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A B S T R A C T   

Gardenia blue powder was administered at 0.5%, 2.5%, or 5.0% in feed to male and female Sprague Dawley rats 
in an Extended One-Generation Reproductive Toxicity Study (OECD Test Guideline 443). The dosed diet began 
14 days before mating and was continued at the same concentration level for the entire study for all parental 
animals (P0) and offspring (F1). At weaning, offspring were allocated into one of 5 cohorts for different end-
points. P0 and F1 animals had blue urine, blue or black feces, and blue discolorations in gastrointestinal organs, 
mesenteric lymph nodes, and kidneys. This treatment-related finding was not considered adverse as there were 
no histopathologic correlates. There was a dose-related increase in sperm concentration in P0 and F1 males. There 
were dose-related increases in heart weights of F1 postnatal day (PND) 21 males, male and female thyroid 
weights, and female TSH levels of PND 91 F1 offspring, with no histopathological correlate. There were no 
consistent treatment-related adverse effects on any other parameters evaluated for general toxicity, reproductive 
toxicity, developmental neurotoxicity, or developmental immunotoxicity. The highest dietary concentration 
(5.0%) of gardenia blue powder was the no observed adverse effect level (NOAEL) for male and female rats at all 
life stages evaluated.   

1. Introduction 

Gardenia blue (GB) is a natural food colorant produced by adding 
beta-glucosidase to a mixture of iridoid glycosides obtained from the 
fruits of Gardenia jasminoides Ellis or Gardenia augusta Merrill and pro-
tein hydrolysates (Tsutsumiuchi et al., 2021). The principal coloring 
component is a 15,000–30,000 Dalton polymer with two genipin moi-
eties with peptide side chains cross-linked by an alkene chain (Breslin 
et al., 2023). GB is currently approved for use in food in Japan, China, 
South Korea, and Taiwan and has been used for over 30 years in Japan 
(Ministry of Health, Labour, and Welfare, 2018; USDA, 2015; Do and 
Kwon, 2022; FDA Taiwan, 2013). It is approved for use in drinks, jams, 
jellies, pickled vegetables, fried nuts and seeds, bakery wares, candies, 
condiments, and other food categories at maximum levels of 0.2–1.0 
g/kg in China (USDA, 2015). 

Recently there has been a shift from synthetic colorants to natural 
colorants; however, few natural food colorants have been approved for 
use worldwide. Many natural food additives are available on the market 
based on the history of safe use without an acceptable daily intake (ADI) 
value. The ADI for GB in Korea is “not specified” (Ministry of Food and 
Drug Safety, 2018). The estimated daily intake of GB is 3 mg/person in 
Japan (Ueda et al., 2017). GB is being evaluated comprehensively in a 
chronic toxicity, carcinogenicity, teratology, and genetic toxicity test 
battery (Maronpot et al., 2023a, 2023b, 2023c; Breslin et al., 2023; 
Hobbs et al., 2018) in anticipation of the worldwide marketing as a food 
colorant to be widely used in the U.S., Europe, and other parts of the 
world. Previous studies have demonstrated no genetic toxicity, sub-
chronic toxicity, or carcinogenicity hazards due to consumption of GB 
(Do and Kwon, 2022; Imazawa et al., 1996; Imazawa et al., 2000). 

The purpose of this study was to perform an Extended One- 
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Generation Reproductive Toxicity Study (OECD, 2018) evaluating ef-
fects of GB during specific life stages not covered by other toxicity assays 
and effects that may occur from pre- and postnatal exposure. The 
extensive range of assessments at stages of fertility, pregnancy, lactation 
for the P0 animals, and prenatal and postnatal exposure through matu-
rity for the F1 animals permit greater confidence in the safety assessment 
for the product. Endpoints include general toxicity, reproductive 
indices, thyroid hormone levels, behavioral assessments, developmental 
immune function, and detailed histopathology of reproductive, nervous 
system, and immune tissues. Brain morphometry measurements were 
assessed in an expanded set of locations at PND 22 and PND 77 to 
evaluate key structures in the brain. 

2. Materials and methods 

2.1. Study design 

Thirty male and 30 female Sprague Dawley rats were randomly 
allocated into each of 4 designated dose groups and administered either 
the carrier diet control or 0.5%, 2.5%, or 5.0% GB in feed 
(Supplementary Table 1). Feeding with the dosed diet began 14 days 
before mating and continued at the same concentration level for the 
entire study for all parental animals (P0) and offspring (F1). Mating 
occurred at a 1:1 male:female ratio for up to 14 days. Body weight 
measurements and clinical observations were performed at least weekly 
with daily cage-side observations. 

On postnatal day (PND) 4, litters were randomly culled to 5 male and 
5 female pups (F1), as possible. Culled F1 pups were removed from the 
litters and bled (pooled by litter) for serum thyroxine (T4) analysis. 
Evaluation of developmental markers (e.g., anogenital distance and 
presence of nipples/areola) was performed. Weekly litter weight mea-
surements were recorded. On PND 21, F1 animals were randomly allo-
cated to one of 5 cohorts for evaluation of different endpoints. 

The study was conducted in accordance with the U.S. Food and Drug 
Administration’s (FDA) Good Laboratory Practice (GLP) Regulations 21 
CFR Part 58 (FDA, 2002). This study was designed to satisfy the testing 
guideline 443: Extended One-Generation Reproductive Toxicity Study 
(OECD, 2018). The study was approved by the ILS IACUC and conducted 
in the AAALAC-accredited animal facilities at ILS. All procedures were in 
compliance with the Animal Welfare Act (7 USC 2131–2159) and Ani-
mal Welfare Regulations (9 CFR 1–4) (USDA, 2020), and animals were 
handled and treated according to the Guide for the Care and Use of Lab-
oratory Animals (National Research Council, 2011). 

2.2. Test animals 

Hsd: Sprague Dawley® rats, 10–11 weeks old, were purchased from 
Envigo (Frederick, MD, USA) to provide 30 male and 30 female P0 an-
imals per dose group. After acclimation, P0 animals were assigned to a 
dose group using a procedure that stratifies animals across groups using 
an integrated preclinical software (Provantis® [Instem, Staffordshire, 
UK]). Adult and post-weaning animals were identified by subcutane-
ously implanted transponder chips (Biomedic Data Systems, Inc., Sea-
ford, DE, USA). Offspring were identified by toe tattoos from PND 1 
through weaning. Animals were housed individually, except during 
mating, lactation, and for one week post-weaning when the litters were 
group-housed by sex. Animals were housed in polycarbonate cages with 
micro-isolator tops with absorbent heat-treated hardwood bedding 
(Northeastern Products Corp., Warrensburg, NY, USA) and had ad libi-
tum access to Purina 5002 certified rodent meal diet and reverse osmosis 
treated tap water (City of Durham, NC, USA). The animals had poly-
carbonate tubes (Bio Serv, Flemington, NJ, USA) and/or Enviro-Dri® 
(Shepherd Specialty Papers, Watertown, TN, USA) in their cages except 
during mating, and received Bacon Yummies™ Certified (Bio Serv) once 
a week except during lactation. Suspended wire cages were used for 
mating. The room was controlled to 19–25 ◦C and 30–70% humidity, 

with a 12/12-h light/dark cycle. 

2.3. Test article and doses 

The test article was GB powder (Lot number 180910, San-Ei Gen, F.F. 
I., Inc., Osaka, Japan), a dark blue powder, CAS number 106441-42-3, 
analyzed to have 32.3% gardenia blue color polymer, 62.7% malto-
dextrin, 3.2% water, 1.8% other, and no detected genipin. The test 
article represents the actual commercial dietary component and was 
manufactured and characterized following the Food Safety System 
Certification (FSSC) 22000, as recognized by the Global Food Safety 
Initiative (GFSI). Purina certified 5002 meal rodent diet was mixed to 
produce concentrations of 0.5%, 2.5%, and 5.0% GB at RTI International 
(Research Triangle Park, NC, USA). This range of doses was selected to 
allow comparisons with other in utero, chronic, and carcinogenicity 
studies with GB. A high dose of 5% for a non-nutritional test article is 
recommended since a higher dietary percentage could potentially alter 
nutritional balance and cause compensatory increased food consump-
tion (Maronpot et al., 2023c, EFSA Scientific Committee, 2011). Diet 
containing the specified dose level of GB was available ad libitum for the 
duration of the study for all animals. 

2.4. Animal observations 

2.4.1. P0 generation and F1 litters pre-weaning 
Body weight measurements, clinical observations, and feed con-

sumption measurements were performed at least weekly with daily 
cage-side observations. From feed consumption data, g of test article 
consumed/kg body weight/day was calculated. Vaginal smears were 
collected, starting on the day of exposure through confirmation of 
mating for P0 females, and evaluated for stage of estrous cycle as 
described by Goldman et al. (2007). F1 pup detailed clinical observa-
tions and body weights were recorded on PND 1, 4 (prior to culling), 7, 
10, 14, and 21. On PND 1 and 4 (prior to culling), anogenital distance in 
all F1 animals was determined. On PND 4, litters were randomly culled 
to 5 male and 5 female pups, as possible. Culled F1 pups were removed 
from the litters and bled (pooled by litter) for serum thyroxine (T4) 
analysis. On PND 12, the presence of nipples and areolae in male F1 pups 
was determined. 

P0 females were euthanized on Lactation Day (LD) 21, following 
allocation of pups to cohorts. P0 males were euthanized at least 10 weeks 
after initial exposure. Following overnight fasting, blood and urine was 
collected from 10 male and 10 female rats per dose group, randomly 
selected. A complete gross necropsy, with organ weights and tissues 
collected for histopathology was performed on all parental animals. The 
number of uterine implantation sites was recorded. Sperm motility and 
concentration parameters were measured by computer-assisted sperm 
analysis (CASA) (Hamilton Thorne TOX IVOS system, Beverly, MA, 
USA). Sperm morphology was determined by microscopic examination 
of at least 200 spermatozoa per sample. F1 animals not assigned to a 
cohort and euthanized on PND 21 were bled for individual serum T4 and 
thyroid stimulating hormone (TSH) concentration determination. The 
T4 Free assay is a chemiluminescent enzyme immunoassay (Siemens 
Immulite Analyzer) with a lower limit of quantitation (LLOQ) of 0.4 μg/ 
dL and TSH was measured by radioimmunoassay with an LLOQ of 1.0 
ng/mL. A complete gross necropsy was conducted on one male and one 
female per litter, as possible, with organ weights and tissues collected for 
potential histopathology. Any additional surplus animals were exam-
ined for external abnormalities. See Supplementary Table 2 for the 
number of animals that were analyzed for each endpoint. 

2.4.2. F1 generation general toxicity assessments (cohorts 1A and 1B) 
One female and one male pup per litter were assigned to Cohort 1A 

and to Cohort 1B on PND 21, to yield at least 20 males and 20 females 
per dose group per cohort (Supplementary Table 2). Body weight mea-
surements, clinical observations, and feed consumption measurements 
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were performed at least weekly with daily cage-side observations. The 
age of vaginal opening and preputial separation were determined, and 
the body weight on the day of attainment was recorded. The day of first 
estrus was determined and vaginal smears were prepared daily starting 
on PND 75 through termination to evaluate estrous cyclicity. 

Cohort 1A animals were euthanized on PND 91–93. Following 
overnight fasting, urine was collected from 12 males and 12 females, 
and blood was collected from 10 males and 10 females per dose group. A 
complete gross necropsy, with organ weights and tissues collected for 
histopathology was performed on all Cohort 1A animals. Sperm motility, 
concentration, and morphology parameters were measured as described 
above for P0 males. One half of the spleen was preserved for lymphocyte 
analysis by flow cytometry by Burleson Research Technologies, Inc. 
(Morrisville, NC, USA). Samples from all tissues harvested from the 
control and the high-dose adult Cohort 1A animals and all gross lesions 
from all dose groups were trimmed of any adherent tissue, histologically 
processed, embedded, sectioned at a thickness of 5 μm, and stained with 
hematoxylin and eosin (H&E). H&E-stained slides were evaluated by 
light microscopy. Ten male and 10 female rats randomly selected from 
each dose group from Cohort 1A had lymph nodes and bone marrow 
histopathologically evaluated from collected specimens. Differential 
ovarian follicular counts and atresia assessments were conducted on all 
control and high-dose females (Pedersen and Peters, 1968; 
Osman, 1985; Borgeest et al., 2002; Byskov, 1979; Dixon et al., 2014). 
Longitudinal and transverse sections of the uterine horns were evalu-
ated. Detailed testicular histopathology was conducted on the F1 males 
to identify potential treatment-related effects on testis differentiation 
and development and on spermatogenesis. 

Cohort 1B male and female animals were euthanized on PND 105 ±
1 and PND 112 ± 1, respectively. A complete gross necropsy, with 
reproductive organ weights and tissues collected for potential histopa-
thology was performed on all Cohort 1B animals. Additional samples of 
kidney, liver, and mesenteric lymph nodes were collected from 3 males 
and 3 females in the control group and 6 males and 6 females in the 5.0% 
dose group for non-GLP investigation by electron microscopy conducted 
at Charles River Laboratories (Durham, NC, USA) and for cryostat 
sectioning for enhanced darkfield microscopy/hyperspectral imaging at 
RTI International. 

2.4.3. F1 generation developmental neurotoxicity assessments (cohorts 2A 
and 2B) 

At least 10 males and 10 females per dose group (one male or one 
female per litter) were assigned to Cohort 2A and to Cohort 2B on PND 
21 (Supplementary Table 2). Body weight measurements, clinical ob-
servations, and feed consumption measurements were performed at 
least weekly with daily cage-side observations. The age of vaginal 
opening and preputial separation were determined, and the body weight 
on the day of attainment was recorded for Cohort 2A. 

All Cohort 2A pups underwent auditory startle testing on PND 24 ± 1 
using an automated acoustic startle system (SR-LAB, San Diego In-
struments, San Diego, CA, USA). Each session consisted of 50 trials of a 
120-dB, 20-msec pulse of white noise, with an 8-s inter-trial interval 
with background white noise at 73 dB. The mean response amplitude 
and time to maximum response on each block of 10 trials (5 blocks of 10 
trials) were determined. Between PND 63–65, all animals assigned to 
Cohort 2A were evaluated in a functional observational battery (FOB) 
for their reactivity to auditory, visual, and proprioceptive stimuli, and 
grip strength. The observers were blinded to dose levels by using a 
counterbalanced order and temporary identification numbers for the 
rats. Observations were made: 1) while the rat was in the observation 
cage, 2) during removal of the rat from the observation cage, 3) while 
the rat was being held and examined for clinical observations, 4) as the 
animal moved freely about the open field, and 5) during manipulative 
tests. Motor activity was assessed in a 1-h block after the FOB for most 
animals. Some animals were tested on PND 67 or PND 69 due to 
equipment failure and repair. Motor activity was measured during 12 5- 

min intervals for a total of 60 min using an automated photobeam ac-
tivity system (PAS, San Diego Instruments, San Diego, CA, USA). Ac-
tivity was recorded as total activity (fine movements consisting of 
breaking the same photobeam consecutively, plus ambulations). 
Assignment of rats to motor activity sessions and individual enclosures 
was balanced across dose level and sex. Testing was conducted with red 
lights for room illumination and white noise at 70 ± 5 dBA. 

On PND 77, Cohort 2A animals were anesthetized by isoflurane 
followed by whole body perfusion. Brain, spinal cord (cervical, thoracic, 
and lumbar), eyes, optic nerve, skeletal muscle, and sciatic and proximal 
tibial nerves were collected after fixation in 10% neutral buffered 
formalin. Samples from all tissues harvested from all groups were 
trimmed of any adherent tissue, histologically processed, embedded, 
and sectioned at a thickness of 5 μm. Tissues were processed in a random 
order to minimize impact of variations in histology processing. The 
control and high-dose slides were stained with H&E and evaluated by 
light microscopy. Multiple sections of the brain were prepared for 
evaluation: olfactory bulbs, cerebral cortex, hippocampus, basal ganglia, 
thalamus, hypothalamus, mid-brain (tectum, tegmentum, and cerebral 
peduncles), brain stem, cerebellum, and spinal cord. The brains from all 
animals were processed, in random order, for morphometric analysis, 
but only the slides from control and high-dose groups were stained. 
Morphometric analysis was performed on 3 levels of brain (3, 4 and 7) 
and at least 3 serial sections of each of the brain levels were obtained to 
attain the most homologous section for evaluation. A fourth serial sec-
tion was created for H&E staining. Sections were stained with cresyl 
violet/Luxol fast blue (CV/LFB) to better highlight the neurons and 
myelin-rich white matter tracts as well as borders of neuroanatomic 
regions per Garman et al. (2016). 

Neurohistopathology analysis was performed on all levels of 
each brain from the control and high-dose animals to include a total 
of 10 levels to ensure a comprehensive examination. Additionally, 
sections of the eyes and optic nerves, both transverse and longi 
tudinal sections of the cervical, thoracic, and lumbar spinal cord, and 
the sciatic and proximal tibial nerves were examined 
(Garman et al., 2016; OECD, 2018). CV/LFB stained slides for all animals 
in the control and 5.0% groups were randomized (between groups within 
a cohort) and blinded to minimize bias. Neuroanatomical location mea-
surements for each level were adapted from Garman et al. (2016) and are 
depicted here in Fig. 1. Bilateral measurements for all locations (i.e., 
hippocampus) were preferred; however, unilateral measurements were 
taken for asymmetrical or artifactual sections. Cerebellar width (M8) was 
measured as the distance between the flocculus lobes, as the paraf-
locculus often gets damaged during dissection. The thickness of the 
cerebellar folia layers (M10 inner and M11 outer) were measured as an 
additional cerebellar measure. 

On PND 22, Cohort 2B animals were anesthetized by isoflurane fol-
lowed by whole body perfusion. Samples were collected and evaluated 
for neurohistopathology and morphometry as described for Cohort 2A. 

2.4.4. F1 generation developmental immunotoxicity assessments (cohorts 
1A and 3) 

Steady state splenic lymphocyte populations were determined by 
flow cytometry from Cohort 1A animals euthanized on PND 91–93, as 
described above. Results are presented as mean ± standard error of the 
mean using proportion of plot. Proportion of plot for each subpopulation 
indicates the number of events within the gate of interest out of the total 
events on each plot. Total leukocytes are gated within a FSC vs SSC size 
and granularity gate with a doublet discriminator. T-helper and T- 
cytotoxic cells are gated within the total CD45+CD3+ T cell population. 
T cells (CD3+), B cells (CD45RA+), and NK cells (CD161a+) are gated 
with the total leukocyte (CD45+) population. 

At least 10 males and 10 females per dose group (one male or 
one female per litter) were assigned to Cohort 3 on PND 21 
(Supplementary Table 2). Body weight measurements, clinical obser-
vations, and feed consumption measurements were performed at least 
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weekly with daily cage-side observations. The age of vaginal opening 
and preputial separation were determined, and the body weight on the 
day of attainment was recorded. On PND 56 ± 3 (6 days prior to 
euthanasia), animals were administered approximately 0.5 mL of a 4 ×
108 Sheep Red Blood Cell suspension (SRBC; Colorado Serum Company, 
Denver, CO, USA, Lebrec et al., 2014) once via intravenous tail vein 
injection. Animals were euthanized 6 days later and blood was collected 
via cardiac puncture. Serum collected from Cohort 3 animals was 
evaluated for T cell-dependent antibody response (TDAR) using a rat 
anti-sheep red blood cell IgM ELISA (Life Diagnostics, Inc., West Chester, 
PA, USA) at Burleson Research Technologies, Inc. following GLPs. 

2.5. Statistical analysis 

Group means and standard deviations were calculated and reported. 
Statistical analyses for all endpoints (final body weight, body weight 
gain, food consumption [g/kg/day], absolute and relative tissue 
weights, neurotoxicological endpoints, developmental endpoints, 
reproductive indices, urinalysis endpoints, clinical pathology endpoints, 
and histopathological endpoints [if possible]) were conducted using 
Statistical Analysis System version 9.2 (SAS Institute, Cary, NC, USA). 
Clinical pathology endpoints with reported values below the lower limit 
of quantitation were assigned a value of 50% of the lower limit, and 
those with values above the upper limit of quantitation were assigned a 
value of 150% of the upper limit for statistical analysis. Anogenital 
distance was normalized to the cube root of body weight for individual 
pups. Where appropriate, statistical analysis evaluated litter effects. The 
significance threshold for all statistical tests was α = 0.05. 

For continuous endpoints with data for multiple treatment groups 
measured post-weaning, data were first evaluated for possible outliers 
by reviewing studentized residual plots. Data were then evaluated for 
equality of variances using Levene’s test. If the Levene’s test p-value was 
significant, the data were transformed and re-evaluated for equality of 
variances. Data were transformed and re-evaluated sequentially, first 
with log, then square root, and finally inverse, and the first trans-
formation that achieved equality of variances was used for subsequent 
analyses. Raw or transformed data with equivalent variances were 
analyzed with a one-way ANOVA, Dunnett’s test for multiple compari-
sons and one-way ANOVA contrasts for linear trend. Data that did not 
have equivalent variances, even after transformation, were analyzed 
with Dunn’s test for multiple comparisons and the Jonckheere-Terpstra 
trend test. 

For continuous endpoints with data for multiple treatment groups 
measured pre-weaning, data were first evaluated for possible outliers 
and equality of variances as described above. Raw or transformed data 
with equivalent variances were analyzed with an Analysis of Covariance 
(ANCOVA), with Dam ID as a covariate to control for litter effects, 
Dunnett’s test for multiple comparisons and ANCOVA contrasts for 
linear trend. If an endpoint did not have equality of variances between 
groups, subsequent analyses were conducted on litter means normalized 
by litter size. Normalized litter means were then analyzed following the 
post-weaning statistical workflow for continuous endpoints with data 
for multiple treatment groups. 

For continuous endpoints with data for only one treatment group, 
data were compared to the appropriate concurrent vehicle control group 
by first evaluating the data for normality with the Shapiro-Wilk test. If 
the Shapiro-Wilk p-value was significant, the data were transformed and 
re-evaluated sequentially, first with log, then square root, and finally 
inverse; and the first transformation that achieved normality was used 
for subsequent analyses. Raw or transformed data that were normally 
distributed were analyzed with a t-test. Data that were not normally 
distributed, even after transformation, were analyzed with the Mann- 
Whitney test (also known as a Wilcoxon rank-sum test). 

Endpoints in the FOB using graded or count scales were analyzed 
using a non-parametric strategy. When 75% or fewer of the scores for an 
endpoint in all groups were tied, the non-parametric Kruskal-Wallis Test 
was used to analyze the data, and in the event of a significant result (p ≤
0.05), Dunn’s Test was used to compare the treated groups with the 
control group. When more than 75% of the scores in any group were 
tied, Fisher’s Exact Test was used to compare the proportion of ties in the 
groups. Endpoints in the FOB using descriptive or quantal scales were 
analyzed using Fisher’s Exact Test, regardless of data distribution. 

Data from the motor activity test and acoustic startle test, with 
repeated measurements within a session, were analyzed with both sexes 
using a repeated measures ANOVA. A significant effect (p ≤ 0.05) in that 
test can appear as an effect of dose (a difference between groups in the 
total across all measurements in a session) or as an interaction between 
dose and time (a difference between groups at specific measurement 

Fig. 1. A. Coronal section Level 3 showing four location measurements 1–4 
(neocortex, parietal cortex, striatum and corpus callosum). Fig. 1B. Neuroana-
tomical level 4 showing 2 location measurements 5 & 6 (hippocampus and 
dentate gyrus). Fig. 1C. Neuroanatomical level 7 showing location measure-
ments 7–9 (cerebellar height and width, and height of brain stem). 
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periods). If the dose effect was significant, pairwise comparisons of 
treatment groups with the appropriate control group were conducted 
using Dunnett’s Test. If the dose × time interaction was significant, 
pairwise comparisons of treatment groups with the appropriate control 
using Dunnett’s Test were performed at each measurement period 
within the repeated measures model. 

3. Results 

3.1. Gardenia blue intake 

All dose formulations met the acceptance criteria for concentration 
and homogeneity. There were no significant differences in food con-
sumption for P0 males. Mean food consumption in P0 females exposed to 
5.0% GB was significantly increased compared to the control group 
during Gestation Days 0–21 (a significant linear dose trend was also 
noted). There were no significant differences in food consumption for P0 
females during the pre-mating or lactation periods. There was a signif-
icant trend of increased food consumption in Cohort 1A F1 males, but no 
other dose-related differences in food consumption for F1 animals 
(Supplementary Table 3). 

Food consumption on a per kg body weight basis was higher in fe-
males than males, especially during lactation for P0 females, and in 
younger F1 animals. This corresponded to increased test article con-
sumption (Supplementary Table 4). Mean test article consumption was 
226.6, 1150.2, and 2349.7 mg/kg/body weight/day for P0 males in the 
0.5%, 2.5%, and 5.0% GB exposure groups, respectively. Test article 
consumption during the pre-mating, gestation, and lactation periods for 
P0 females was similar to that of males and increased by dose, although 
higher, reflecting the higher food consumption per kg body weight in 
females, especially during lactation. Mean test article consumption was 
354.6, 1730.0, and 3420.7 mg/kg body weight/day during pre-mating; 
335.7, 1683.0, and 3461.2 mg/kg body weight/day during gestation; 
and 989.1, 4981.2, and 9855.9 mg gardenia blue/kg body weight/day 
during lactation for P0 females in the 0.5%, 2.5%, and 5.0% GB exposure 
groups, respectively. Mean test article consumption was 3914.6 and 
4349.3 mg/kg body weight/day for male and female Cohort 1A F1 an-
imals in the 5.0% GB group. There were no treatment-related differences 
in food efficiency for P0 or F1 animals, except for a linear trend of 
increased efficiency for F1 males in Cohort 2A. 

3.2. P0 generation 

No adverse clinical observations, morbidity, or mortality were 
observed in the P0 animals. There were no effects on reproductive suc-
cess for P0 males or females (Supplementary Table 5). A statistically 
significant increasing trend was noted for P0 total sperm concentration 
(millions/gram), with no significant pairwise differences. There were no 
changes in body weight for the P0 males (Fig. 2A) and there were dose- 
related trends of decreased body weight at the end of lactation for the P0 
females (Fig. 2B). Blue-colored urine and blue or black feces were pre-
sent in the animals fed GB. Urinary protein in females had a significant 
increasing trend, with the 5.0% group being significantly increased 
compared to the control group. Male and female urine bilirubin and 
female urobilinogen (Supplementary Table 6) had significant increasing 
dose trends and significant increases for the 2.5% and 5.0% female 
groups compared to the control group. There were no other indications 
of hepatic damage or anemia to correlate with these findings. Highly 
colored red urine can produce false positives for bilirubin by interfering 
with the colorimetric assay (Hoilat and John, 2022). With the lack of 
corroborating results in the blood or by histopathology, it seems likely 
that the urine bilirubin and urobilinogen elevations are in fact influ-
enced by the blue-colored urine. Some of the changes in urine values in 
females (i.e., urinary protein) may be attributed to the incidences of 
spontaneous chronic progressive nephropathy. 

There were no dose-related changes in hematology. Statistically 
significant clinical chemistry changes in P0 animals included a 
decreasing linear trend for creatinine in males (with a significant pair-
wise difference between the 2.5% GB and control groups), increasing 
linear trend for glucose in males (no significant pairwise differences), 
decreased alanine aminotransferase (ALT) in males exposed to 2.5% GB 
(no significant dose-response trend), an increasing linear trend for 
gamma glutamyl transferase in females (no significant pairwise differ-
ences), and an increasing linear trend for TSH in males (with a signifi-
cant pairwise difference between the 5.0% GB and control groups) 
(Supplementary Tables 7 and 18-20). These levels were within our 
historical control data range, except that the male controls and 5.0% 
ALT values were higher than our historical control data. None of these 
findings were correlated with any histopathological changes. 

There were statistically significant changes in the absolute and/or 
relative (organ to body weight ratio) weights and increasing or 

Fig. 2. P0 and F1 Body Weights (mean ± SEM). 
Fig. 2A. P0 Male Body Weights. There were no dif-
ferences in P0 male body weights. Fig. 2B. P0 Female 
Body Weights. There were dose-related trends of 
decreased body weight at the end of lactation. 
Fig. 2C. Pre-weaning body weights in F1 animals 
(Litter averages by sex). There were trends of dose- 
related reductions in body weights at PND 21 for 
both sexes. Fig. 2D. Cohort 1A Post-weaning Body 
Weights. There were trends of decreased body 
weights at several days, with no pairwise differences 
from control.   
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decreasing trends in several organs in P0 males and females (Supple-
mentary Tables 21-24). Decreasing trends in male absolute and relative 
spleen weights were noted, along with a significantly decreased mean 
relative weight in males exposed to 5.0% GB compared to control. 
Thyroid gland weights were decreased in males (decreasing linear trend 
in absolute weights, with significantly lower mean thyroid weight at 
2.5% compared to control) but were significantly increased in females at 
5.0% compared to the control group, with increasing linear trends in 
absolute and relative weights. Mean relative adrenal weight in males 
exposed to 0.5% GB was significantly lower than the control (no overall 
dose-response trend), but in females there was a significant increasing 
trend in relative adrenal weight (with no significant pairwise differ-
ences). A significant increasing trend was also noted for relative kidney 
weight in females (with no significant pairwise differences). There were 
no correlating histopathological changes observed in these organs. The 
only gross pathology finding considered to be related to test article 
administration was blue discoloration of internal organs (i.e., mesen-
teric lymph nodes, duodenum, jejunum, ileum, cecum, colon, and 
stomach) and blue or dark discoloration of the kidney. The blue or dark 
discoloration of the internal organs observed grossly was not apparent 
microscopically. No dose-related histopathology was present. 

3.3. F1 generation 

There were no dose-related differences in survival of F1 female 
offspring during the pre-weaning period (PND 0, 4 [pre-cull], and 21) 
(Supplementary Table 8). There was a significant increase (p = 0.02) in 
the number of dead male offspring from PND 1–4 in the 5.0% GB group, 
which were nearly the same as for females, but the control male group 
had zero deaths during that period. The litter mean and standard devi-
ation for the number of dead pups from PND 1–4 was 0.3 ± 0.6, 0.3 ±
0.7, 0.2 ± 0.4, 0.3 ± 0.5 for females; and 0.0 ± 0.0, 0.1 ± 0.4, 0.0 ± 0.2, 
0.3 ± 0.6 for males, in the 0.0%, 0.5%, 2.5%, and 5.0% GB groups, 
respectively. The average numbers of pup deaths were within the range 
of our historical control data. There were significant dose-related trends 
of reductions in pup body weights at PND 21 and weight gains from PND 
1–21 for both sexes during the pre-weaning period, although there were 
no pairwise differences in comparison to the control group (Fig. 2C). F1 
males and females that were exposed to GB at test concentrations of 
0.5% or greater had blue to black feces generally throughout the treat-
ment period. These changes in feces color were attributed to the dark 
blue color of the test article and were not adverse. No other test article- 
related clinical findings were noted. 

There were no significant differences in mean measured or normal-
ized anogenital distance on PND 1 and 4 for male or female pups or the 
number of male pups with retained nipples on PND 12 in the GB-exposed 
groups when compared to the control group (Supplementary Table 9). 
Preputial separation and vaginal opening were not affected, other than a 
decrease in body weight at vaginal opening for 2.5% females, without a 
dose-response trend. There were no significant differences in T4 levels 
on PND 4 for pups or in T4 and TSH levels on PND 21 for surplus male 
and female pups (Supplementary Table 10). Statistically significant 
organ weight changes in surplus PND 21 male pups included a 
decreasing linear trend for heart weight in males with a significant 
pairwise difference between the 2.5% and 5.0% GB groups when 
compared to the control group (Supplementary Tables 25 and 26). 
Significant decreasing trends were noted in organ weights for kidneys, 
brain, epididymides, and testes in surplus PND 21 males, but there were 
no significant pairwise differences between GB-exposed groups and the 
control group. There were no significant differences in relative organ 
weights for either sex or absolute organ weights for female PND 21 pups 
when compared to the control group. These changes in absolute organ 
weights may reflect the decreased body weight found at PND 21 in the 
5.0% group. 

3.4. F1 generation general reproductive/developmental toxicity 
assessments (cohorts 1A and 1B) 

Statistically significant decreasing trends in mean body weight were 
noted for F1 Cohort 1A males on PND 28 and 35 and Cohort 1A females 
on PND 35, 42, 49, 56, and 84, with no significant pairwise differences 
noted at any of these timepoints between the test article-exposed groups 
and the respective control group (Fig. 2D). There were no other statis-
tically significant differences in weekly body weights and weight 
changes for F1 males and females from weaning through termination. 
The number of days from vaginal opening until first estrus were unaf-
fected by GB exposure (Supplementary Table 9). There was a dose- 
related trend of increased regular estrous cycles in Cohort 1A only, 
without any group differences from the control group (Supplementary 
Table 10). The mean estrous cycle length was significantly reduced in 
the 0.5% group of Cohort 1B only, when compared to control group 
animals in the same cohort, without a dose-responsive trend. The mean 
cycle length was within normal ranges. Increased regular cyclicity and a 
mean cycle length of 4.6 days are not adverse effects. Statistically sig-
nificant higher F1 Cohort 1A mean total sperm concentrations (millions/ 
gram and millions/mL) were noted for the 5.0% GB group males 
compared to the control group, with a corresponding increasing dose- 
response trend for the millions/mL parameter. Statistically significant 
urinalysis changes in F1 Cohort 1A animals were limited to decreasing 
linear trends for urine volume and urinary ketones and an increasing 
trend for bilirubin in males (but no pairwise differences were noted). 
There were no significant urinalysis changes in Cohort 1A females. 
Statistically significant hematology changes in F1 Cohort 1A animals 
were limited to a decreasing linear trend in absolute neutrophils for 
males and an increasing linear trend in platelets for females. No signif-
icant pairwise differences were noted between the GB-exposed groups 
and each respective control group (Supplementary Tables 27 and 28). 
These changes were considered minor and not indicative of an adverse 
test article-related effect. Statistically significant clinical chemistry 
changes in F1 Cohort 1A animals consisted of a decreasing linear trend in 
albumin for males (with no significant pairwise differences) and an 
increasing linear trend in TSH in females, with a significantly increased 
mean value in the 5.0% GB-exposed females compared to the control 
group (Supplementary Table 10). These values were all within our his-
torical control data range. 

There were statistically significant changes in the absolute and/or 
relative (organ to body weight ratio) weights and increasing or 
decreasing trends in several organs in F1 Cohort 1A males and females 
(Supplementary Table 11, remaining in Supplementary Tables 30–33). 
Thyroid gland weights (absolute and relative) were significantly 
increased in males and females following exposure to 0.5%, 2.5%, and 
5.0% GB compared to control values, with corresponding significant 
increasing linear dose trends for male absolute and relative weights and 
female relative weights. There was not a significant correlation of thy-
roid weight with increased TSH levels in females and no change in T4 
levels in males and females. Significant increasing linear trends in pi-
tuitary gland weights (absolute and relative), with significantly higher 
mean absolute and relative pituitary weights only at 0.5% compared to 
controls, were noted for males and females. A significant decreasing 
trend in absolute mesenteric lymph node weights was noted for females 
(no significant pairwise differences were observed). Significantly higher 
mean relative testes weight was noted for the 2.5% GB-exposed males 
compared to the control group (no significant linear trend was 
observed). There were no correlating histopathological changes 
observed in these organs. Statistical analysis revealed a significant in-
crease in the numbers of medium-sized ovarian follicles in the 5.0% dose 
group (Supplementary Table 12). This increase was considered inci-
dental since corresponding numbers for primordial follicles and/or large 
follicles were not significantly elevated. Also, no associated changes 
were observed in the ovarian weights, clinical observation parameters or 
ovarian histology to support the increased numbers of medium-sized 
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follicles in this group. Hence, this change was not considered test article 
related. Blue discoloration of internal organs was noted as a gross 
observation, but not microscopically, similar to the P0 animals. No 
treatment-related histopathological findings were present. There were 
no dose-related changes in organ weights in Cohort 1B animals. Evalu-
ation of samples of kidney, liver and mesenteric lymph nodes from a 
subset of control and 5.0% male and female animals by electron mi-
croscopy revealed no differences and no abnormalities. 

3.5. F1 generation developmental neurotoxicity assessments (cohorts 2A 
and 2B) 

All Cohort 2A pups underwent auditory startle testing on PND 24 ± 1 
(Supplementary Tables 34 and 35). There was a significant effect (p <
0.0001) of block for the maximum response amplitude, which indicates 
that habituation to the repeated stimulus occurred. The group by sex, 
group by block, and group by block by sex interactions were not sig-
nificant for the maximum response amplitude or the time to maximal 
response. 

Between PND 63–65, all Cohort 2A animals were evaluated in an 
FOB for their reactivity to auditory, visual, and proprioceptive stimuli 
and grip strength (Supplementary Tables 36 and 37). The only statisti-
cally significant effects found in the FOB were an increased forelimb grip 
strength in male rats in the 5.0% GB group with a dose-related trend, an 
increased number of rears in females in the 0.5% GB group, and a trend 
of increased urine in females, without any pairwise differences 
compared to control. The grip strength values and the number of rears 
are within our historical control values. Grip strength measurements are 
not a direct measure of muscle strength and require motivation by the 
animal to grasp the grid. Grip may be affected by drugs affecting 
motivation, emotional state or muscle relaxation (Gauvin, 2021). No 
other indications of these effects were observed. 

The total movements of male and female control rats approached an 
asymptote during the last 10–15 min of the 60-min motor activity testing 
session (Fig. 3), as specified in the criteria for the test guidelines. The 
interval number was a significant factor (p < 0.0001) indicating habit-
uation had occurred, as expected and required. There was no significant 
dose group by sex effect, so analyses were done with both sexes com-
bined. There were no significant effects on total movements as a 
repeated measure, or on the session cumulative total activity analyzed 
with a two-way ANOVA. 

No statistically significant changes in F1 Cohort 2A (PND 77) brain 
or body weights were observed in any animal in this cohort 
(Supplementary Table 13). The only significant change in morphometric 
brain measurements was an increase in thickness of the outer layer of 
cerebellar folia in males. (Supplementary Table 14). All protocol- 
required tissues from control and high-dose animals in F1 Cohort 2A 

were microscopically evaluated. This included neurohistopathological 
evaluation of 10 coronal sections (1 through 10) of the brain; 3 trans-
verse and longitudinal sections each from the cervical, thoracic, and 
lumbar spinal cord; peripheral nerves (sciatic and proximal tibial); and 
eyes with optic nerves. There were no microscopic findings considered 
to be test article-related. Histologic change (one incidence of minerali-
zation) observed in the periocular tissue was considered incidental. 

There were statistically significant decreases in the total body weight 
and corresponding increases in the relative brain to body ratio for F1 
Cohort 2B females in the mid-dose (2.5%) and high-dose (5.0%) groups 
(Supplementary Table 13). However, no statistically significant changes 
were observed for the post-fixed brain weights in these animals. 
In addition, there was a statistically significant increase in the cerebellar 
height in the females at 5.0% GB compared to controls of this cohort. 
There were no other statistically significant changes in morpho 
metric brain measurements in the F1 Cohort 2B (PND 22) animals 
(Supplementary Table 15). 

3.6. F1 generation developmental immunotoxicity assessments (cohort 3) 

There were no statistically significant differences in splenic 
CD8+ T cell or CD4+ T cell proportions in GB-exposed rats from Cohort 
1A at any dose level compared to rats fed a control diet (0.0% GB) 
(Supplementary Table 16). Total leukocyte (CD45+), T cell (CD3+), B 
cell (CD45RA+), and NK cell (CD161a+) proportions were also not 
altered by any dose level of GB. 

In Cohort 3 animals that were administered SRBC suspensions on 
PND 56, female anti-SRBC IgM antibody production appeared to 
decrease with increasing GB concentration; however, the data was 
variable and no statistically significant differences between treatment 
groups were observed (Supplementary Table 17). There were also no 
statistically significant differences in anti-SRBC IgM antibody concen-
trations between treatment groups in males only or with both sexes 
combined. 

4. Discussion and conclusions 

Overall, there were minimal treatment-related effects in the parental 
and offspring generations. There were no adverse clinical observations, 
morbidity, or mortality in the parental animals. Reproductive success for 
parental males or females was unaffected. There was a dose-related in-
crease in sperm concentration and no effects on the estrous cycle. Organ 
weight changes were sporadic, with a decrease in male thyroid and 
spleen weights and an increase in TSH, and an increase in female thyroid 
weights, with no change in TSH. In an embryo-fetal developmental 
toxicity study with oral gavage dosing of GB in Sprague Dawley rats 
(Breslin et al., 2023), there were no changes in maternal T3, T4, or TSH, 

Fig. 3. Summary Motor Activity movements per 5-min interval (Mean ± SEM) by Sprague Dawley rats administered Gardenia Blue. Fig. 3A. F1 Cohort 2A Males 
Fig. 3B. F1 Cohort 2A Females There were no significant effects on total movements as a repeated measure, or on the session cumulative total activity analyzed with a 
two-way ANOVA. 
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or thyroid weights. There were no consistent changes in clinical pa-
thology measures, other than an increase in urine bilirubin, urobili-
nogen, and blue-colored urine in P0 females exposed to 2.5% and 5.0% 
GB. The blue urine may cause a false positive result for bilirubin and 
urobilinogen in urine. Gross observations of blue gastrointestinal tract 
and mesenteric lymph nodes, with blue or dark kidneys, are considered 
treatment-related but not adverse and do not correlate with any histo-
pathological observations. Test article consumption during the 
pre-mating and gestation periods for P0 females was similar to that of 
males and unchanged by dose, although slightly higher, reflecting the 
higher food consumption per kg body weight in females. The NOAEL for 
P0 males is 5.0% GB (2349.7 mg/kg/body weight/day) and 5.0% for P0 
females (3420.7, 3461.2, or 9855.9 mg/kg body weight/day during 
pre-mating, gestation, and lactation). 

In the F1 offspring generation, there was a small statistically signif-
icant increase in the number of male pup deaths between PND 1 and 4. 
This difference is likely due to the fact that there were no deaths of male 
pups in the control group during this time period. There were no 
treatment-related deaths in the post-weaning period. There was a trend 
of dose-related decrease in body weight and bodyweight gain at wean-
ing, but no group differences. Dose-dependent trends of decreased 
bodyweights at some timepoints only in Cohort 1A were not observed in 
the other cohorts, indicating that this was a spurious finding. There were 
no dose-responsive changes in developmental landmarks. Similar to P0 
males, sperm concentration was increased at 5.0% GB exposure. Estrous 
cycle effects were inconsistent and not adverse. Gross observations of 
blue gastrointestinal tract and mesenteric lymph nodes, with blue or 
dark kidneys, similar to those observed in the parental generation are 
considered treatment-related but not adverse and do not correlate with 
any histopathological observations. Heart weights were decreased in the 
2.5% and 5.0% GB males, with no corresponding clinical pathology or 
histopathology. Increases in pituitary weights were present in males and 
females administered 0.5% GB. Increased thyroid weights at all treat-
ment levels and a dose-responsive trend of increased TSH at 5.0% GB in 
PND 91 females do not correlate with any other clinical chemistry or 
histopathology. In considering potential effects on the hypothalamic 
pituitary axis, multiple regression analysis was conducted and there was 
no correlation of TSH levels with thyroid, pituitary, brain, or liver 
weights. There were no effects on T4 or TSH at younger ages or in the P0 
females and no corresponding reproductive, behavioral, clinical chem-
istry, or histopathology changes. In a similar in utero exposure study 
with GB in Sprague Dawley rats (Maronpot et al., 2023c), there were no 
effects on TSH, T3, or T4 in approximately 90-day-old offspring and 
inconsistent thyroid weight effects in 52-week-old offspring. Taken 
together, the TSH and thyroid weight changes in PND 91 females do not 
represent a clear or consistent toxicological response. No histopatho-
logical findings were treatment-related. At PND 22, terminal body 
weight was decreased and relative brain weight was increased in females 
administered 2.5% and 5.0% GB. Cerebellum height was also increased 
at 5.0%. These effects did not persist to PND 77, but the thickness of the 
outer layer of cerebellar folia was increased in males at 5% GB. There 
were no indications of treatment-related brain pathology. Cohort 2A 
animals tested for auditory startle at PND 24 ± 1 had no group differ-
ences and testing for motor activity and the FOB at PND 64 ± 5 revealed 
no differences in motor activity and a few differences in the FOB. There 
were no indications of immunotoxicity, by steady state splenic 
lymphocyte populations or by TDAR. 

Conduct of an Extended One-Generation Reproductive Toxicity 
Study evaluated potential effects of GB during specific life stages not 
covered by other toxicity assays and effects that may occur from pre- and 
postnatal exposure. The NOAEL for F1 males and F1 females is 5.0% GB 
powder in feed (3914.6 mg/kg bodyweight/day for Cohort 1A males and 
4349.3 mg/kg bodyweight/day for Cohort 1A females), based on a lack 
of dose-responsive adverse effects. This level is the same as determined 
in previous subchronic and carcinogenicity studies in adult F344 rats 
(Imazawa et al., 1996, 2000). The NOAEL for GB consumption in this 

study for P0 and F1 animals represents approximately 50,000 to 200, 
000-fold estimated daily consumption for adults in Japan (Ueda et al., 
2017). Teratology studies conducted in rats and rabbits showed no ev-
idence of teratogenic effects at the limit dose of 2000 mg/kg/day GB 
(Breslin et al., 2023). The NOAEL was also 5.0% in feed for adult 
Sprague Dawley rats administered GB in feed for 12 or 24 months in a 
combined chronic toxicity and carcinogenicity study (Maronpot et al., 
2023b), and in a carcinogenicity study with rasH2 mice (Maronpot et al., 
2023a). These study results are also supported by an in utero assessment 
of Sprague Dawley rats in which animals were administered GB in feed 
as parental animals and offspring, with a NOAEL of 5.0% (Maronpot 
et al., 2023c). Completion of this comprehensive test battery assures 
confidence in the safety assessment for gardenia blue for people at all 
stages of life. 
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