactation index = (no. of live pups at day 21/no. of live pups after litter-size control)× 100.

Table 3
Organ weights of male rats treated with D-allulose during premating periods.

Parameter Control 2000mg/kg WB 1000mg/kg WB 500mg/kg WB

Mean weight (g)
Liver 11.34 ± 1.68 10.78 ± 1.56 11.10 ± 1.40 10.96 ± 1.23
Kidneys 2.90 ± 0.48 2.79 ± 0.35 2.83 ± 0.35 2.97 ± 0.37
Spleen 0.77 ± 0.20 0.73 ± 0.10 0.78 ± 0.13 0.76 ± 0.11
Heart 1.36 ± 0.17 1.44 ± 0.21 1.49 ± 0.18 1.50 ± 0.12
Lung 1.72 ± 0.33 1.70 ± 0.28 1.66 ± 0.19 1.74 ± 0.27
Testes 3.80 ± 0.46 3.26 ± 0.72 3.65 ± 0.46 3.59 ± 0.39
Epididymides 1.43 ± 0.25 1.39 ± 0.27 1.46 ± 0.18 1.39 ± 0.26
Prostate 1.32 ± 0.40 1.16 ± 0.39 1.07 ± 0.37 1.44 ± 0.81
Seminal vesicle 1.42 ± 0.25 1.47 ± 0.26 1.57 ± 0.36 1.51 ± 0.29
Pituitary 0.0113 ± 0.0017 0.0109 ± 0.0022 0.0112 ± 0.0022 0.0113 ± 0.0023
Mean organ-to-terminal body weight ratios
Liver 2.50 ± 0.20 2.46 ± 0.22 2.50 ± 0.15 2.36 ± 0.19
Kidneys 0.64 ± 0.06 0.64 ± 0.05 0.64 ± 0.05 0.64 ± 0.05
Spleen 0.17 ± 0.05 0.17 ± 0.02 0.18 ± 0.02 0.16 ± 0.02
Heart 0.30 ± 0.03 0.33 ± 0.03 0.34 ± 0.04 0.33 ± 0.03
Lung 0.38 ± 0.07 0.39 ± 0.05 0.38 ± 0.04 0.37 ± 0.04
Testes 0.84 ± 0.06 0.75 ± 0.15 0.82 ± 0.09 0.77 ± 0.06∗

Epididymides 0.32 ± 0.04 0.32 ± 0.07 0.33 ± 0.02 0.30 ± 0.05
Prostate 0.30 ± 0.10 0.27 ± 0.09 0.24 ± 0.09 0.32 ± 0.20
Seminal vesicle 0.32 ± 0.05 0.34 ± 0.06 0.36 ± 0.08 0.33 ± 0.06
Pituitary 0.0025 ± 0.0004 0.0025 ± 0.0005 0.0025 ± 0.0005 0.0024 ± 0.0004

Values were means ± SD.
∗Indicates a significant difference at the p < 0.05 level, when compared with the control group.
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Mean organ-to-terminal body weight ratios
Heart 0.33 ± 0.03 0.32 ± 0.02 0.32 ± 0.03 0.33 ± 0.05
Liver 2.30 ± 0.18 2.29 ± 0.19 2.31 ± 0.24 2.22 ± 0.15
Spleen 0.16 ± 0.02 0.16 ± 0.02 0.16 ± 0.02 0.15 ± 0.02
Lung 0.41 ± 0.05 0.40 ± 0.05 0.40 ± 0.05 0.40 ± 0.07
Kidneys 0.56 ± 0.05 0.57 ± 0.05 0.57 ± 0.05 0.56 ± 0.05
Uterus 0.15 ± 0.04 0.16 ± 0.05 0.14 ± 0.03 0.15 ± 0.04
Ovary 0.05 ± 0.01 0.05 ± 0.01 0.05 ± 0.01 0.05 ± 0.01
Pituitary gland 0.0033 ± 0.0011 0.0032 ± 0.0008 0.0030 ± 0.0010 0.0028 ± 0.0011

Values were means ± SD.

Fig. 5. Mean body weights for neonatal rats (Lactation).
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