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Introduction: Neural tube defects (NTDs) are among the most common congenital malformations and arise from disruption
of early neurulation. Phosphoric acid is a widely used food additive; however, its potential effects on early neu-
ral tube development have not previously been evaluated in experimental neurulation models. This proof-of-
concept study aimed to investigate the embryotoxic and teratogenic effects of phosphoric acid on neural tube
development in a chick-embryo model of neurulation, at a single tested concentration.

Material/Methods: Fertilized pathogen-free chicken eggs (n=30) were randomly allocated into 2 groups. Control embryos (n=15)
received no injection, whereas embryos in the experimental group (n=15) were injected beneath the embryon-
ic disc with 0.25 mM phosphoric acid, at Hamburger-Hamilton stage 9. Embryos were incubated for 72 hours,
after which survival was recorded and neural tube development was evaluated macroscopically and histopath-
ologically. Statistical comparisons were performed using Fisher’s exact test.

Results: All control embryos survived (15/15, 100%) and exhibited normal neural tube closure. In the phosphoric acid-treat-
ed group, survival was significantly reduced (10/15, 66.7%; P=0.0421). Among surviving treated embryos, 80%
(8/10) demonstrated NTDs, including cranial and caudal closure abnormalities (P<0.001). Histopathological ex-
amination confirmed incomplete neural fold closure, irregular notochord morphology, and disrupted somite or-
ganization in affected embryos.

Conclusions: Phosphoric acid exposure at the tested concentration and developmental stage markedly reduced embryo sur-
vival and induced a high incidence of neural tube closure defects in a chick-embryo model. These findings pro-
vide the first experimental proof-of-concept evidence that phosphoric acid can directly disrupt early neurula-
tion in a vertebrate neurulation model. However, vehicle-controlled replication, dose-response analyses, and
exposure-bridging studies are required to distinguish teratogenic specificity from general embryotoxicity and
to assess potential relevance to human embryogenesis.

Keywords: Animal Experimentation ¢ Chick Embryo ¢ Embryology ¢ Food Additives ¢ Neural Tube Defects o
Phosphoric Acids  Teratogens

Full-text PDF: https://www.medscimonit.com/abstract/index/idArt/952090

%3323 EEI MEIZ %20

Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be
made by its manufacturer, is not guaranteed or endorsed by the publisher

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0) €952090-1



https://orcid.org/0000-0002-0826-5965
https://orcid.org/0000-0002-2045-6721
https://orcid.org/0000-0003-4671-1249
https://orcid.org/0009-0002-8712-2440
https://orcid.org/0000-0003-4352-4720
https://orcid.org/0000-0001-6092-3614
https://orcid.org/0000-0002-5263-2793

ANIMAL STUDY

Introduction

Neural tube defects (NTDs) rank among the most common con-
genital anomalies worldwide, producing severe lifelong dis-
abilities, significant healthcare expenditures, and high rates of
perinatal and childhood mortality [1]. Each year, approximately
300000 infants are affected worldwide, although prevalence
varies widely depending on geography, socioeconomic condi-
tions, and public health interventions, ranging from as low as
0.2 to as high as 11 per 1000 live births. Importantly, epidemi-
ological studies indicate that NTDs are consistently more fre-
quent in female than in male newborns [2,3]. Clinically, the 2
most prominent forms are spina bifida, in which the spinal col-
umn remains incompletely closed, and anencephaly, a severe
defect characterized by absent or rudimentary brain develop-
ment due to anterior neural tube closure failure [4].

The etiology of NTDs is complex and multifactorial, with both
genetic predispositions and environmental influences contrib-
uting to pathogenesis. Among the most recognized risk fac-
tors is folic acid deficiency, which disrupts nucleotide biosyn-
thesis and DNA methylation, thereby interfering with normal
neurulation. Other maternal conditions such as hyperthermia,
obesity, and exposure to teratogenic drugs also increase the
risk. For example, antiepileptic medications including valproic
acid and carbamazepine are known to antagonize folate me-
tabolism, while cocaine exposure has been linked to vascular
compromise and impaired embryonic development. In addi-
tion, methylenetetrahydrofolate reductase (MTHFR) polymor-
phisms can reduce folate bioavailability, further predisposing
the embryo to closure defects [5,6]. Experimental teratology
studies have provided further evidence, showing that agents
such as alcohol, salicylates, clomiphene, insulin, chemother-
apeutic drugs, and even certain viral infections, including in-
fluenza, are capable of disrupting neural tube formation [7].

Phosphoric acid (H,P0,) is a simple inorganic acid composed
of phosphorus, oxygen, and hydrogen atoms. It is colorless,
odorless, fully soluble in water, and widely applied in diverse
industrial sectors including fertilizers, chemical processing,
pharmaceuticals, and automotive manufacturing. Within the
food industry, it is among the most extensively utilized addi-
tives. Phosphoric acid serves multiple functions: it regulates
acidity in carbonated beverages, stabilizes and preserves pro-
cessed meats such as sausages and salami, prolongs shelf life
in canned goods, and improves texture and flavor balance in
dairy products such as cheese. Although regulatory agencies
generally consider phosphoric acid safe at controlled concen-
trations, evidence has accumulated linking excessive intake
to adverse systemic outcomes. These include bone demin-
eralization, calcium-phosphate imbalance, renal impairment,
and potential systemic toxicity [8-11]. Particularly concerning
is the observation that children, adolescents, and women of
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reproductive age constitute the largest groups consuming car-
bonated soft drinks containing phosphoric acid, raising ques-
tions about long-term developmental effects.

Despite this widespread dietary exposure, the possible ter-
atogenic effects of phosphoric acid have never been direct-
ly examined. Previous investigations into other common food
additives have produced conflicting results: for instance, tart-
razine was reported to induce NTDs in chick embryos, where-
as sodium benzoate did not [12,13]. Notably, phosphoric acid
has remained untested in experimental models of vertebrate
neurulation, despite decades of extensive dietary exposure.
This represents a clear and previously unaddressed gap in ex-
perimental teratology.

Based on principles of developmental toxicology, we hypoth-
esized a priori that exposure to phosphoric acid during the
critical window of neurulation (Hamburger-Hamilton stage 9)
would increase embryotoxicity and disrupt neural tube clo-
sure in a chick-embryo model. This hypothesis was biological-
ly motivated by the potential for pH-dependent cellular stress,
phosphate-related metabolic perturbations, and interference
with tightly regulated processes required for neural fold ele-
vation and closure during early embryogenesis, and potential
indirect interference with folate-dependent one-carbon met-
abolic pathways, which are critical for neural tube closure.

Accordingly, the present study was designed as a proof-of-
concept experimental investigation to evaluate the effects of
phosphoric acid on embryo survival and neural tube develop-
ment in a chick-embryo model. This model provides direct ac-
cess to early developmental stages and allows precise assess-
ment of neurulation, making it a well-established system for
investigating environmental and chemical influences on early
embryogenesis. Importantly, the scope of this study is limited
to experimental teratogenicity within a controlled vertebrate
model and does not aim to assess dietary exposure relevance
or risk in human pregnancy.

Material and Methods

Study Design

This study was conducted in collaboration with the Department
of Histology and Embryology, Hamidiye Faculty of Medicine,
University of Health Sciences. In this experimental study, fertil-
ized, pathogen-free chicken eggs were used for incubation and
injection (Bornova Veterinary Control and Research Institute,
izmir, Tiirkiye). Eggs were randomly assigned to groups using
a computer-generated random sequence to ensure unbiased
distribution. Given the exploratory nature of the study, a for-
mal a priori power analysis was not performed. The sample
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size was determined in line with previous chick-embryo tera-
tology studies using comparable group sizes.

Group A (Control group): No phosphoric acid was adminis-
tered (n=15).

Group B (Experimental group): 0.25 mM phosphoric acid (ap-
proximately 25 pL of 1 M phosphoric acid solution per 1 L)
was injected (n=15).

Physiological saline was employed as the vehicle for phosphor-
ic acid administration. However, a saline-injected vehicle con-
trol group was not included in the study. Therefore, potential
effects related to the injection procedure itself, including nee-
dle manipulation and fluid volume, cannot be fully excluded.
Accordingly, the findings should be interpreted as reflecting the
effects of phosphoric acid exposure within the context of the in-
jection procedure rather than isolating the chemical effect alone.

Phosphoric Acid Dose

The dose was determined based on the range (0.05-0.5 mM)
reported in the literature as safe for embryonic cultures. During
a preliminary screening phase, low (0.05 mM), medium (0.25
mM), and high (0.5 mM) concentrations were evaluated to
assess gross embryonic tolerance and neurulation outcomes.
Based on this exploratory screening, 0.25 mM was selected
as the lowest concentration associated with consistent neu-
ral tube disruption and was therefore used in the main exper-
iment. Phosphoric acid (H,PO, from IPEK-KIMYA, Formula 10.5,
CAS No: 7664-38-2, concentration: 85%) was diluted with ster-
ile physiological saline to achieve the desired concentration.
This exploratory screening was not powered for formal statis-
tical inference and was used solely to guide selection of a sin-
gle concentration for proof-of-concept testing.

Incubation and Injection

Eggs (average weight 65+2 g) were incubated at 37.2+0.1°C
with 60-70% humidity for 24 hours, reaching stage 9 according
to the Hamburger-Hamilton classification [14]. Temperature and
humidity were continuously monitored using the incubator’s
digital sensors and verified daily with an external calibrated
thermometer/hygrometer. Deviations were corrected immedi-
ately to maintain stable conditions. Under a stereomicroscope
at 4xmagnification, the eggshells were carefully opened un-
der sterile conditions, and the embryonic discs were identi-
fied. To maintain consistency and minimize variability, a vol-
ume of 0.1 mL of the prepared solution was injected beneath
the embryonic disc using a sterile 24-gauge syringe. Following
injection, the eggs were resealed with sterile adhesive tape
and returned to the incubator for an additional 72 hours. At
the end of this period, embryos were dissected from the sur-
rounding membranes and examined macroscopically and his-
topathologically for neural tube development.
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Histopathological Evaluation

At 72 hours, embryos were fixed in 4% formalin for 24 hours,
dehydrated in a graded ethanol series (70%, 95%, 100%),
cleared in xylene, and embedded in paraffin. Serial sections
of 5 um thickness were prepared using a rotary microtome.
Sections were deparaffinized in xylene, rehydrated through
descending ethanol concentrations, and stained with hema-
toxylin and eosin (H&E). Slides were mounted with Entellan®
(Merck) and examined under a Zeiss Axiocam light microscope.
NTDs were defined as persistent failure of neural fold closure,
the presence of an open neural plate, or abnormal notochord
and somite organization. All evaluations were performed in a
blinded manner, where the pathologist was unaware of the
treatment groups to prevent bias. Group codes were concealed
during macroscopic scoring and histopathological assessment.

Statistical Analysis

Data were analyzed using SPSS version 28.0 (IBM Corp., Armonk,
NY, USA). Survival rates and the incidence of NTDs were com-
pared between groups using Fisher’s exact test. Fisher’s ex-
act test was specifically chosen as it is the most robust and
accurate method for analyzing categorical data with small
sample sizes. A P-value <0.05 was considered statistically sig-
nificant. Results were expressed as absolute numbers and
percentages. No correction for multiple comparisons was re-
quired, as only 2 groups were analyzed. All histopathological
and statistical evaluations were performed in a blinded man-
ner. Embryolethality (based on survival at 72 hours) and neu-
ral tube malformation were predefined and analyzed as dis-
tinct experimental endpoints.

Results

Survival

At 72 hours of incubation, all embryos in the control group
survived (15/15, 100%). In the phosphoric acid group, surviv-
al was significantly reduced, to 10/15 (66.7%) (Fisher’s ex-
act test, P=0.0421). Odds ratio (OR) analysis with Haldane-
Anscombe correction indicated reduced survival odds in the
phosphoric acid group compared with controls (OR 0.062; 95%
C1 0.003-1.236).

Neural Tube Defects

No anomalies were observed in the control group. In contrast,
among the 10 surviving embryos in the phosphoric acid group,
8 (80%) exhibited NTDs. The difference in incidence was statis-
tically significant (Fisher’s exact test, P=0.0000416). The odds
of developing NTDs were markedly increased in the phosphoric
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acid group (OR 105.4; 95% Cl 4.52-2458.5). When calculated
relative to the total number of treated embryos, NTDs were
observed in 8 of 15 embryos (53.3%), providing a sensitivity
analysis that accounts for embryolethality-related censoring.
The magnitude of both survival reduction and neural tube de-
fect incidence observed in this study appears greater than that
reported in most prior chick-embryo teratogenicity studies in-
volving food additives or environmental exposures, highlight-
ing the distinct strength of the observed effect. These find-
ings directly support the a priori hypothesis that phosphoric
acid disrupts early neurulation within this experimental model.

Histopathological Findings

Control embryos demonstrated intact neural tube morphol-
ogy with well-formed notochord and somites (Figure 1A). In
the phosphoric acid group, embryos exhibited neural tube clo-
sure defects, irregular notochord morphology, incomplete ec-
todermal invagination, and disorganized somite development
(Figure 1B-1D). As shown in Figure 2, the high incidence of
defects in survivors highlights the strong disruptive effect of
the tested dose on neural tube development within this exper-
imental model. NTDs in the phosphoric acid-treated embry-
os demonstrated heterogeneous phenotypic severity. Defects
were classified descriptively as mild (partial neural fold ele-
vation without complete closure), moderate (persistent open
neural tube with localized notochord irregularity), or severe
(extensive cranial and/or caudal non-closure accompanied by
marked notochord and somite disorganization). Anatomically,
defects involved the cranial region, caudal region, or both, in-
dicating non-uniform disruption of neurulation rather than
nonspecific toxicity.

Statistical Summary

Survival and NTD incidence are presented in Table 1. Per-
embryo survival status, developmental stage confirmation, an-
atomical localization of defects, and histopathological scoring
were recorded for all embryos and are summarized in the fig-
ures and tables presented.

Data are presented as number of embryos and percentages.
Survival was recorded at 72 hours, and NTD incidence was
calculated among surviving embryos. Fisher’s exact test re-
sults were: survival (P=0.0421); NTD incidence (P=0.0000416).
Odds ratios estimated with Haldane-Anscombe correction
were: survival OR 0.062 (95% Cl 0.003-1.236); NTD incidence
OR 105.4 (95% ClI 4.52-2458.5). NTD incidence is presented
both among surviving embryos and relative to the total num-
ber of treated embryos to distinguish malformation from em-
bryolethality (Figure 2).
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Discussion

In this study, exposure of chick embryos to 0.25 mM phos-
phoric acid resulted in reduced survival (66.7% vs 100% in
controls) and a markedly increased incidence of NTDs, affect-
ing 80% of surviving embryos. No anomalies were observed
in controls. These findings indicate a strong disruptive effect
of phosphoric acid on embryo survival and neural tube devel-
opment within this vertebrate model. However, confidence in-
tervals were wide due to the limited sample size, and effect
size precision should therefore be interpreted cautiously. In
the absence of a saline-injected vehicle control and dose-re-
sponse analysis, it is not possible to fully distinguish terato-
genic specificity from generalized embryotoxicity in this ex-
perimental model.

NTDs are among the most frequently encountered congenital
birth defects, and they significantly contribute to lifelong dis-
abilities, impose considerable medical care costs, and play a
role in increasing both perinatal and childhood mortality rates
(4). NTDs represent the second most common congenital mal-
formation that affects the development of the human central
nervous system. The global prevalence of these defects has
been estimated at approximately 2 cases per 1000 live births,
which corresponds to about 214 000-322 000 affected preg-
nancies every year around the world. The prevalence as well as
the adverse clinical and socioeconomic consequences of NTDs
are reported to be particularly higher in developing countries,
where access to preventive measures and nutritional supple-
mentation may be more limited [4,15].

NTDs occur during the fourth week of embryonic development
due to the failure of fusion of either the anterior or posterior
neuropores. This incomplete closure results in the formation
of a persistent communication between the amniotic cavity
and the spinal canal. When the cranial region of the neural
tube does not close properly, a substantial portion of the brain
fails to develop, and this severe defect is termed anenceph-
aly. Conversely, when the defect arises from the failure of clo-
sure at some level caudal to the cervical region of the neural
tube, the condition is defined as spina bifida. Classically, NTDs
are divided into 2 major subgroups, open and closed defects,
and they present with a highly variable prognosis depending
mainly on the anatomical site of the lesion. In addition to the
nervous system, NTDs may involve the meninges, bone, mus-
cle, or skin. Typically, these defects emerge during the third
or fourth week of embryogenesis, when the neural tube is ex-
pected to complete its closure [16].

The exact pathogenesis of NTDs has not yet been complete-
ly elucidated. It is generally accepted that there are multiple
risk factors, encompassing both genetic predispositions and
non-genetic environmental influences, that contribute to the

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

€952090-4




Yiicel M. et al:

Phosphoric acid and neural tube defect development AN I MAL STU DY

© Med Sci Monit, 2026; 32: €952090

Figure 1. Histopathological evaluation of neural tube development in chick embryos (H&E staining). (A) Control embryo showing
intact neural tube (Nt), notochord (n), and somites (s). Scale bar=100 um. (B) Caudal region of a phosphoric acid-treated
embryo with closure defect (red star). Scale bar=100 pm. (C) Treated embryo with multiple closure abnormalities; red
rectangle=magnified region in (B), black rectangle=magnified region in (D). Scale bar=500 um. (D) Cranial region of a treated
embryo with a closure defect (red star). Scale bar=100 um. H&E — hematoxylin and eosin.
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Outcome at 72 h: Non-survivor vs normal vs NTD
N=15 N=15
100 | p——
80 | [,
Il Non-survivor

g 60| M Normal (no NTD)
) M NTD
=
g
5
= 40|

0|

0 o

Control Phopshoric acid (0.25 mM)

Figure 2. Survival and neural tube defect (NTD) incidence at 72
hours in control (n=15) and phosphoric acid-treated
(n=15) chick embryos. Bars indicate percentages of
survivors, non-survivors, and NTD-positive embryos
among survivors.

occurrence of NTDs. Within the etiology, folic acid deficiency
plays a particularly critical role. It has been well established
that the early administration of 0.4 mg of folic acid daily dur-
ing the prenatal period can significantly reduce the risk of
NTDs. On the other hand, exposure to high temperatures such
as through the use of hot bags, sauna bathing, or febrile ill-
ness, maternal intake of valproic acid during pregnancy, ma-
ternal obesity, cocaine use, and the administration of folate
antagonists (for example carbamazepine) are factors that in-
crease the risk of NTD formation. Moreover, in mothers carry-
ing the 5,10-methylenetetrahydrofolate gene polymorphism,
folate levels are typically lower, and this reduction in folate
availability further increases the risk of NTDs [6].

Folate (vitamin B9) deficiency is widely recognized as the most
important cause leading to an increased incidence of NTDs, al-
though the precise underlying molecular mechanisms remain
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incompletely understood. Folate deficiency results in DNA hy-
pomethylation, and at the same time interferes with the syn-
thesis of 2’-deoxythymidine-5’-monophosphate (dTMP). This
disruption subsequently increases the misincorporation of
uracil bases into DNA, which leads to base mismatches, DNA
strand breaks, and genomic disorders. To prevent these abnor-
malities, DNA repair mechanisms are required. Consequently,
genomic instability or the absence of adequate DNA repair
functions plays a decisive role in the occurrence of NTDs [17].

Folate deficiency, both in the preconception period and dur-
ing pregnancy, represents the most common preventable risk
factor. Folic acid is essential for neural tube formation, par-
ticularly during the early stage of pregnancy, approximate-
ly 28 days after conception, a period in which the majority
of women are still unaware that they are pregnant. In accor-
dance with this, current international guidelines recommend
that all women planning pregnancy, or those who may poten-
tially become pregnant, should take a daily supplement con-
taining 400-800 pg of folic acid [15].

Several experimental studies have been conducted using chick
embryos to investigate the impact of environmental factors,
food additives, and pharmacological agents on the develop-
ment of NTDs. Nevertheless, the number of studies focusing
specifically on the potential effects of food additives common-
ly found in daily dietary intake remains limited. This lack of
data highlights the importance of conducting more experimen-
tal work in this area. For instance, Ovalioglu et al demonstrat-
ed that tartrazine induced the development of NTDs in chick
embryos. In contrast, Emon et al reported that sodium benzo-
ate did not cause NTD development in the same model. When
comparing our results with previous literature, phosphoric acid
appears to have a more pronounced teratogenic effect than
sodium benzoate, which did not induce NTDs in similar chick
models. In the present study, we similarly employed the chick
embryo model and evaluated the effect of phosphoric acid on
the development of NTDs [12,13,18-20]. Although cross-study
comparisons are inherently indirect, the high defect rate ob-
served here appears greater than that reported for several oth-
er food additives evaluated in similar chick-embryo models.

Table 1. Survival and incidence of neural tube defects in control and phosphoric acid groups.

Eggs Survived at 72 h, Normal (survivors) NTD+ (survivors)
incubated n (%) n (%) n (%)
Control 15 15 (100) 15 (100) 0 (0)
phosphoricaca [ s 0 @) 20 sy
o 0 s @3 e 0 sG)
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Phosphoric acid (H,P0,) is an inorganic acid that is colorless,
odorless, and exists in either liquid or crystalline form. It is
completely soluble in water and possesses a strong acidic na-
ture. Owing to this acidic property, phosphoric acid has a wide
range of applications across multiple industrial fields. It is ex-
tensively used in the food, agricultural, chemical, pharmaceu-
tical, metal, and automotive industries. Within the food sector,
phosphoric acid is especially common as an acidity regulator
and preservative. For example, it is utilized to balance taste in
carbonated beverages, to prolong shelf life in cheese and oth-
er processed food products, and to prevent spoilage by func-
tioning as a preservative. While generally regarded as safe for
use in food and beverages under regulated conditions, exces-
sive consumption of phosphoric acid has been associated with
potential health problems [8-11].

In this study, we demonstrated for the first time that phosphor-
ic acid, when administered at the tested dose, induced NTDs
in chick embryos. This novel finding underscores the impor-
tance of further experimental evaluation of widely used food
additives in controlled vertebrate models, rather than implying
direct relevance to human dietary exposure or pregnancy risk.

Limitations

This study has several limitations. First, only a single concen-
tration of phosphoric acid was administered, which precluded
assessment of dose-response relationships. Second, the fol-
low-up period was limited to 72 hours, preventing evaluation
of later developmental stages and the persistence of defects
over time. Third, although the chick-embryo model is widely
used in experimental teratology because of its accessibility and
well-characterized stages, it does not fully replicate mammali-
an embryogenesis. Therefore, extrapolation of these findings
to human pregnancy should be made with caution. Finally, al-
though previous reports indicate that saline injections alone
do not affect survival or neural tube development in this mod-
el [11,12], vehicle-injected controls were not included; there-
fore, we cannot completely exclude a minor procedural effect
of injection. However, the magnitude of the observed differ-
ences suggests a treatment-related effect.

Future Directions

Further studies should investigate different phosphoric acid con-
centrations to establish dose-response relationships. Extending
incubation beyond 72 hours would enable evaluation of long-
term developmental outcomes and the persistence or resolution
of NTDs. Molecular analyses of oxidative stress, DNA damage,

ANIMAL STUDY

and apoptotic pathways may help elucidate the mechanisms
by which phosphoric acid disrupts neurulation. Comparative
experiments in mammalian models will also be important to
clarify the translational relevance of these findings to human
pregnancy. Given the widespread use of phosphoric acid in
processed foods, future translational research is critical to de-
termine potential risks for human embryonic development.

Conclusions

This study provides the first experimental, proof-of-concept
evidence in a vertebrate neurulation model that phosphoric
acid can disrupt early neural tube closure when administered
during a critical developmental window. The findings dem-
onstrate a strong internal effect at the tested dose and time
point, while also highlighting important methodological lim-
itations, including the absence of vehicle-injected controls,
dose-response assessment, and exposure-bridging analyses.
Accordingly, these results should be interpreted within the con-
text of experimental teratology and do not permit conclusions
regarding human dietary exposure or pregnancy risk. Further
studies incorporating vehicle-controlled replication, dose-re-
sponse designs, mechanistic analyses, and translational expo-
sure modeling are required to clarify the biological specificity
and broader relevance of these findings.

Ethical Approval

Per Official Gazette No. 28914 (15 Feb 2014), chick-embryo ex-
periments conducted before the last one-third of incubation
are exempt from animal ethics approval.

Availability of Data and Materials

The datasets generated and analyzed during the current study
are available from the corresponding author upon reason-
able request.

Informed Consent

This type of study does not require informed consent.
Declaration of Figures’ Authenticity

All figures submitted have been created by the authors who

confirm that the images are original with no duplication and
have not been previously published in whole or in part.
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