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Flavor compound geraniol induces inhibited nutrient utilization
and developmental toxicity on embryonic-larval zebrafish
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Abstract

Flavors are widely utilized in the food and oral pharmaceutical industry, particularly
in products for children, to enhance palatability and promote ingestion willingness.
The complex compositions of flavors potentially induce severer toxicity especially in
children. In this study, zebrafish embryos are applied for toxicity screening of flavor
and its compounds by immersing in flavor solutions followed by the assessment of
morphology of zebrafish larvae. Geraniol is identified as the prominent toxic com-
pound and is considered highly toxic to zebrafish embryo. In further toxicology study,
geraniol demonstrates the concentration-dependent developmental toxicity as the
obvious reduction of body and eye lengths, as well as the increased prevalence of
tail deformities, pericardial edema, and spine deformation. Zebrafish larvae treated
with geraniol exhibit reduction in liver area and exocrine pancreas length, increase in
yolk sac area, as well as elevation of triglycerides and total cholesterol, which indicate
the inhibited nutrient utilization. Transcriptome analysis reveals that under geraniol
treatment, 248 differentially expressed genes (DEGs) are downregulated, whereas
23 DEGs are upregulated, and 110 DEGs are related to metabolic process. Biologi-
cal processes of lipid metabolism, carbohydrate metabolism, protein hydrolysis, and
transmembrane transport, including their involved functional genes, are all downreg-
ulated. These findings reveal the developmental toxicity of geraniol by affecting the

nutrient utilization-related organs development and biological processes. This study
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mechanism.
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1 | INTRODUCTION

Flavors are widely used in food industry to modify the food flavor, as
well as in oral medications to optimize the palatability and facilitate
the willingness for medicine ingestion (Guedes et al., 2021; Mamusa
et al., 2021). Both natural and artificial flavors contain diverse classes
of flavor compounds (Kfoury et al., 2024). For instance, berry fruit fla-
vors consist of multiple ionones, damascones, irones, hexenol, ethyl
butyrates, and maltols (Reshna et al., 2022); citrus flavors usually
contain pinene, myrcene, linalool, and decanal (Fan et al., 2015). The
presence of these complex organic compounds in flavors raises the
potential safety concerns. In particular, many pharmaceutical excip-
ients and food additives exhibited greater toxicity in children than
in adults due to children’s immature organ systems and develop-
ing barriers (Becker et al., 2010). It has been reported that glycerin,
which is considered to be relatively nontoxic in adults, presents
the neurotoxic effects in children (Peiré, 2019), and meanwhile, the
accumulation of sorbitol could contribute to diabetic complications
and even pose a risk of inducing liver damage (Rowe et al., 2009;
Yochana et al., 2012). Therefore, the toxicity of flavor compounds in
individuals during developmental stages should be given more con-
sideration. In China, the use of flavor compounds adheres to the
regulations stipulated in Chinese National Standard GB2760 (http://
www.nhc.gov.cn/zwgk/cyb). The safety data of flavors also primar-
ily originate from the sources such as Flavor Extract Manufacturers
Association (https://www.femaflavor.org/) and Joint FAO/WHO Expert
Committee on Food Additive (https://www.who.int/groups/joint-fao-
who-expert-committee-on-food-additives-(jecfa)) worldwide. How-
ever, these existing standards and databases are still lack of safety
studies specifically for children in developing stages.

According to a market survey conducted by Guangdong Institute for
Drug Control, a kind of commercial flavor, ranked among top 10 most
frequently used in food and medicines, is consist of a combination of
15 distinct flavor compounds. Based on the available safety data and
standard, this commercial flavor is deemed suitable for adding to food
products and oral pharmaceuticals. Notably, the components of this
commercial flavor include geraniol. Geraniol, an acyclic monoterpene
alcohol, is extensively utilized due to its rose-like odor and the fruity
citrus taste (Burdock, 2016). In natural flavors, geraniol can be found in
multiple essential oils such as monarda fistulosa, palmarosa, citronella,
rose, and ninde (Chen & Viljoen, 2010). Within artificial flavors, geran-

iol also plays an important role in various formulations, contributing

establishes an efficient screening model for identifying toxic flavor compounds during
developing stages, thereby elucidating the potential safety risks of geraniol exposure

in zebrafish and providing a comprehensive understanding of its potential toxicity

developmental toxicity, flavor, geraniol, nutrient utilization, zebrafish

significantly to the overall flavoring system (Chen & Viljoen, 2010). In
market, 76% of deodorants, 41% detergents, and 33% cosmetics con-
tain geraniol (Maczka et al., 2020). In addition, geraniol is reported
to have antimicrobial, antioxidant, anticancer, and anti-inflammatory
activities (Chen & Viljoen, 2022; Lira et al., 2020). Despite being a
widespread flavor compounds, limited attention has been given to the
toxicity of geraniol in previous study. Geraniol may induce the pos-
itive patch test reaction, and the sensitization to geraniol would be
enhanced as a result of autoxidation and metabolism (Hagvall et al.,
2012). Inhalation of geraniol could lead to an elevation in serum alanine
transaminase activity and lipid peroxidation, subsequently inducing
hepatic tissue injury (Andrade et al., 2014). In addition, it has been doc-
umented that geraniol induces chromosomal damage and genotoxic
effects on cells (Mamur, 2022; Singulani et al., 2018). Although geran-
iol has been reported to have embryotoxicity on zebrafish embryos
(Singulani et al., 2018), the further developmental toxicity and its
mechanism have not been fully investigated.

Zebrafish is an excellent model to study the toxicity during devel-
oping stages (Shi et al., 2011), whose main organs are formed within
the first 72 h post fertilization (hpf) and keep developing at lar-
val stage (McCollum et al., 2011). The development of zebrafish is
mostly comparable to that of mammals, including similar tissues and
organs (McCollum et al., 2011), sharing up to 70% genetic homol-
ogy and over 80% of identical disease-related proteins with humans
(Howe et al., 2013). Additionally, zebrafish are capable of facilitating
high-throughput screenings in a short period (Mikami et al., 2020).
Furthermore, the toxicity on metabolism organs, such as hepatotoxi-
city, could be determined on the embryonic-larval zebrafish, and the
impacts on organs morphology can be visualized on transgenic strains
of zebrafish (Zhang et al., 2020).

In this study, the toxicity of the commercial flavor listed in the top 10
commonly used in market according to the survey by Guangdong Insti-
tute for Drug Control is evaluated using embryonic-larval zebrafish
model. The major toxic compound is screened from the 15 flavor com-
pounds that are contained in the commercial flavor. Geraniol is found
to be toxic, and the mechanism of caused toxicity is explored. Develop-
mental toxicity of geraniol is investigated from zebrafish morphology,
larval yolk absorption to metabolism-related organs levels. Moreover,
the impact on biological processes such as lipid metabolism, protein
hydrolysis, and carbohydrate metabolism, as well as their key genes, is
explored at transcriptomic level to deeply explain how geraniol affects
zebrafish development. This study provides a platform for screening
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the toxicity of flavors during developmental stages and reveals the
developmental toxicity of key compound, which is beneficial for guiding
their proportion in children’s products and reducing potential safety
risks.

2 | MATERIALS AND METHODS
2.1 | Materials

The commercial flavor and its compounds were collected and provided
by Guangdong Institute for Drug Control. 1-phenyl-2-thiourea (PTU)

and tricaine were obtained from Sigma Aldrich.

2.2 | Zebrafish husbandry and embryo culture

Zebrafish (Danio rerio) were supplied and housed according to the
standard protocols from the Zebrafish Model Organism Database
(http://zfin.org). A/B wild type and Tg(fabp1Oa:dsRed;ela3l:EGFP)
transgenic zebrafish were employed in this study. Transgenic line
Tg(fabp10a:dsRed;ela3l:EGFP) was obtained from Wei Ge's Lab at
University of Macau. Adult zebrafish were raised in an aquaculture
system with a light (14 h) and dark (10 h) cycle, being fed at least
twice a day with newly hatched shrimp. Embryos were obtained via
natural mating and cultured in E3 medium (13.7 mM NaCl, 540 uM
KClI, 25 uM NaHPOy, 44 uM KH, POy, 300 uM CaCl,, 100 uM MgSOy,,
420 uM NaHCOg3, pH 7.4) at 28.5°C. During the initial 48 hpf period,
methylene blue was introduced into the E3 medium. For the transgenic
strains, PTU was added into medium from 24 hpf. The E3 medium for
all embryos was refreshed daily. All the animal experimental protocols
were approved by Animal Research Ethics Committee in University of
Macau.

2.3 | Flavor and flavor compounds exposure

The flavor and its compounds (Table S1), including geraniol, were first
dissolved in equal volume of 1,2-propanediol, respectively, accord-
ing to their concentration ratio in the commercial flavor, followed
by dilution in E3 culture medium to prepare the flavor and its com-
pounds solutions. E3 medium containing the same concentration of
1,2-propanediol as in the flavor and its compounds solution served as
the solvent control (vehicle group), whereas pure E3 medium was used
as the blank control (blank group). Zebrafish embryos were cultured in
these solutions at a temperature of 28.5°C in dark environment from
6 hpf.

2.4 | Mortality and hatching assessment

Mortality and hatching assessments were conducted on the basis of the

Organization for Economic Cooperation and Development guidelines

and subsequently modified (OECD, 2013). Fertilized eggs in cleavage
stage were collected and distributed into 6-well cell culture plates (five
eggs/well). Initially, embryos in E3 medium were incubated with flavor
and flavor compounds, including geraniol solutions from 6 hpf. Cultur-
ing medium was renewed every 24 h throughout 96 hpf. The hatching
rate and mortality rate were assessed at 12, 24, 48, 72, and 96 hpf.
The mortality rate was calculated as the accumulative number of dead
embryos compared with total number of the treated group. The hatch-
ing rate was expressed as the accumulative number of embryos that
had hatched compared with total number of the treated group.

2.5 | Morphology assessment

After exposure to geraniol from 6 hpf, zebrafish larvae from each
group were anesthetizeed with 0.02% tricaine and positioned with the
sagittal plane facing upwards, then observed and photographed using
stereomicroscope (Nikon, SMZ800N) at 96 hpf. The body length, eye
length, and yolk sac area of larvae were measured through ImageJ
software. The tail deformity (TD), pericardial edema (PE), and spine
deformation (SD) rate was calculated as the number of larvae with TD,

PE, or SD compared with total number of hatched larvae.

2.6 | Hepatopancreatic developmental toxicity
assessment

Transgenic strain zebrafish Tg(fabp10a:dsRed;ela3l:EGFP) was estab-
lished to investigate the development and toxicity on liver and pan-
creas. The transgenic zebrafish was incubated in geraniol solutions
from 6 hpf until 96 hpf and anesthetizeed with 0.02% tricaine at 96 hpf.
To observe the phenotype of liver and pancreas, the zebrafish larvae
of each group were imaged using a fluorescence microscope (Leica,
Dmi8). The area and fluorescence intensity of liver and pancreas were
determined by ImageJ software.

2.7 | Total cholesterol (TC) and triglyceride (TG)
measurement

After exposure to geraniol, zebrafish larvae in each group were col-
lected at 96 hpf and homogenized for determination. Each group
contained about 120 zebrafish larvae. The levels of total cholesterol
(TC) and triglyceride (TG) in larval zebrafish were quantified using

specific commercial assay kits (Jiancheng).

2.8 | Transcriptomic analysis of zebrafish larvae

Zebrafish was treated with 1,2-propanediol or geraniol from 6 to
96 hpf, and the geraniol-treated group exhibits the phenomenon of
developmental toxicity. Zebrafishes from vehicle and geraniol groups

were sent to BGI Genomics for RNA extraction and RNA sequencing
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(RNA-seq), each group contained 3 biological replicated samples, and
each sample consisted of 25-30 larval zebrafish.

The raw data were filtered with SOAPnuke (v1.6.5) by removing
reads containing adapters. Clean reads that unknown base (“N” base)
ratio was more than 1%, and low-quality base ratio was more than
40% were obtained and store in FASTQ format. Subsequently, the clean
data were, respectively, mapped to the reference genome by HISAT
(v2.2.1). After these two steps of quality control, the genes were anno-
tated using Kyoto Encyclopedia of Genes and Genomes (KEGG) and GO
databases, and the differentially expressed genes (DEGs) analysis was
performed using DEseq2/DEGSeq. The KEGG pathway, gene ontology
(GO) terms enrichment and category analysis, and Gene Set Enrich-
ment Analysis (GSEA) were conducted on Dr. Tom in BGI platform
(https://biosys.bgi.com/#/report/login).

2.9 | Statistical analysis

All data were analyzed by the GraphPad Prism 9 software (GraphPad
Software Inc.). All difference significance was analyzed using one-way
analysis of variances (ANOVA) followed by multiple comparisons (com-
pare each group with every other group) using Tukey'’s test or two-way
ANOVA followed by multiple comparisons (within each time point,
compare each group with every other group) using Tukey’s test. A p
value of less than .05 was considered statistically significant; *p < .05;
**p <.01; ***p <.001; ****p <.0001.

3 | RESULTS

3.1 | Toxic compounds screening from flavor on
zebrafish embryos and larvae

According to a marketing survey conducted by the Guangdong Insti-
tute for Drug Control, a commercial flavor is the commonly used flavor
with the large market in food, beverage, and pharmaceutics in China.
The commercial flavor is composed of 15 flavor compounds, including
geraniol, dissolved in 1,2-propanediol (Table S1).

Initially, the commercial flavor was diluted in E3 medium to 0.15, 0.3,
0.6, and 0.8 uL/mL to assess its toxicity on embryonic-larval zebrafish
through the detection of the mortality rate, hatching rate, and body
length of zebrafish embryos and larvae after treating with the fla-
vor. Interestingly, the acute and developmental toxicity was observed
when incubating zebrafish with flavor. At 96 hpf, compared to normal
treatment zebrafish, the mortality rate in the groups treated with 0.6
and 0.8 uL/mL flavor was significantly increased from 5.56% + 1.57%
to 15.56% + 4.16% (p = .0009) and 42.23% + 3.14% (p < .0001),
respectively, whereas the hatching rates in these two groups obviously
decreased from 94.44% + 1.57% to 73.33% + 5.44% (p = .0008) and
50.00% + 2.72% (p < .0001), respectively (Figure 1a,b). Meanwhile,
compared to the average body length of 3.926 + 0.083 mm for nor-
mal zebrafish, the treatment with 0.6 and 0.8 uL/mL flavor resulted in
noticeable reduction in body length to 3.233 + 0.161 mm (p < .0001)

and 3.005 + 0.182 mm (p < .0001), respectively (Figure 1c). These
changes all exhibited a concentration-dependent trend in the dilution
gradient.

Following the study of toxic effects on embryonic-larval zebrafish,
the contribution of each component to toxicity in this flavor was
assessed. According to the results obtained, the dilution concentration
of 0.6 uL/mL was selected for subsequent toxic compound screening.
First, the 15 flavor compounds in the commercial flavor were divided
into 5 groups (Table S1) based on their chemical functional groups for
toxicological screening. The flavor compounds in each group were dis-
solved in 1,2-propanediol at the consistent concentration within the
commercial flavor to prepare subgroup samples, and then the subgroup
samples were diluted in E3 medium to 0.6 uL/mL. At 96 hpf, the mor-
tality and hatching rates of the blank group were 11.67% + 2.36% and
88.33% + 2.36%, and the body length was 3.726 + 0.112 mm. Under
treatment with Group 2, compared to the blank group, the mortality
and hatching rates significantly changed to 20.00% + 4.08% (p =.0111)
and 71.67% + 4.71% (p = .0015), and the body length decreased to
2.650 + 0.264 mm (p < .0001), whereas the other four groups exhib-
ited no statistically significant alterations (Figure 1d-f), suggesting the
only Group 2 compound exists potential toxic effect.

Next, the toxicity evaluation of each compound in group 2 (Table
S1) was individually conducted. The four flavor compounds in Group 2
were dissolved in 1,2-propandiol following their concentrations in the
commercial flavor to prepare single-compound samples, whereafter
the single-compound samples were diluted to 0.6 uL/mL in E3 medium.
It was found that geraniol significantly affected the mortality, hatch-
ing rate, and body length of zebrafish larvae compared to the blank
group at 96 hpf. The mortality rate increased from 15.00% + 2.36% to
25.00% + 4.08% (p = .0465), whereas the hatching rate exhibited the
notable decline from 83.33% + 2.36% to 68.33% + 2.36% (p = .0015).
Additionally, a significant reduction in body length was observed, with
measurements decreasing from 3.566 + 0.102 to 2.735 + 0.135 mm
(p < .0001). (Figure 1g-i). However, other three compounds displayed
almost no changes, thereby indicating the great contribution of geran-
iol to the flavor toxicity. The content of geraniol in all the commercial
flavor and subgroup/single-compound samples was 0.1%, and the final
concentration of geraniol in the 0.6 uL/mL diluent of all the commer-
cial flavor and subgroup/single-compound samples was calculated to
be 0.6 ug/mL.

3.2 | Developmental toxicity of geraniol on
zebrafish embryos and larvae

Based on the preliminary study, geraniol was screened out as the major
compound in flavor caused toxicity. To evaluate the toxicity level of
geraniol, the LCsq curve was constructed by assessing 96 hpf zebrafish
mortality with concentrations of 0.4, 0.7, 1.0, 1.2, and 1.4 ug/mL. The
96 h-LCsq value of geraniol was 0.9209 ug/mL, with a 95% confidence
interval of between 0.8877 and 0.9534 ug/mL (Figure 2a). Subse-
quently, the mortality and hatching rates of zebrafish embryos and

larvae that treated with 0.2, 0.5, and 0.8 ug/mL geraniol as well as
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FIGURE 1 Toxic compounds screening from a commercial flavor. After exposure to flavor from 6 h post fertilization (hpf), the mortality (a) and
hatching rates (b) of embryonic-larval zebrafish at 24, 48, 72, and 96 hpf; and body length (c) of zebrafish larvae at 96 hpf. After exposure to five
mixtures of compounds contained in the flavor from 6 hpf, the mortality rate (d) and hatching rate (e) of embryonic-larval zebrafish at 24, 48, 72,
and 96 hpf; and body length (f) of zebrafish larvae at 96 hpf. After exposure to compounds contained in Mixture 2 from 6 hpf, the mortality rate (g)
and hatching rate (h) of embryonic-larval zebrafish at 24, 48, 72, and 96 hpf; and body length (i) of zebrafish larvae at 96 hpf. In mortality and
hatching rate, data are presented as mean + SD (n = 20 or 30 embryos in each group replicated thrice). In body length, data are presented as boxes
and whiskers; boxes represent 25th and 75th percentiles, whiskers represent min to max, and solid lines represent the medians (n = 10 larvae in
each group). One-way ANOVA or two-way ANOVA followed by Tukey test were conducted to evaluate the statistical differences between the

groups. *p < .05; **p < .01; **p < .001; and ****p <.0001.

1,2-propanediol were assessed. At 96 hpf, the mortality rate and hatch-
ing rate of zebrafish larvae treated with 0.8 ug/mL geraniol greatly
changed compared to the blank group resulting in the increase of
mortality rate from 13.33% + 4.71% to 40.00% + 4.08%, and the
decrease of hatching rate from 86.67% + 4.71% to 61.67% + 2.36%
(Figure 2b,c). However, the treatment of 0.2 and 0.5 ug/mL geraniol
and 1,2-propanediol did not result in any significant alterations in acute

toxicity. It revealed that geraniol at the concentration of 0.8 ug/mL

exhibited both acute and developmental toxicity on developing
zebrafish.

Thereafter, whether geraniol induced further developmental toxic
effects on zebrafish larvae at concentrations of 0.2 and 0.5 ug/mL
was detected by observing the body length, eye length, TD, PE,
and SD. After incubating with 0.2 and 0.5 ug/mL of geraniol, the
body and eye lengths of zebrafish larvae were getting shorter at
96 hpf, whereas the TD, PE, and SD were also observed with 0.2 and
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FIGURE 2 Developmental toxicity of geraniol on zebrafish larvae at different concentrations: (a) 96 h post fertilization (hpf)-LCsq curves of
geraniol on embryonic-larval zebrafish. Mortality (b) and hatching rates (c) of zebrafish embryos and larvae at 12, 24, 48, 72, and 96 hpf. Zebrafish
n=30ineach group replicated thrice. Representative images of body length reduction (d), eye length reduction (e), tail deformity (f), pericardial
edema (g), and spine deformation (h) of zebrafish larvae at 96 hpf. Body (i) and eye lengths (j) of zebrafish larvae at 96 hpf. Zebrafish larvae n =22 in
each group. Tail deformity (TD) (k), pericardial edema (PE) (1), and spine deformation (SD) rates (m) statistics of zebrafish larvae at 96 hpf. Zebrafish
larvae n = 20 in each group, replicated thrice. One-way ANOVA or two-way ANOVA followed by Tukey test were conducted to evaluate the
statistical differences between the groups. *p < .05; **p <.01; ***p <.001; and ****p < .0001.
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0.5 ug/mL geraniol treatment (Figure 2d-h). As Figure 2i,j displays,
the body length in blank group and 0.2 and 0.5 ug/mL geraniol treat-
ment group were measured as 3.587 + 0.118, 3.274 + 0.179, and
2.765 + 0.157 mm, respectively. Similarly, the eye length was deter-
mined to be 0.319 + 0.009, 0.307 + 0.012, and 0.280 + 0.013 mm for
these three groups. The incidence of TD and SD in the blank group was
negligible (0.00% + 0.00%), whereas the PE rate was 6.67% + 2.36%.
However, the TD rate significantly increased to 28.33% + 22.36% and
78.33% + 2.36%, respectively, following the treatment with geraniol
at concentrations of 0.2 and 0.5 ug/mL. Although there were no sig-
nificant changes after treated with 0.2 ug/mL geraniol, the PE and SD
rates significantly increased to 45.00% + 4.08% and 26.67% + 6.24%
in 0.5 ug/mL geraniol group. (Figure 2k-m). Moreover, the reduction
of body and eye lengths, as well as the increase of TD, PE, and SD
rate, exhibited a concentration-dependent manner. So, geraniol could
induce developmental inhibition on zebrafish larvae at the concentra-
tions of 0.2 and 0.5 ug/mL. Additionally, geraniol caused more serve
developmental toxicity but no acute toxic effects at 0.5 ug/mL, then the
deep study of developmental toxicity mechanism was conducted at this

concentration.

3.3 | Effect of geraniol on yolk utilization and
related organs

In view of the observed toxicity of geraniol to the development of
zebrafish larvae, the impact of geraniol on development and growth
of zebrafish was investigated in terms of yolk sac utilization and
major organs development associated with nutrient absorption. First,
the area of zebrafish larvae yolk sac was measured to evaluate the
absorption of nutrients storing in the yolk sac. The yolk retention
was observed in zebrafish larvae after expose to geraniol (Figure 3a).
The yolk sac area of geraniol group exhibited an obvious increase to
0.184 + 0.026 mm?2 compared to 0.133 + 0.020 mm? in the blank
group (Figure 3b), illustrating the nutrients utilization of zebrafish lar-
vae was inhibited by geraniol. So, it could be contemplated that the
developmental toxicity of geraniol was related to nutrients utilization
during the developing stage of zebrafish larvae. To validate the impact
of geraniol on major organs associated with nutrients metabolism, the
liver and exocrine pancreas were investigated on the zebrafish line
Tg(fabp10a:dsRed;ela3I:EGFP) (Figure 3c) after geraniol treatment (Li
et al., 2023). Geraniol exposure resulted in significant decrease on the
areas of liver and the length of exocrine pancreas (Figure 3d,e), as the
liver area was 0.024 + 0.005, 0.025 + 0.004, and 0.011 + 0.003 mm?
(Figure 3f), and the exocrine pancreas length was 0.412 + 0.031,
0.389 + 0.027, and 0.191 + 0.070 mm for the blank, vehicle, and
geraniol groups (Figure 3g). Moreover, the mean fluorescence inten-
sity of liver and exocrine pancreas was both significantly reduced after
exposure to geraniol (Figure 3h,i), revealing the downregulation of
expressed fabp10a and ela3l in liver and exocrine pancreas that were
represented by dsRed and EGFP in transgenic zebrafish. These results
supported that liver and exocrine pancreas were affected by geraniol,

leading to the trend of developmental delay.

To further validate the utilization of major nutrients in the yolk
sac, the TGs and TC were determined in zebrafish. As depicted in
Figure 3j,k, no significant differences were observed in TGs and TC
between the blank and the vehicle groups. However, following geran-
iol treatment, there was a substantial increase in TC and TG levels,
indicating reduced utilization and enhanced retention of nutrients.

3.4 | Transcription alterations of zebrafish larvae
induced by geraniol

To elucidate the impact of geraniol on nutrition utilization process and
associated functions at transcriptomic level, RNA-seq was performed
to analyze global transcription changes of zebrafish larvae treated
with 1,2-propanediol and geraniol at 96 hpf (Figure 4). An average of
44.41 Mb and 6.52 Gb of clean reads and clean bases for each sam-
ple were acquired with the average valid ratio of 96.49% (Table S2). A
cumulative total of 25,660 genes were identified. More than 86.97% of
clean reads were totally mapped to reference genome, and more than
74.33% of clean reads were uniquely mapped to reference genome
(Table S3), indicating the satisfied quantity and quality of clean data
for further analysis. A total of 271 genes between vehicle and geran-
iol groups were identified as DEGs, including 23 of upregulated and
248 of downregulated (Q value < .05 and |log,(fold change)| > 1.2)
(Figure 4a,b).

KEGG pathway enrichment analysis was performed on all DEGs to
explore the main impacts of geraniol on functions of zebrafish larvae.
Nine pathways were significantly enriched in Figure S1. The KEGG

» o«

pathways “pancreatic secretion,” “bile secretion,” “protein digestion

» o«

and absorption,” “fat digestion and absorption,” “retinal metabolism,”
“starch and sucrose metabolism,” and “steroid hormone biosynthesis”
listed in top 10 identified pathways with most enriched DEGs and Q
value < .05, indicating the major impacts on metabolic functions and
mainly related to liver and exocrine pancreas. It was consistent with the
previously observed insufficiency in hepatic and pancreatic develop-
ment after treatment with geraniol. Subsequently, the total 271 DEGs
were classified, 110 DEGs were involved in metabolic process accord-
ing to GO annotation (Figure S2), 41 DEGs were involved in digestive
system, and 40 DEGs were involved in metabolism according to KEGG
pathway annotation (Figure S3). The gene enrichment and classifica-
tion analysis provided evidence that the processes of metabolism and
the digestive system were affected by geraniol.

To further explored the impacts of geraniol on metabolic processes,
the DEGs classified as metabolism and digestive system categories
were conducted GO enrichment analysis. The top eight significantly
enriched GO biological process terms were all subordinate to category
of metabolic process or localization. Within the metabolic processes

» o«

category, the top three enriched terms were “proteolysis,” “carbo-
hydrate metabolic process,” and “lipid metabolic process.” Similarly,
within the category of localization, the top three enriched terms were

»n o«

“dipeptide transmembrane transport,” “oligopeptide transport,” and
“transmembrane transport” (Figure 4c). The DEGs enriched in “dipep-

tide transmembrane transport” and “oligopeptide transport” were all
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FIGURE 3 Theimpacts of geraniol on yolk, liver, and exocrine pancreas in zebrafish larvae: (a) Representative images of yolk retention in
zebrafish larvae exposed to geraniol. (b) Yolk sac area of zebrafish larvae at 96 h post fertilization (hpf). Zebrafish larvae n = 22 in each group. (c)
Representative image of zebrafish line Tg(fabp10a:dsRed;ela3l:EGFP). Representative images of developmentally toxic effect on liver (d) and
exocrine pancreas (e) of zebrafish larvae exposed to geraniol at 96 hpf. (f) Liver area of zebrafish larvae at 96 hpf. (g) Exocrine pancreas length of
zebrafish larvae at 96 hpf. Mean fluorescence intensity of liver (h) and exocrine pancreas (i) at 96 hpf. Zebrafish larvae n = 10 in each group. The
content of triglycerides (TG) (j) and total cholesterol (TC) (k) in zebrafish at 96 hpf. One-way ANOVA or two-way ANOVA followed by Tukey test
were conducted to evaluate the statistical differences between the groups. *p < .05; **p < .01; ***p < .001; and ****p <.0001.
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FIGURE 4 Transcription expression changes and enrichment analysis of zebrafish larvae between vehicle and geraniol groups. (a) Volcano plot
of DEGs between vehicle and geraniol groups. (b) Amount of up/downregulated DEGs. (c) GO biological process enrichment analysis on DEGs
classified into metabolism and digestive system categories. (d) GSEA enrichment analysis on term “proteolysis.” (e) Key genes regulation in term
“proteolysis.” (f) GSEA enrichment analysis on term “carbohydrate metabolic process.” (g) Key genes regulation in term “carbohydrate metabolic
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enrichment analysis on term “transmembrane transport.” (k) Key genes regulation in term “transmembrane transport.”
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involved in “transmembrane transport” as well, indicating that “trans-
membrane transport” contained the affected functions of “dipeptide
transmembrane transport” and “oligopeptide transport.”
Subsequently, GSEA was performed on all expressed genes in
vehicle and geraniol groups to fully understand the gene expres-

»n o«

sion pattern of biological process terms “proteolysis,” “carbohydrate

» o«

metabolic process,” “lipid metabolic process,” and “transmembrane
transport.” The candidate key genes in significantly enriched terms
were identified from leading edge subset by applying the standard of
|logs (geraniol/vehicle)| > 1, Q value < .05, and TPM value with the
higher expression levels between vehicle and geraniol groups > 1. It
revealed a significant enrichment in proteolysis with a nominal p value
of 0, a Normalized Enrichment Score (ES) of —1.45, and a False Dis-
covery Rate (FDR) Q value below 0.2 (Figure 4d). Within this term,
key genes, such as try, cpal, cpa4, cpa5, mepla.1, ela2, ela2l, ela3l,
and ctrl, exhibited a notable decreased expression (Figure 4e). Simi-
larly, Figure 4f depicts the significant enrichment of the carbohydrate
metabolic process, in which nominal p value was .01, a Normalized
ES was —1.33, and an FDR Q value was under .25. Functional genes
in this process, including fbp2, chia.1, chia.2, amy2a, and glucokinase
(gck), were also found to be downregulated (Figure 4g). In the context
of lipid metabolism, there was an obvious enrichment, as evidenced
by a nominal p value of O, a Normalized ES of —1.48, and an FDR
Q value less than .25 (Figure 4h). The key genes involved cyp7al,
cyp8b1, cel.1, cel.2, and apoda.2 showed a considerable reduction in
expression levels (Figure 4g). Meanwhile, a significant enrichment
in transmembrane transport was observed with a nominal p value
of 0, a Normalized ES of —1.65, and an FDR Q value below .25
(Figure 4h), in which substantial downregulation was observed in func-
tional genes, including slcla7a, slcla7b, slc5a2, sic6al9a.2, sic7al0b,
slc10a2, slc15alb, slc24al, slc26a3.2, abcg5, abcb11b, abce8b, agp8a2,
and aqp9b (Figure 4g). The downregulation of these four terms and
their key genes illustrated that the processes of lipid, protein, and car-
bohydrate metabolism of zebrafish were disturbed with the treatment
of geraniol.

4 | DISCUSSION

Flavors were the widespread used and complex compounds that should
be given more attention on their safety risk. In the current study,
by investigating mortality rate, hatching rate, and body length of
embryonic-larval zebrafish in the first 96 hpf, it was rapidly screened
out geraniol as toxic compound from a commercial flavor formula-
tion. In consist with the previous study, it had been investigated the
embryotoxicity of geraniol on zebrafish, which demonstrated the feasi-
bility of applying zebrafish embryo as the potential platform to rapidly
and accurately screen toxic compounds from flavors (Singulani et al.,
2018). In previous studies, multiple cell lines were commonly used
to detect the cytotoxicity of flavors, including Foeniculum vulgare and
Citrus aurantiifolia (Fagodia et al., 2017; Sharopov et al., 2017). Tox-
icity of benzyl alcohol, phenethyl alcohol, and cinnamaldehyde was

determined on Caenorhabditis elegans (Lu et al., 2021). Compared to

these models, zebrafish can not only achieve high-throughput toxicity
screening but also be a more advanced animal and visualized platform
to directly observe in vivo toxicity and further explore the potential
toxicology mechanism due to its transparent body and highly similar
tissues, organs, and genes to humans. In this study, geraniol was found
to be the major toxicity compound, and its impacts on the develop-
ment of metabolic organs, the related biological process, and functional
genes were deeply studied.

In this study, the 96 hpf-LCsq value of geraniol was determined to be
0.9209 ug/mL, with a 95% confidence interval of between 0.8877 and
0.9534 ug/mL. Based on the toxicity grading standards of China (GB/T
31270.12-2014, Ministry of Agriculture Pesticide Inspection Center),
geraniol is considered highly toxic to zebrafish embryos. According to
the information obtained from the flavor manufacturer by the Guang-
dong Institute for Drug Control, the content of the commercial flavor
is found to be 0.5-1.5 uL/mL in food industry, whereas 5-20 uL/mL
in medicine industry, with the final concentration of geraniol in prod-
ucts is 0.5-1.5 ug/mL and 5-20 ug/mL. In this study, all the detected
concentrations are 25-100 times lower than the actual industrial
used maximum concentration. In other words, geraniol exhibited toxic
effects on zebrafish at concentrations that are 25-100 times lower
than those in food and medication industry, indicating greater toxi-
city at concentrations in real-world conditions. The larval zebrafish
showed concentration-dependent decrease in eye and body lengths
after exposure to geraniol, as well as the enriched KEGG pathway
“phototransduction” served as evidence of abnormalities in the visual
system. In properly developing zebrafish, the retinal layers were clear,
and the size of the eyes was normal. Microphthalmia was a defect on
eye development, manifested as a reduction in eye length that could be
caused by toxic chemicals (Chen et al., 2022; Qian et al., 2021). Devel-
opmental delay could be displayed by the phenomenon of the reduced
eye size and visual dysfunction, meanwhile the shorten body length
(Cairns et al., 2021; Kashyap et al., 2007). The nutritional absorp-
tion was proved to have correlation with the development of larval
zebrafish, including body length at early stage (Schwartz et al., 2021),
and the decrease of body length and eye size were widely observed
in the zebrafish larvae with yolk retention as previously reported. (Al-
Jamaletal., 2020; Yu et al., 2022) Additionally, it has been reported that
the decrease in nutrient supply could affect the TD (Chahardehi et al.,
2020). Accordingly, TD was also viewed on zebrafish larvae exposed
to geraniol in the current study. Consequently, it was hypothesized
that the developmental delay and tail malformation observed in lar-
val zebrafish following exposure to geraniol were caused by decrease
in nutrient utilization.

The yolk sac served as a nutritional reservoir for the zebrafish
embryos and larvae at early stages (Sant & Timme-Laragy, 2018). Until
5 dpf, zebrafish primarily relied on the yolk as their exclusive energy
source without feeding behavior and sustainable provided nutrients
throughout all developmental processes (Halbach et al., 2020; Quinli-
van & Farber, 2017). It has been regarded the increased or decreased
of remaining yolk as the symbol of delayed or accelerated nutrients uti-
lization during the period of 0-120 hpf (Jiang et al., 2020; Sant et al.,

2017). In the present study, the yolk sac area of larval zebrafish was
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getting larger after exposure to geraniol, which revealed the decrease
in nutrients absorption. Meanwhile, the primary constituents of nutri-
ents within the yolk sac are lipids, including TGs and cholesterol (Sant
& Timme-Laragy, 2018). Quantitative analysis conducted on zebrafish
revealed that geraniol induced an elevation in residual TG and TC lev-
els, aligning with delayed absorption from the yolk sac and confirming
reduced nutrient utilization. As reported, the size of the yolk sac was
also suggested as an endpoint for assessing liver function in zebrafish
(Hill, 2011; Jiang et al., 2020; Sant et al., 2017). Since the predominant
metabolism of nutrients was conducted in liver, hepatotoxicity would
disturb the resorption of yolk (Jiang et al., 2020). Based on these, it was
inferred that liver could be affected by geraniol and then induced the
decrease of yolk utilization and developmental toxic effects.

In zebrafish line Tg(fabp10a:dsRed;ela3l:EGFP), it was observed that
the size and fluorescence intensity of liver were reduced. The size
change of liver could reflect hepatotoxicity, including the inhibition
of early liver development as the result of liver shrinkage and reduc-
tion in specific expressed fluorescence intensity (Feng et al., 2023;
Manjunatha et al., 2021). The result of RNA-seq excavated the down-
regulated key gene mepla.1, which played a very important role in cell
differentiation and proliferation by activating the growth factors [49].
It was proved that downregulation of mepla could induce develop-
mental hepatotoxicity and delayed nutrient absorption in the previous
study [32]. Meanwhile, the size and fluorescence intensity of pancreas
were observed to be decreased after geraniol treatment, indicating the
development of pancreas was also interrupted. Since liver and pan-
creas were both differentiated from the foregut endoderm in zebrafish
(Dong et al., 2007), geraniol may affect the differentiation and normal
development of the endoderm into the liver and pancreas. Addition-
ally, the decrease of fluorescence illustrated that expression of ela3l
and fabp10a was reduced in exocrine pancreas and liver. Fatty acid-
binding proteins (Fabps) have been reported to be involved in fatty acid
and lipid metabolism, regulating fatty acid transport (Bayir et al., 2015).
Elastase (ela) was reported to be associated with protein digestion and
absorption (Li et al., 2023). The downregulation of ela3l and fabp10a
suggested that the metabolism process related to nutrients utilization
was disturbed in larval zebrafish exposed to geraniol.

Furthermore, the biological processes, including proteolysis, carbo-
hydrate metabolism, lipid metabolism, and transmembrane transport
in larval zebrafish, were all downregulated after treated by geran-
iol. Key downregulated genes in proteolysis terms encoded multiple
enzymes involved in the proteins and peptide hydrolysis, suggesting
the utilization of protein was inhibited. In carbohydrate metabolic pro-
cess, chia.1, chia.2, amy2a, and amy2al2, reported to be involved in
hydrolysis of chitin and breakdown of polysaccharides and oligosac-
charides, were all downregulated (Lanes et al., 2021; Roy-Carson et al.,
2017). Except that fructose-1,6-bisphosphatase (Fbp2), reported as a
rate limiting enzyme in gluconeogenesis (Dhanasiri et al., 2013), and
gck, as a glycolysis-related gene (Lu et al., 2023), were both downreg-
ulated after geraniol treatment, suggesting the glucose homeostasis
was affected (Jiang et al., 2020). These changes on functional genes
expression revealed that the process of utilizing carbohydrates for

energy was disturbed. In lipid metabolic process, the transcription of

cytochrome P450s (cyp7al, cyp8b1) related to bile acid biosynthesis
was decreased, resulting in the impacts of cholesterol metabolism (Mu
et al,, 2015; Qi et al., 2015; Tomaszewski et al., 2008). The decreased
transcription of carboxylic ester lipase (cel.1 and cel.2) leads to the
reduction of cholesterol resorption and delayed development of lar-
val zebrafish (Camarota et al., 2011; Qiu et al., 2020). So the process
of lipid metabolism, especially cholesterol metabolism, was inhibited
by geraniol. In transmembrane transport, the transcription of solute
carriers (slc) and adenosine triphosphate-binding cassettes (abc) was
decreased. Slc5a2 has been reported as a glucose transport; sic6al9a,
slcla7a, slcla7b, slc7a10b, and slc15a1b were observed to be involved
in amino acid and peptide transport; and slc10a2 could perform bile
acids transport closely associated with lipid metabolism (Gesemann
etal., 2010; Jersin et al., 2021; Orozco et al., 2018; Sander et al., 2019;
Vacca et al.,, 2019; Zhu et al., 2024). Abcb11b was response for trans-
porting cholate conjugates from hepatocytes to the bile (Ren et al.,
2015). All phenomena indicated the process and function of protein,
lipid, and carbohydrate utilization were inhibited by geraniol.

The genes implicated in zebrafish by geraniol have also demon-
strated analogous functions in previous studies on mammal. Taking
lipid metabolism as an exemplar, gck has been reported to be involved
in aberrant lipid accumulation and lipolysis in the mice liver (Zhu et al.,
2023). Mice with lipid metabolism disorders exhibited diminished lev-
els of cyp7al, and augmenting cyp7al expedited the conversion of TC
into bile acids (Ge et al., 2023). Suppression of cyp8b1 expression in
mouse liver led to impaired bile acid synthesis during infection (Lane
etal.,2023). Reduced expression of slc10a2 in mice was associated with
decreased reabsorption of luminal bile acids (Pasquereau-Kotula et al.,
2018). Abcb11-deficient mice manifest intrahepatic cholestasis and
liver fibrosis, whereas even abcb11 expression is significantly down-
regulated in human liver cancer tumors (Wang et al., 2021). Therefore,
the developmental toxicity induced by geraniol via its impact on organs
and biological processes associated with nutrient utilization may also
manifest in developing mammals and even children.

Although zebrafish serves as an exceptional platform for rapid toxi-
city screening and toxicology research, further validation of its toxicity
in mammalian models is imperative due to interspecies disparities.
Additionally, given that zebrafish are coincubated with compound solu-
tions rather than subjected to oral or systemic administration, it is
crucial to conduct additional investigations on the conversion of toxic

doses across different dosing modes and animal species.

5 | CONCLUSION

The potential toxicity of flavors and flavor compounds during the
developmental stage requires greater attention. In this study, the
embryonic-larval zebrafish was used to screen the toxicity of fla-
vor compounds. Geraniol, determined to be highly toxic to zebrafish
embryos, was identified as the major toxicity caused compound
to induce developmental toxic effects in zebrafish larvae, including
reduced body length, decreased eye length, increased TD, PE, and

SD. Further investigation revealed that zebrafish larvae exposed to
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geraniol had delayed yolk resorption, increased level of residual TGs
and TC, as well as reduced liver and exocrine pancreas sizes and flu-
orescence intensity. Furthermore, four biological processes related to
metabolism and functional genes involved in these processes were sig-
nificantly downregulated. The developmental toxicity study of geraniol
on zebrafish embryo from morphology, organ, metabolism process,
and gene expression level integrally revealed how geraniol affects
the development of zebrafish. Therefore, it is crucial to consider and
investigate the potential risks of using geraniol in food and children’s
products in the future.
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