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Abstract  This study investigated multi-generational reproductive and developmental toxicity of dietary 
nucleotides (NTs) during lactation in rats with the purpose of augmenting currently available safety data. Weanling 
rats (F0) were fed NTs at doses of 0.01%, 0.04%, 0.16%, 0.64%, and 1.28% (wt/wt for 90 days and then mated in a 
1:1 pattern. The F1 generation rats were fed NTs for 90 days after weaning. The process was repeated until F3 rats 
were born. We measured the physical and neural development landmarks during lactation in the F3 generation and 
observed the signs of maternal rats during the gestation, parturition, and lactation periods. No significant differences 
in either physical or neural developmental landmarks were observed between the control and NT groups. No 
clinically adverse effects were found in the maternal rats at any point in gestation, parturition, or lactation. There 
were no alterations in the indicators of parturition. No significant differences were observed between controls and 
NT-treated rats fed four kinds of nucleotides in F0 milk on PND 21. In conclusion, NTs in doses of up to 1.28% did 
not cause any adverse effects in either the maternal or filial individuals. 
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1. Introduction 
Nucleotides and their metabolic products play key roles 

in most biological processes. They are basic units of 
nucleic acids, but they also serve as coenzyme 
components and biological regulators that transfer 
chemical energy and act in biosynthetic pathways. 
Increasing amounts of evidence show that dietary 
nucleotides affect different aspects of body function and 
health, including lipid metabolism [1], immune function 
[2,3,4,5], intestinal microbiota [6], liver function and 
morphology [7], as well as growth performance [8]. 
Although nucleotides can be synthesized de novo, several 
tissues with rapid turnover rates, such as the intestine, may 
be benefit from an exogenous supply to save energy. 
Nucleotides become semi-essential nutrients when the 
body is in a diseased state, a period of limited nutrient 
intake, rapid growth, and during development [9].  

With multifaceted activities, there is a history of safe 
consumption of NTs in the human diet. Numerous studies 
have shown that nucleotide-fortified infant formula is safe 
and beneficial [10-16]. However, most of the NTs-studies 
have focused on infants or on adults. For instance, few 
high-level toxic or carcinogenic effects (up to 0.64%) 
were observed in Sprague-Dawley rats at any point in 
their lifetimes in our previous study. Furthermore, our 
multi-generation assessment of dietary nucleotides (NTs) 

indicated that may play roles in the promotion of early 
growth and development after weaning [17]. Nevertheless, 
whether NTs would be always good for maternal ones? 

Here, a multi-generational reproductive toxicity study 
was conducted with the purpose of augmenting the 
currently available safety data for NTs consumed in mater 
throughout their pregnancy, delivery and lactation. The 
physical and neural developmental landmarks of offspring 
were recorded to assess toxicity of NTs during lactation. 
The content of nucleotides in F0 milk was also detected on 
the 21th day of lactation.  

2. Materials and Methods 

2.1. Test Substance 
NTs provided by Zhen-Ao Biotechnology Ltd. Co. 

(Dalian, China) were derived from brew’s yeast RNA with 
purity of more than 99%. The NTs mixture contained 
adenosine monophosphate (AMP), guanosine 
monophosphate (GMP), uridine monophosphate (UMP), 
and cytidinemonophosphate (CMP) with the following 
ratio 22.8: 26.6: 30.2: 20.4, respectively. The experimental 
diet was based on AIN93G formulation [18]. The 
experimental diet was supplemented with “AIN93G” to 
give 10, 40, 160, 640, and 1280 mg of mixed NT kg−1 diet. 
The food consumption of rats was usually 10 g/100 g*bw. 
The dosages were 0.01%, 0.04%, 0.16%, 0.64% or 1.28%. 
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Dietary ingredients (Supplementary_material 1) were 
thoroughly mixed in a mixer, pelletized, and air-dried at 
room temperature.  

2.2. Experimental Animal and Housing 
Conditions 

A total of 360 male and female Sprague-Dawley (S-D) 
rats (4 weeks old), weighing 35-55 g, were obtained from 
the Animal Service of Health Science Center, Peking 
University, Beijing. Rats were housed two per plastic cage 
with free access to rat chow and tap water in a SPF 
(specific-pathogen-free) filter-protected air-conditioned 
room with controlled temperature (25-28°C), relative 
humidity (60±5%), and 12-hour light/dark cycles (light on 
07:30-19:30 hours). All animals were handled in 
accordance with the guidelines of the National Institutes 
of Health and the guidelines of the Peking University 
Animal Research Committee (www.lab.pku.edu.cn). 

2.3. Experimental Design 
After a 1-week acclimation period, rats were randomly 

assigned to one of six groups (thirty male and thirty 
female animals per group): one control group and five 
experimental groups. Control rats were fed the AIN93G 
rodent diet (Vital River Ltd. Co., Beijing). The diets given 
to rats in the five experimental groups were 0.01%, 0.04%, 
0.16%, 0.64%, and 1.28% NTs, respectively. The 
experimental diet was supplemented with “AIN93G” to 
give 10, 40, 160, 640, and 1280 mg of mixed NT kg−1 diet. 
Dietary ingredients were thoroughly mixed in a mixer, 
pellets were made, and airdried at room temperature. For 
the mating portion of the multi-generation reproduction, 
an F0 female was paired with one F0 male from the same 
treatment group by placing them in the same cage. 
Vaginal smear examination was used to determine 
whether female rats were pregnant at 7:00 am the next day. 
After confirmation of mating, the female was placed in an 
individual cage, ensuring that 20 female rats in each group 
had become pregnant. The day of parturition was 
designated as day 0 of lactation for the dams and postnatal 
day (PND) 0 for pups (F1). All pups, on PND 4 were 
examined externally for abnormalities and culled to yield 
4 pups/sex/litter. Culled pups were weighed and discarded. 
The dam and litter remained together and remained on the 
control or NTs diets until weaning on LD 21. Litters were 
sexed, examined for gross malformations and the number 
of stillbirths and live pups were recorded. After weaning, 
F1 rats were fed the same control or NTs diets as the F0 
generation for 90 days. The healthy ones rats in each 
group were randomly selected to produce the next 
generation. Multi-generational reproduction was repeated 
until the F3 generation was born.  

2.4. Maternal Clinical Observations 
Throughout the study, general clinical observations 

were made each day for mortality and overt signs of 
toxicity. Behavioral changes, signs of difficult or 
prolonged parturition and all signs of toxicity were 
recorded. These included dysphoric disorders, vaginal 
bleeding, somnolence and mobility-restriction in gestation, 
spontaneous abortion, dystocia or malformation in 
parturition, refusal to suckle, biting offspring, nipple 

swelling, ulceration, and secretion of non-milk substance 
during lactation. 

2.5. Maternal Body Weight and Feed Intake 
Maternal rats (F0, F1 and F2) were weighed on the first 

day of dosing and weekly thereafter. Then they were 
weighed on gestation days 0, 7, 14, and 21 and during 
lactation on the same days as the weighing of litters. 
These observations were reported individually for each rat. 
Diet utilization was calculated using the following 
formula: Diet utilization (%) = [weight gain (g)/ food 
consumption (g)] x 100 

2.6. Fetal observations 
The fetal parameters recorded for individual dam 

included, total number of fetuses, number of abnormal 
fetuses, number of dead fetuses, number of live fetuses, 
number of male and female fetuses, weight of fetuses, and 
sex ratio. 

Physical or behavioral abnormalities observed in the 
dams and offspring were recorded. Live pups were 
counted and weighed in the same litter at birth (PND 0) 
and on days 4, 7, 14, and 21 of lactation. Physical 
development of the offspring (F1, F2, and F3) was 
recorded mainly in the form of gains in body weight. 
Other physical parameters were evaluated, including 
auricular appendages, incisor eruption, and eye opening. 
Age at testicular descent, vaginal opening, and foreskin 
separation were also determined. Meanwhile, neural 
development of the offspring (F1, F2, and F3) was 
recorded such as forelimb positioning, hindlimb 
positioning, surface righting, cliff escape, negative 
gravitropism, and air righting. 

2.7. Assessment of Nucleotides in F0 Milk 
On PND 21, rat pups were removed from the dams 

more than 2 h before collection of milk samples. These 
were collected by manual expression of the mammary 
gland under 1% pentobarbital sodium (0.4 ml/100 g/bw) 
anesthesia, after intramuscular injection of 1–1.5 U/100 
g/bw oxytocin. All samples were stored frozen (-20°C) 
until High Performance Liquid Chromatography (HPLC) 
analysis.  

Preparation of milk samples for HPLC analysis was 
carried out on ice by mixing one volume of milk with one 
volume of 1.0 M perchloric acid. The mixture was 
allowed to stand for 10 min and then centrifuged at 13,400 
× g for 10 min at 4°C. Perchloric acid was extracted from 
the supernatant by mixing (Vortex) with an equal volume 
of 0.5 M trioctylamine in 1,1,2-trichlorotrifluoroethane 
[19]. The incubation mixtures containing milk were 
chilled and centrifuged in a Microcon 30 concentrator 
(Amicon Inc., Beverly, MA, U.S.) at 12,000 × g for 10 
min at 4°C, and the permeate was collected. All samples 
were filtered through a 0.45 μm filter before HPLC 
analysis. 

The analytical determination of PPs was performed by a 
Varian 9010 reverse phase-HPLC (Walnut Creek, CA, 
USA). The injector was a Model 7125 Rheodyne manual 
valve,fitted with a 50 μL sample loop. A PerkinElmer 
(Waltham, MA, USA) LC-235 diode array were 
connected in series. The system was controlled by a 
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PerkinElmer interface module (NCI 900 Network 
Chromatography Interface). Chromatograms were 
processed by a PerkinElmer TotalChrom chromatography 
data handling system. The analytes were separated on a 
Bondapak C18 reversed phase column (3.9 mm inner 
diameter × 300 mm length, Waters, Millipore Corp., 
Milford, MA, USA.) and equipped with an Alltima guard 
column packed with the same stationary phase. 

Samples (20 μL) were analyzed. Spectral information 
was used for peak identification and evaluation of peak 
purity using Omega-2 and Omega-235 software from 
Perkin-Elmer. For milk, solvent A = 0.15 M KH2PO4, 
pH=4.00; solvent B = 25% methanol in solvent A. A 
linear gradient (0–100% solvent B) started after 2 min of 
isocratic elution and maintained for 28 min. The flow rate 
was 1 ml/min and the detection wavelength was 254 nm. 

2.8. Statistical Analyses 
Statistical analyses were performed using SPSS 

software (version 19.0, SPSS Inc., Chicago, IL, USA.). 

Variances in the measurement data were checked for 
homogeneity by Bartlett’s test. When the data were 
homogeneous, ANOVA and LSD methods were used. 
Tamhane’s T2 test was used after data are transformed to 
analyze data among multiple groups if variances were 
unequal. All reported P values were two-sided. A value of 
P<0.05 was considered significant.  

3. Results 

3.1. General Information 
No significant differences were detected between 

control and NT-treated groups with respect to the 
incidence of clinical signs of toxicity and regular 
behaviors in maternal (F0, F1, and F2) rats at any point in 
the study. 

3.2. Maternal Body Weight and Food 
Consumption 

Table 1. Weight gain and diet utilization of parental (F0, F1 and F2) rats in gestation 

Generation Group Litter number Weight gain (g) Diet utilization (%) 
Week 1 Week 2 Week 3 Week 1 Week 2 Week 3 

F0         
 control 20 27.20±7.55 28.39±3.30 95.15±11.25 5.37±0.97 5.74±0.88 1.94±0.23 
 0.01%NTs 20 32.84±7.42 33.64±6.35 89.51±15.05 4.53±0.78 4.83±0.72 1.96±0.24 
 0.04%NTs 20 29.84±10.52 29.45±6.89 80.62±27.69 4.95±1.10 5.28±1.44 2.26±1.04 
 0.16%NTs 20 31.26±8.70 27.32±10.22 83.8±29.75 5.01±1.30 8.56±10.89 3.98±7.34 
 0.64%NTs 20 32.73±10.52 29.39±9.98 87.3±30.29 5.05±1.27 9.83±17.26 4.30±7.99 
 1.28%NTs 20 35.59±5.35 30.01±8.93 84.05±18.33 4.38±0.75 6.18±2.10 2.22±0.63 

F1         
 control 20 32.10±20.93 28.90±14.33 62.59±38.19 5.73±4.71 9.30±7.51 4.60±4.96 
 0.01%NTs 20 36.79±9.53 33.55±5.25 95.34±14.81 4.60±1.46 5.29±0.96 2.05±0.35 
 0.04%NTs 20 38.08±9.57 30.51±8.22 67.96±40.50 4.01±0.86 6.03±1.81 1.53±2.72 
 0.16%NTs 20 31.79±10.80 28.83±10.39 70.89±36.05 5.31±1.85 6.61±2.63 2.55±0.74 
 0.64%NTs 20 34.46±26.42 24.88±21.23 70.63±41.67 3.49±3.50 6.28±10.19 2.12±0.42 
 1.28%NTs 20 28.38±15.35 22.18±13.64 68.93±50.02 2.10±7.14 8.89±6.30 3.51±4.15 

F2         
 Control 20 28.29±8.55 27.50±5.60 90.55±19.97 5.69±1.86 6.03±0.78 2.15±0.70 
 0.01%NTs 20 36.47±7.74 29.38±9.46 88.44±61.20 4.59±1.01 5.06±0.86 2.49±2.83 
 0.04%NTs 20 28.84±6.15 30.24±9.07 88.58±17.61 5.95±2.08 8.03±8.18 2.33±0.82 
 0.16%NTs 20 22.08±7.73 26.67±6.51 90.32±20.22 5.17±2.68 5.12±0.79 2.33±0.59 
 0.64%NTs 20 29.21±6.64 32.72±9.96 99.37±16.84 4.18±0.63 5.75±0.84 2.06±0.21 
 1.28%NTs 20 34.24±6.83 25.69±6.44 105.45±14.71 4.59±0.91 4.90±0.49 1.95±0.23 

Data are mean ±.SD values. 

Table 2. Weight gain and diet utilization of maternal (F0, F1 and F2) rats in lactation 

Generation Group Litter number Weight gain (g) Diet utilization (%) 
Week 1 Week 2 Week 3 Week 1 Week 2 Week 3 

F0         
 control 20 -4.99±12.28 -3.09±13.90 -17.69±13.01 -45.98±143.76 -47.34±429.00 -59.83±160.80 
 0.01%NTs 20 -8.14±18.55 2.63±15.14 -21.86±9.29 23.98±93.23 -29.06±78.04 -14.54±21.59 
 0.04%NTs 20 -11.18±19.57 1.59±8.66 -12.15±15.60 -8.69±31.30 35.08±176.85 -5.50±67.37 
 0.16%NTs 20 -1.07±7.60 -1.93±11.49 -15.89±13.26 -0.18±41.43 65.50±141.42 -29.52±33.68 
 0.64%NTs 20 -11.92±14.15 1.17±12.50 -17.66±11.00 -10.51±29.63 -28.79±154.5 -40.98±37.58 
 1.28%NTs 20 -5.38±11.96 -0.60±14.39 -15.44±12.30 9.28±87.08 30.05±134.82 -26.48±78.61 

F1         
 control 20 -6.90±18.97 12.88±19.02 -10.98±20.12 -21.56±30.06 41.13±50.09 -0.44±79.83 
 0.01%NTs 20 -1.99±13.99 11.48±7.56 -29.58±29.09 1.38±45.06 48.67±41.67 -11.38±17.34 
 0.04%NTs 20 1.05±13.35 14.33±13.16 -29.33±34.90 15.36±16.62 50.59±31.84 -22.08±16.60 
 0.16%NTs 20 3.64±10.10 5.41±22.99 -14.50±27.45 -3.01±32.75 2.74±37.92 24.06±64.88 
 0.64%NTs 20 -1.58±18.17 -6.22±19.49 -11.13±21.41 -0.82±35.25 50.89±152.85 -31.05±75.89 
 1.28%NTs 20 13.80±28.62 8.69±16.25 -6.11±24.32 5.87±18.93 27.74±85.22 8.94±52.02 

F2         
 Control 20 -10.73±26.63 13.74±19.08 -11.62±19.71 -10.71±8.07 21.39±15.95 -23.66±18.42 
 0.01%NTs 20 -15.89±21.62 9.87±23.63 -11.89±21.81 -12.43±12.94 4.28±52.33 -12.70±25.80 
 0.04%NTs 20 -18.12±17.68 10.15±9.69 -8.82±13.27 -11.91±21.83 27.11±24.46 -15.00±43.87 
 0.16%NTs 20 -13.51±16.11 6.67±15.73 -11.02±12.86 -8.63±50.19 16.45±26.00 -41.78±23.96 
 0.64%NTs 20 -20.41±14.75 8.49±11.86 -15.04±17.75 -8.80±9.47 28.58±38.37 -12.58±43.46 
 1.28%NTs 20 -15.76±14.88 16.80±11.97 -22.20±11.88 -7.95±21.93 18.89±6.76 -26.64±20.39 

Data are mean ±.SD values. 
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During the gestation (Table 1) and lactation (Table 2) 
periods, the weekly weight gain and diet utilization of 
maternal rats (F0, F1, and F2) did not show any 
significant differences between the NTs-treated rats and 
control rats (P>0.05).  

3.3. Fetal Observations 

The parturition data of filial (F1, F2, and F3) rats 
(including average weight, number of living fetuses per 
litter, average body weight, and sex ratio) are summarized 
in Table 3. There were no statistically significant 
differences in the NTs group relative to the control 
(P>0.05). 

Table 3. The parturition data of parental (F0, F1 and F2) rats 

Generations Group Litter 
number 

Average number of 
living fetuses per 

litter 

Average weight 
per litter (g) 

Number of 
dead fetuses 

Number of 
fetuses with 
birth defect 

Average body 
weight (g) 

Sex ratio 
(male/female) 

F0         
 control 20 13.83±1.89 88.31±11.82 2 1 6.40±0.51 1.27±1.26 
 0.01 20 14.33±2.17 92.06±16.44 2 0 6.43±0.69 1.65±2.65 
 0.04 20 12.65±4.34 77.85±24.99 1 0 6.35±0.82 1.31±1.00 
 0.16 20 12.93±3.50 81.38±22.11 1 0 6.34±0.76 1.15±0.97 
 0.64 20 14.39±1.65 89.53±9.67 1 0 6.25±0.48 1.17±0.49 
 1.28 20 12.44±3.28 82.24±19.35 0 0 6.75±0.90 1.08±0.71 

F1         
 control 20 13.88±3.00 86.13±13.63 2 0 6.22±0.58 1.40±0.67 
 0.01 20 14.30±3.06 94.21±13.95 1 0 6.63±0.64 1.32±0.78 
 0.04 20 12.38±4.00 79.78±24.73 0 0 6.50±0.43 1.29±0.74 
 0.16 20 12.43±3.46 80.83±18.02 0 0 6.63±0.75 1.16±0.57 
 0.64 20 13.67±3.50 87.42±24.64 1 0 6.29±0.64 1.11±0.62 
 1.28 20 14.86±1.46 95.00±7.14 1 0 6.36±0.41 1.10±0.59 

F2         
 control 20 14.15±2.41 89.93±15.14 1 0 6.30±0.40 1.05±0.80 
 0.01 20 14.40±2.47 97.99±15.77 2 0 6.69±0.76 1.20±0.62 
 0.04 20 12.64±3.10 79.30±18.54 0 0 6.31±0.53 0.96±0.65 
 0.16 20 11.91±3.39 79.15±22.26 2 0 7.37±3.32 1.66±1.01 
 0.64 20 14.27±1.83 92.85±10.95 1 0 7.67±4.98 0.90±0.42 
 1.28 20 13.46±1.45 87.28±8.71 1 0 6.34±0.81 1.26±0.79 

Data are mean ±.SD values. 
Compared with the control, in lactation, there were no 

remarkable differences on weight gain and diet utilization 
in NTs-treated filial rats (F1, F2, and F3) (P>0.05) (data 
not shown for simple).  

As shown in Tables 4 and 5, the time required for 
compliance of physical and neural development landmarks 
did not differ among the groups across multiple 
generations (P>0.05). 

Table 4. Compliance time of physiological development indicators in F1, F2 and F3 rats 

Data are mean ±.SD values. 

Generation Group Litter 
number 

Pinna 
detachment (d) 

Incisor 
eruption (d) 

Eyes 
opening (d) 

Vaginal 
opening (d) 

Testicular 
descent (d) 

Foreskin 
separation (d) 

F0         
 control 20 3.19±0.57 11.92±0.69 14.31±0.60 34.89±1.49 21.86±0.46 43.39±1.71 
 0.01%NTs 20 3.00±0.47 11.39±0.64 13.84±0.60 33.74±1.52 21.70±0.42 42.17±2.08 
 0.04%NTs 20 3.18±0.72 11.29±0.99 14.32±0.93 34.06±1.72 21.56±0.42 42.94±1.83 
 0.16%NTs 20 3.00±0.71 11.61±0.98 14.04±0.57 33.77±1.45 21.44±0.17 42.78±1.48 
 0.64%NTs 20 3.44±0.62 11.25±0.77 14.14±0.61 33.56±1.75 21.50±0.00 42.54±1.92 
 1.28%NTs 20 3.06±0.54 11.31±1.00 13.62±0.55 33.15±1.10 21.54±0.35 42.71±2.32 

F1         
 control 20 3.25±0.21 11.31±1.13 14.81±0.59 34.44±0.56 21.38±0.69 45.25±2.76 
 0.01%NTs 20 2.94±0.19 10.83±0.71 14.33±0.66 33.94±0.53 21.28±0.71 46.56±2.83 
 0.04%NTs 20 2.75±0.21 10.63±0.52 14.13±0.74 33.81±0.56 21.44±0.62 46.43±2.49 
 0.16%NTs 20 3.43±0.22 11.71±0.91 14.86±0.94 33.64±0.60 21.93±0.98 46.07±3.00 
 0.64%NTs 20 2.61±0.19 11.33±0.87 14.06±1.07 33.00±0.56 21.75±0.71 43.75±1.83 
 1.28%NTs 20 2.71±0.22 10.93±1.13 14.07±0.73 34.00±0.60 21.29±0.81 43.64±2.85 

F2         
 Control 20 2.88±0.38 11.42±0.90 14.42±0.36 35.39±0.45 19.64±0.24 42.86±1.03 
 0.01%NTs 20 2.80±0.56 11.30±0.80 14.23±0.53 35.00±0.43 19.61±0.21 43.20±1.75 
 0.04%NTs 20 2.82±0.42 11.15±0.69 14.00±0.46 34.78±0.45 19.96±0.24 42.95±1.74 
 0.16%NTs 20 2.80±0.54 11.30±0.63 14.55±0.44 34.78±0.45 20.25±0.25 43.67±1.25 
 0.64%NTs 20 2.87±0.52 11.43±0.59 14.10±0.66 35.60±0.43 20.18±0.21 42.60±1.51 
 1.28%NTs 20 2.89±0.42 11.23±0.44 14.31±0.78 35.15±0.43 20.05±0.24 42.25±1.21 
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Table 5. Compliance time of neural developmental landmarks in filial (F1, F2 and F3) rats 

Data are mean ±.SD values. 

3.4. Detection of Nucleotides in F0 Milk 
For the content of nucleotides in F0 milk, as shown in 

Table 6, there was no dramatic difference between the 
control and experimental NT groups (P>0.05). 

Table 6. Nucleotide levels in milk form F0 rats treated with different dose of dietary nucleotides 
Group N AMP (µg/ml) GMP (µg/ml) UMP (µg/ml) CMP (µg/ml) 
control 4 34.11±18.63 39.98±11.39 26.00±9.15 21.79±13.38 

0.01% NTs 5 50.57±26.68 44.43±21.52 22.12±5.79 22.55±7.60 
0.04% NTs 5 34.51±25.79 49.72±36.98 10.40±15.87 13.63±15.27 
0.16% NTs 4 50.47±27.87 48.83±8.04 11.54±10.38 13.04±15.27 
0.64% NTs 4 19.94±7.68 36.01±12.27 6.70±8.47 23.24±8.20 
1.28% NTs 4 28.22±12.88 54.04±31.04 10.45±10.05 16.83±15.86 

Adenosine monophosphate (AMP), guanosine monophosphate (GMP), uridine monophosphate (UMP) and cytidinemonophosphate (CMP) 
Data are mean ±.SD values. 

4. Discussion 
NTs, identified as conditionally essential nutrients, have 

gained increasing popularity in the diet because they seem 
to play an important role in human nutrition at different 
stages of life. Infant formulas and health food 
supplemented with monophosphate nucleotides are 
already on both the American and European markets. This 
study evaluated the safety of NT supplementation for 
maternal ones with the purpose of augmenting currently 
available safety data across multiple generations. 

Rats are often used as models in assessments of 
potential reproductive and cumulative dietary risks to 
humans. Results showed that nucleic acid oral solutions 
had non mutagenic effects on somatic and germ cells 
[20,21].  

In this study, no clinical adverse effects (including 
weight gain, food consumption, and signs of toxicity) 
were observed in the maternal rats at any point in 
gestation, parturition, or lactation. There were no 
alterations in the indicators of parturition, such as average 
weight per litter, number of living fetuses, average body 
weight, and sex ratio. Then we analyzed the content of 
four kinds of nucleotides in F0 milk on PND 21. No 
significant differences from the control were noted in 
NTs-treated groups. For the filial part, there were no 
significant differences in physical or neural development 
landmarks between the control and NT groups. However, 
in previous study [17,22], NTs consumption could 
promote growth and development in weaned rats. It has 

been suggested that NTs could reduce the incidence of 
diarrhea, possibly by a favorable effect on the 
gastrointestinal microbiota, in formula-fed infants. In 
present study revealed that the content of four kinds of 
nucleotides was not changed by NTs supplementation, in 
rats’ milk on PND 21. It was suggested the nucleotides 
level was higher in the high-dose rats, which may be due 
to reproductive function accumulation and differentiation.  

In addition, it can be seen in the study that NTs have no 
adverse effects at up to 1.28%. This is consistent with the 
data from multi-generational study of development [17]. 
The dose of up to 1.28% NTs is the equivalent of 76.8 
(g/day/person). In this way, the data presented would 
provide useful information to assess the risk to human 
health for NTs. 

This experimental design has one drawback that must 
be noted. We assessed only four kinds of nucleotides in F0 
milk and only on PND 21. The composition and 
concentration of most nucleotides changes during lactation. 
In addition, we did not record the copulation index. All of 
these points should be included in further studies. 

5. Conclusions 
In conclusion, a multigeneration assessment of NTs is 

reported in mater throughout their pregnancy, delivery and 
lactation and offspring of lactation, in which it was safe 
even at high dose supplementation. Moreover, the 
physical and neural developmental landmarks of offspring 

Generation Group Litter 
number 

Forelimb 
positioning (d) 

Hindlimb 
positioning (d) 

Surface 
righting (d) 

Cliff escape 
(d) 

Slope 
turning(d) 

Air righting 
(d) 

F0         
 control 20 3.86±0.56 4.42±1.33 4.81±1.24 7.06±1.37 7.53±1.36 14.29±0.75 
 0.01%NTs 20 3.87±0.83 4.42±1.25 4.29±0.69 6.92±1.60 7.34±1.74 13.79±0.77 
 0.04%NTs 20 3.88±0.57 4.35±1.33 4.74±0.97 7.44±1.21 7.88±1.48 13.77±0.69 
 0.16%NTs 20 4.07±0.62 4.54±1.29 4.61±0.90 6.86±0.84 6.86±1.05 13.86±1.03 
 0.64%NTs 20 4.06±0.80 4.67±1.41 4.92±1.33 6.89±1.43 7.62±1.28 14.19±0.55 
 1.28%NTs 20 3.92±0.62 4.22±1.25 4.36±0.78 6.22±1.20 6.75±1.31 14.03±0.70 

F1         
 control 20 3.68±0.52 4.42±1.33 7.38±0.99 7.31±0.27 7.00±0.80 13.94±1.40 
 0.01%NTs 20 3.87±0.69 4.42±1.25 7.94±1.70 7.06±0.26 6.94±0.46 13.00±1.32 
 0.04%NTs 20 3.89±0.57 4.35±1.33 6.88±0.99 6.94±0.27 6.63±0.88 12.75±1.41 
 0.16%NTs 20 3.95±0.60 4.54±1.29 9.07±1.61 7.93±0.29 7.43±1.27 13.86±1.28 
 0.64%NTs 20 3.67±0.45 4.67±1.41 7.11±1.02 7.17±0.26 7.11±0.33 13.33±0.56 
 1.28%NTs 20 3.88±0.65 4.22±1.25 7.43±1.05 7.50±0.29 7.07±0.61 13.00±1.04 

F2         
 Control 20 3.31±0.25 3.69±0.43 7.00±0.89 6.50±0.54 6.50±0.46 12.33±0.81 
 0.01%NTs 20 3.27±0.26 3.57±0.50 7.07±0.80 6.67±0.49 6.57±0.50 11.97±0.69 
 0.04%NTs 20 3.21±0.26 3.64±0.53 6.54±0.48 6.62±0.36 6.54±0.43 12.15±0.80 
 0.16%NTs 20 3.15±0.24 3.50±0.33 6.90±0.61 6.55±0.50 6.55±0.60 12.25±0.72 
 0.64%NTs 20 3.10±0.21 3.43±0.37 6.77±0.82 6.77±0.42 6.57±0.32 11.90±0.74 
 1.28%NTs 20 3.15±0.24 3.31±0.38 6.50±0.50 6.73±0.39 6.77±0.33 11.81±0.33 
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were shown non-toxicity of NTs during lactation. The 
NOAEL is considered to be 1.28%. 
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Supplementary 

Table 1. Ingredient composition of the experimental diets fed to rats a 
Components Control 0.01% NTs 0.04% NTs 0.16% NTs 0.64% NTs 1.28% NTs 

 g/kg diet 
Cornstarch 397.486 397.446 397.327 396.850 394.942 392.398 

Casein (≥ 85% protein) 200.000 199.980 199.920 199.680 198.720 197.440 
Dextrinized cornstarch (90-94% tetrasaccharides) 132.000 131.987 131.947 131.789 131.155 130.310 

Sucrose 100.000 99.990 99.960 99.840 99.360 98.720 
Soybean oil (no additives) 70.000 69.993 69.972 69.888 69.552 69.104 

Fiber 50.000 49.995 49.980 49.920 49.680 49.360 
Mineral mixture 35.000 34.997 34.986 34.944 34.776 34.552 
Vitamin mixture 10.000 9.999 9.996 9.984 9.936 9.872 

L-Cystein 3.000 3.000 2.999 2.995 2.981 2.962 
Choline bitartrate (41.1% choline) 2.500 2.500 2.499 2.496 2.484 2.468 

TBHQb 0.014 0.014 0.014 0.014 0.014 0.014 
Nucleotides mixture c 0.000 0.100 0.400 1.600 6.400 12.800 

a Ingredient compositon was based on AIN-93G rodent diet [18] 
b TBHQ, tert-butylhydroquinone  
c Composition of Nucleotides mixture: 22.8%AMP, 26.6% CMP, 30.2% GMP (2Na), 20.4% UMP (2Na). The purity of each of nucleotides was more 
than 99%. 

 


