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Abstract 

Some studies relate the use of pyriproxyfen (PPF) in drinking water with damage to embryonic neurodevelopment, including a supposed 
association with cases of microcephaly. However, the effects on neural cells and skull ossification in embryos remain unclear. This study 
aims to investigate the effects of PPF on the structure and ultrastructure of brain cells and its influence on the skull ossification process 
during embryonic development. Chicken embryos, used as an experimental model, were exposed to concentrations of 0.01 and 10 mg/l 
PPF at E1. The findings demonstrated that PPF led to notable ultrastructural alterations such as reduced cilia and microvilli of ependymal 
cells and damage to mitochondria, endoplasmic reticulum, Golgi bodies, and cell membranes in neural cells. The frequency of changes 
and the degree of these cell damage between the forebrain and midbrain were similar. PPF induced a reduction in fox3 transcript levels, 
specific for differentiation of neurons, and a reduction in the NeuN protein content related to mature neurons and dendritic branches. 
PPF impacted the ossification process of the skull, as evidenced by the increase in the ossified area and the decrease in inter-bone 
spacing. In conclusion, this study highlights the ability of PPF to affect neurodevelopmental processes by inducing ultrastructural damage 
to neural cells, concomitant with a reduction in NeuN and fox3 expression. This detrimental impact coupled with deficiencies in skull 
ossification can prevent the proper growth and development of the brain.
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Microcephaly is a congenital anomaly in which a reduction in 
head circumference is observed, and the brain does not grow 
properly (Mochida, 2009; Opitz and Holt, 1990; Woods and Parker, 
2013). Worldwide, it is considered a rare condition, and the inci
dence usually varies from 1.3 to 150 per 100 000 live births 

(Becerra-Solano et al., 2021; Passemard et al., 2013). However, the 
estimated incidence of microcephaly may vary due to differences 
in the definition of reference cephalic measurements and the tar
get population (DeSilva et al., 2017). Conventional risk factors are 
well documented for microcephaly, such as genetic alterations, 
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Zika virus infection, and exposure to toxic substances (Becerra- 
Solano et al., 2021; Brassier et al., 2012).

Another possible risk factor proposed for microcephaly is the 
use of the larvicide pyriproxyfen (PPF) in drinking water reser
voirs to control the Aedes aegypti mosquito in areas with a high 
incidence of diseases transmitted by this vector (WHO, 2006). In 
this particular scenario, pregnant women may be exposed to sig
nificant amounts of PPF, representing a concern for the develop
ment of embryos, especially here, the correct development of the 
central nervous system. According to the WHO-recommended 
classification of agrochemicals by hazard, PPF is classified as 
unlikely to present an acute hazard in normal use (WHO, 2020). 
However, as it is a highly lipophilic molecule, there is a possibility 
that PPF accumulates in the lipid portions of the cells (PubChem, 
2023).

Although it is not possible to determine the exact amount and 
duration of a disruptive toxic agent to induce damage to the 
nervous system (Becerra-Solano et al., 2021), it is known that the 
developing nervous system is particularly more vulnerable to 
the harmful effects of toxic substances due to its immaturity of 
the blood-brain barrier and the intricate mechanisms involved in 
its formation (Liu et al., 2016; Saunders et al., 2012). In general, 
genetic and other biological factors, in addition to physical and 
chemical environmental factors, can interfere with essential 
processes such as neuronal proliferation and brain growth 
(Fritsche et al., 2018; Gilmore and Walsh, 2013). Therefore, inter
ruption in neurogenesis, interfering with neural proliferation 
(Woods et al., 2005), differentiation (Juraver-Geslin and Durand, 
2015), migration (Sarnat and Flores-Sarnat, 2002), DNA damage 
repair (Gilmore and Walsh, 2013), and apoptosis (Dekkers et al., 
2013) during the developmental stages, including postnatal 
growth, can result in central nervous system damage, such as 
microcephaly (Passemard et al., 2013). Furthermore, the influence 
of toxic substances on the skull ossification process may result in 
premature fusion of sutures between bone plates, and associated 
with congenital anomalies can compromise cognitive develop
ment (Mattigk, 1989; Ross, 1993).

Considering developmental processes, research involving sub
lethal concentrations of PPF revealed significant impacts on the 
nervous system of nontarget vertebrate organisms. Direct expo
sure to PPF in the developing nervous system caused morphologi
cal changes in the body and head in zebrafish (Azevedo-Linhares 
et al., 2018; Truong et al., 2016), morphological changes in the cell 
layers of the brain in chicken embryos (Luckmann et al., 2021), 
mitochondrial damage and changes in acetylcholinesterase in 
zebrafish (Azevedo et al., 2021), production and release of reactive 
oxygen species and depletion of antioxidant enzymes in the nerv
ous system in freshwater fish (Li et al., 2022) among other scarce 
reports. These few studies support the first associations between 
PPF and neurodevelopmental damage in vertebrates. In this way, 
this study reinforces and advances investigations on the impact 
of exposure to PPF on the development of the central nervous 
system. The proposed hypothesis is that PPF impairs brain 
growth and development, as it affects the integrity and differen
tiation of neural cells and skull ossification.

Materials and methods
Experimental design

Fertilized eggs of Gallus domesticus (Poultry Laboratory of the Federal 
University of Santa Catarina/UFSC, Brazil) were incubated accord
ing to parameters defined by M€uller et al. (2008). After 24 h of incu
bation (first embryonic day, E1), 2 concentrations of PPF (Sigma- 

Aldrich), 0.01 and 10 mg/l (Luckmann et al., 2021) were administered 
in ovo in a volume of 50ll. Control embryos (0.00 mg/l PPF) received 
50ll of vehicle solution, DMSO diluted in 0.9% saline solution. The 
embryos remained exposed until it was possible to define cell layers 
in the forebrain and midbrain (Lavail and Cowan, 1971) and to iden
tify several bones of the head in an advanced process of ossification 
(Couly et al., 1993). After exposure, the embryos were anesthetized 
and removed from the eggs according to the procedure described 
by M€uller et al. (2008) and approved by the Federal University of 
Santa Catarina Ethics Committee (n� 5843231018).

Transmission and scanning electron microscope

Fragments of forebrain and midbrain were fixed in 2.5% glutaral
dehyde (Electron Microscopy Sciences), 4% paraformaldehyde 
(PFA), and 0.1 M sodium cacodylate buffer (Sigma-Aldrich). 
Samples were post-fixed with 1% osmium tetroxide (Sigma- 
Aldrich), washed in 0.1 M sodium cacodylate buffer and dehy
drated in acetone series (30%–100%), intended for transmission 
and scanning electron microscopies (TEM and SEM).

For TEM, the samples (n¼3 brains/PPF concentration) were infil
trated with Spurr resin (Electron Microscopy Sciences), semithin 
sections (700 nm) were stained with 1% toluidine blue, and ultra
thin sections (60–90 nm) were stained with 5% uranyl acetate 
(Electron Microscopy Sciences) followed by 1% lead citrate (Sigma- 
Aldrich). Analysis and micrograph capture were performed in a 
JEOL JEM-1011 TEM at 80 kV (n¼ 36 micrographs/brain vesicle; 1 cell 
was visible per micrograph) (Supplementary Table 1). The fre
quency of alterations in subcellular compartments was assessed 
through the occurrence in cells, represented by scores: − (0%, 
absent), þ (1%–25%), þþ (26%–50%), þþþ (51%–75%), þþþþ (76%– 
100%).

To access the degree of cell damage, the cell index (Icell) 
(Bernet et al., 1999 modified by De Melo et al., 2019) was calcu
lated, using the formulae Ralt (a�w), where (alt) each alteration; 
(a) score value based on the frequency of occurrence: 0 (0%, no 
damage), 1 (1%–20%), 2 (21%–40%), 3 (41%–60%), 4 (61%–80%), 
and 5 (81%–100%); and (w) importance factor based on level of 
damage severity according to its degree of reversibility: (1) mini
mal importance, easily reversible alterations; (2) moderate 
importance, alterations that are generally reversible; and (3) 
marked importance, irreversible alterations that may involve 
total or partial loss of the subcellular compartment (Table 1).

For SEM, the samples (n¼ 3 brains/PPF concentration) were 
dried at the critical point and coated with gold. Image analysis 
and capture were performed using a JEOL JSM-6390LV SEM. The 
length of the major and minor axes in the ependymal cells was 
measured with ImageJ (NIH) (n¼ 6 micrographs/brain vesicle; 
with approximately 18 cells visible in each micrograph) 
(Supplementary Table 1). The total area of cilia and microvilli of 
ependymal cells was analyzed by optical density with ImageJ 
(n¼ 6–8 micrographs/brain vesicle). Medio-lateral and dorso- 
ventral areas of the forebrain and midbrain were used for elec
tron microscopic analyses and immunohistochemistry.

RT-qPCR for neuronal and glial genes

Total RNA from the whole brain (n¼ 9 brains/concentration) 
(Supplementary Table 2) was extracted using TRIzol reagent 
(Sigma-Aldrich). The RNA samples were submitted to treatment 
with DNAse I (Promega), and their integrity was evaluated using 1% 
agarose gel electrophoresis with GelRed (Start BioScience). RNA 
concentration and purity were determined using a Thermo 
Scientific NanoDrop 1000 spectrophotometer, where absorbance 
ratio > 1.8 of RNA samples at 260 and 280 nm (A260/280) was 
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considered adequate for cDNA synthesis. cDNA was synthesized 
from RNA samples (1lg) using oligo(dT) with GoScript Reverse 
Transcription System (Promega). For the qPCR technique, GoTaq 
qPCR Master Mix (Promega) was used. qPCR reaction (10ll) with 
0.3lM primers was performed using the HT 7900 Fast Real-Time 
PCR System. Primers fox3 (F: TTTTCAATGAGCGGGGCTCCAAGG; R: 
CAGCTTCCAGCCGTTAGTGTAGGG) were designed for this analysis, 
gfap (F: TGTCCCTGTGCAGAGCTT; R: CTCCTTGTGCTCCTGCTT) 
and tubb3 (F: CTTCCTGCATTGGTACACG; R: GACTCCTCCTCAT 
CATCCTC) were designed by Cecchini et al. (2019), and vim (F: 
GGAACAATGATGCCCTGC; R: GCAAAATTCTCCCTCCATTTCAC) 
were designed by Olias et al. (2014). Normalization of transcribed 
genes was performed using glyceraldehyde-3-phosphate dehydro
genase (gapdh, F: AGTCATCCCTGAGCTGAATG; R: AGGA 
TCAAGTCCACAACACG) (Sanzo and Tuan, 1998). The same proce
dure was followed for the negative control, except that the biologi
cal samples were replaced with RNA-free water. The melting 
curves were analyzed to evaluate the specificity of the primers used 
in the qPCR. The DDCt was calculated for each sample, and relative 
levels of transcripts were calculated by the 2−DDCt method (Livak 
and Schmittgen, 2001).

Immunohistochemistry for neuronal and glial proteins

The brains (n¼3 brains/concentration) were fixed in 4% formal
dehyde, embedded in paraffin, and sectioned in a transverse 
plane at 6 lm. Brain sections were deparaffinized and washed 
with buffered solution and then with bovine serum albumin 
(BSA) according to the protocol used by Kobus et al. (2013). 
Sections were incubated overnight with the rabbit IgG1 anti- 
vimentin (1:100; Chemicon International) and mouse IgG1 anti- 
NeuN (1:100; Chemicon International) to identify glial cells and 
mature neuronal cells, respectively. Then, the sections were 
incubated with antimouse IgG (1:100; Sigma-Aldrich). The sec
tions were revealed with 3,30- diaminobenzidine (DAB; Sigma- 
Aldrich). The negative control followed the same procedure, 
except that the primary antibody was replaced with phosphate- 
buffered saline (PBS) 0.1 M. Positive cells were quantified with 
Weibel M-42 graticule (Weibel No. 2 Tonbridge, United Kingdom) 
coupled to a light microscope. Ten random, nonoverlapping 
visual fields per brain vesicle were evaluated (Supplementary 
Table 1). To calculate positive cells per area (mm2), the formula 
([number of cells/36.36 mm2] � 0.0004) was used (Mandarim- 
de-Lacerda, 2003).

Golgi staining for neuronal cells

Brains (n¼6 brains/concentration) were fixed in 4% PFA, placed in 
Golgi-Cox solution, and stored at room temperature in the dark. 
Then, the brains were transferred to a sucrose cryoprotective solu
tion at 5%, 15%, and 30%. The samples were embedded in Tissue- 
Tek (Sakura), and serial 100 lm sections were obtained in a 

Thermo Scientific HM525 NX cryostat microtome. Sections on his

tological slides were made alkaline in ammonium hydroxide, fixed 

in Kodak rapid fixer (Sigma-Aldrich), dehydrated in a graded series 

of ethanol concentrations (50%–100%), clarified in xylol and fin

ished with Entelan (Merk, Germany). The area, length of dendrites, 

and number of bifurcations were analyzed with ImageJ (n¼ 25 

micrographs/brain vesicle) (Supplementary Table 1).

Histochemical reactions for cartilage and bone

Heads in E10 (n¼6 heads/PPF concentration) and E15 (n¼ 6 

heads/PPF concentration) were washed in 1� PBS pH 7.0, and 

then submitted to Alcian blue solution for cartilage staining. 

Then washings were performed with 100% ethanol. For bone 

staining, the heads were placed in Alizarin red solution and then, 

submitted to the tissue bleaching with Mall’s solution (potassium 

hydroxide þ glycerol þ Milli-Q water) (Mall, 1906). Images were 

analyzed with ImageJ to calculate area of bones and interbone 

spacing (Supplementary Table 1). The squamosal, frontal, parie

tal, and supraoccipital head bones were analyzed based on the 

description of Couly et al. (1993).

Statistical analysis

The normality of the data was assessed by the Shapiro-Wilk test. 

One-way ANOVA was performed for parametric data, followed 

by Tukey’s post hoc test. The Kruskal-Wallis test was performed 

for nonparametric data, followed by Dunn’s post hoc test. 

Statistical tests were performed using the GraphPad Prism 9 pro

gram. The data were expressed as mean ± SEM (standard error of 

the mean).

Results
PPF interferes with the ultrastructure of ependymal cells
The analysis of the ependymal layer of the forebrain shows that 

there was a reduction of area of the cilia and microvilli in groups 

exposed to PPF (Figure 1; Supplementary Table 3). The total area 

of cilia and microvilli of ependymal cells decreased in the groups 

exposed to 10 mg/l PPF (26 582 mm2 ± 6159; p< .001) and 0.01 mg/l 

PPF (36 430 mm2 ± 2401; p< .01), compared with control (57 342 

mm2 ± 2702) (Figs. 1C and 1E). Regarding cell axis length, there 

was only a reduction in the minor axis of groups exposed to 

0.01 mg/l PPF (2.87 mm ± 0.09; p< .05), compared with control 

(3.19 mm ± 0.09) (Figs. 1B and 1D). No changes were observed in 

the major axis of the ependymal cells.
Ependymal cells in the forebrain of groups exposed to PPF 

exhibited a high frequency of alterations in their subcellular 

compartments (Figs. 1F–H, Table 2). These alterations included 

increased cell membrane dilatation and rupture, cytoplasmic 

vacuolation, loss of mitochondrial cristae, as well as dilatation of 

Table 1. Importance factor for the reversibility of damage in subcellular compartments of the brain of Gallus domesticus embryos 
exposed to pyriproxyfen

Importance factor and damage reversibility Subcellular compartments alterations References

(1) Easily reversible Dilatation of endoplasmic reticulum cisterns 
Dilatation of Golgi cisterns 
Dilatation of cell membranes 

Whetsell and Bunge (1969); Escande-Geraud 
et al. (1988); Boissy et al. (1991); Radulescu 
et al. (2007)

(2) Generally reversible Cytoplasmic vacuolization 
Dilatation of mitochondrial membrane 
Dilatation of perinuclear space 

Hackenbrock (1966); Henics and Wheatley 
(1999); Shaiken and Opekun (2014)

(3) Irreversible Cell membrane rupture 
Loss of mitochondrial cristae 

R€oth et al. (1980); Misfeld et al. (1998)
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the perinuclear space, Golgi cisternae, and endoplasmic reticu
lum (ER) cisternae.

The total area of cilia and microvilli of the midbrain ependy
mal cells also decreased in the groups exposed to 10 mg/l PPF 

(34 444 mm2 ± 3141; p< .01) and 0.01 mg/l PPF (40 502 mm2 ± 2401; 
p< .05), compared with control (56 317 mm2 ± 2547) (Figs. 2B and 
2D). There was an increase in the minor axis of the group 
exposed to 10 mg/ PPF (3.72 mm ± 0.12; p< 0.01) compared with 

Figure 1. Ependymal cells of the forebrain in Gallus domesticus E10 embryos exposed to pyriproxyfen. A, Ultrastructure of ependymal cells showing cell 
body (dashed line delineates the cells) and cilia and microvilli (black arrowhead). B, Top view of the ependymal layer showing cilia and microvilli. C, 
Lateral view of the ependymal layer (white arrowhead). D, Area of cilia and microvilli in ependymal cells (n¼3 brains/6 micrographs/PPF 
concentration) shown in images (B). E, Measurement of ependymal cell axes, shown in images (C). F, Cell architecture of groups exposed to 0.00 mg/l 
PPF. G and H, Exposed groups (0.01 and 10 mg/l PPF) showing ependymal cells with cell membrane rupture (white arrow), perinuclear space dilatation 
(black arrow), Golgi bodies, and endoplasmic reticulum with cisternae dilatation, mitochondria with loss of cristae, and cytoplasmic vacuolization. ER, 
endoplasmic reticulum; G, Golgi bodies; M, mitochondria; N, nucleus; V, vacuolation. Scale bar in A, B, and F¼1 lm; in C¼10 lm; in G, H¼0.2 lm. 
Mean ± standard error of the mean (SEM). � p< .05, �� p< .01, ���� p< .0001.

Table 2. Frequency of alterations in the subcellular compartments of neural cells in the forebrain and midbrain of Gallus domesticus E10 
embryos exposed to pyriproxyfen.

Forebrain Midbrain

Cell structure Alterations 0.00 mg/l 0.01 mg/l 10 mg/l 0.00 mg/l 0.01 mg/l 10 mg/l

Cell membranes Membrane dilatation 1 11 1 1 11 11

Membrane rupture 1 11 1 1 11 111

Cytoplasmic vacuolation 1 11 111 1 11 11

Mitochondria Membrane dilatation 1 11 11 1 111 11

Loss of cristae 1 1 111 1 11 11

Nucleus Perinuclear space dilatation 1 111 11 1 111 1111

Endoplasmic reticulum Cisternae dilatation 1 11 111 1 111 11

Golgi bodies Cisternae dilatation - 1 111 1 1 11

Frequency: − (0%), þ (1%–25%), þþ (26%–50%), þþþ (51%–75%), þþþþ (76%–100%); n¼3 brains/12 micrographs per brain vesicle/PPF concentration.
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control (3.06 mm ± 0.15) (Figs. 2C and 2E). Also, no differences 

were observed in the major axis of the ependymal cells between 

groups.
Ependymal cells in the midbrain of groups exposed to PPF 

exhibited a high frequency of alterations in their subcellular 

compartments (Figs. 2F–H, Table 2). These alterations also 

included increased cell membrane dilatation and disruption, 

cytoplasmic vacuolation, loss of mitochondrial cristae, as well as 

dilatation of the perinuclear space, Golgi cisternae, and endo

plasmic reticulum cisternae.

Effects of PPF on neural subcellular compartments
The frequency of subcellular alterations of neural cells increased 

in the 10 mg/l PPF (Figs. 3G–I and 3P–R) and 0.01 mg/l PPF 

(Figs. 3D–F and 3M–O) groups when compared with control 

(Figs. 3A–C and 3J–L). Results were similar in the forebrain and 

midbrain. High frequencies of cell membrane dilatation and rup

ture were observed, as well as vacuolation, mitochondrial mem

brane dilatation, and loss of mitochondrial cristae (Figure 3,  

Table 2). Additionally, dilatation of the perinuclear space, Golgi 

cisternae, and endoplasmic reticulum cisternae was observed.
The calculated cell index (Icell) was higher in neural cells 

(ependyma, glia, and neuron) from embryos exposed to PPF, 

regardless of forebrain, and midbrain (Figure 4, Table 1, 

Supplementary Table 3). The Icell showed significant differences 

in subcellular compartments in the forebrain in groups exposed 

to 10 mg/l PPF (34.33 Icell ± 5.36; p< .05) and 0.01 mg/l PPF (31.00 

Icell ± 4.51; p< .05) compared with control (7.33 Icell ± 3.38). In the 

midbrain, significant differences were also observed in the sub

cellular compartments of groups exposed to 10 mg/l PPF (40.33 

Icell ± 4.70; p< .001) and 0.01 mg/l PPF (33.67 Icell ± 1.45; p< .01) 

compared with control (5.33 Icell ± 3.18).

Effect of PPF on neural cell content and dendritic 
arborization
Glial cells were immunolocalized in all cell layers of the forebrain 

and midbrain (Figs. 5A–F; Supplementary Table 3). No significant 

differences were observed for vimentin protein content between 

Figure 2. Ependymal cells of the midbrain in Gallus domesticus E10 embryos exposed to pyriproxyfen. A, Ultrastructure of ependymal cells showing cell 
body (dashed line delineates the cells), and cilia and microvilli (black arrowhead). B, Top view of the ependymal layer showing cilia and microvilli. C, 
Lateral view of the ependymal layer (white arrowhead). D, Area of cilia and microvilli in ependymal cells (n¼3 brains/6 micrographs/PPF 
concentration) shown in images (B). E, Measurement of ependymal cell axes, shown in images (C). F Cell architecture of groups exposed to 0.00 mg/l 
PPF. G and H, Exposed groups (0.01 and 10 mg/l PPF) showing ependymal cells with cell membrane rupture (white arrow), perinuclear space dilatation 
(black arrow), Golgi bodies, and endoplasmic reticulum with cisternae dilatation, mitochondria with loss of cristae, and cytoplasmic vacuolization. ER, 
endoplasmic reticulum; G, Golgi bodies; M, mitochondria; N, nucleus; V, vacuolation. Scale bar in A, B, and F¼1 lm; in C¼10 lm; in G, H¼0.2 lm. 
Mean ± standard error of the mean (SEM). � p< .05, �� p< .01.
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PPF groups, although transcript levels for vim decreased in 
groups exposed to 10 mg/l PPF (0.34 ± 0.03; p< .001) and 0.01 mg/l 
(0.58 ± 0.10; p< .05) in relation to control (1.03 ± 0.12). 
Furthermore, transcript levels for gfap, related to differentiation 
of glial cells, did not differ between groups.

Neuronal cells, except the ependymal layer, were identified in 
all forebrain and midbrain layers (Figs. 5G–L). In the forebrain, 
the number of NeuN-positive cells was reduced in the group 
exposed to 10 mg/l of PPF (1884 positive cells ± 169.90; p< .05) 
compared with control (2994 positive cells ± 141.60). In the 

Figure 3. Neural cells from the forebrain and midbrain of Gallus domesticus E10 embryos exposed to pyriproxyfen. A–C and J–L, Cellular architecture of 
groups exposed to 0.00 mg/l PPF. D–I and M–R, Exposed groups (0.01 and 10 mg/l PPF) showing neural cells with cell membrane rupture (white 
arrowhead in inserts) and cell membrane dilatation (black arrowhead in inserts), Golgi bodies, and endoplasmic reticulum with cisternae dilatation, 
mitochondria with membrane rupture and loss of cristae, and increased cytoplasmic vacuolation. ER, endoplasmic reticulum; G, Golgi bodies; M, 
mitochondria; N, nucleus; V, vacuolation. n¼ 3 brains/30 micrographs per brain vesicle/PPF concentration. Scale bar in A, D, G, J, M, and P¼1 lm; in B, 
C, E, F, H, I, K, L, N, O, Q, and R¼0,5 lm.

Figure 4. Cell index (Icell) of neural cells in the forebrain (A) and midbrain (B) of Gallus domesticus E10 embryos exposed to pyriproxyfen. n¼ 3 brains/36 
micrographs-cell per brain/PPF concentration. Mean ± standard error of the mean (SEM). � p< .05, �� p< .01, ��� p< .001.
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midbrain, the number of NeuN-positive cells was decreased in 
the groups exposed to 10 mg/l PPF (843.40 positive cells ± 83.12; 
p< .01) and 0.01 mg/l (907.60 positive cells ± 80.85; p< .05) com
pared with control (1320 positive cells ± 84.66). The transcript 
levels for fox3, related to mature neurons, reduced in the group 
exposed to 10 mg/l PPF (0.65 ± 0.07; p< .01) and 0.01 mg/l (0.68 ± 
0.04; p< .01) compared with control (1.01 ± 0.07). The transcript 

levels for tubb3, related to the differentiation of neurons, did not 
differ between groups.

PPF induced a significant reduction in neuron population in the 
forebrain and midbrain (Figs. 5M–P). The total area of neurons was 
reduced in the forebrain of embryos exposed to 10 mg/l PPF (4435 
mm2 ± 340.70; p< .0001) and 0.01 mg/l PPF (10 328 mm2 ± 949.20; 
p< .001) compared with control (15 272 mm2 ± 1017). The same 

Figure 5. Effect of pyriproxyfen on neural cell differentiation in the forebrain and midbrain of Gallus domesticus E10 embryos. (A–D) Cross-sections and 
graphs of vimentin-positive cells and (H–J) NeuN-positive cells (n¼3 brains/PPF concentration). E, F, K, and L, Relative transcript levels of vim, gfap, 
fox3, and tubb3 (n¼9 brains/PPF concentration). M and N, Cross-sections showing neuronal dendritic branches. O and P, Area occupied by neurons, (Q 
and R) length of dendritic branches, and (S and T) number of bifurcation dendrites (n¼6 brains/PPF concentration). In cross-sections, black arrowhead 
points for vimentin-positive cells (A, B), NeuN-positive cells (G, H), and neuronal dendritic branches (M, N). Scale bars¼ 20 lm. Mean ± standard error of 
the mean (SEM). � p< .05, �� p< .01, ��� p< .001, ���� p< .0001.
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was observed in the midbrain, in the groups exposed to 10 mg/l PPF 

(4649 mm2 ± 355.20; p< .0001) and 0.01 mg/l PPF (8918 mm2 ± 
663.10; p< .01) compared with control (12 693 mm2 ± 1647).

In the forebrain, a decrease in the length of dendritic branches 
was observed in the group exposed to 10 mg/l PPF (25.66 mm ± 

1.07; p< .0001) in relation to control (41.54 mm ± 1.85) (Figs. 5Q–T). 
Similarly, in the midbrain, the group exposed to 10 mg/l PPF 
showed a reduction in dendritic branches (30.72 lm ± 1.67; 
p< .0001) compared with control (49.34 lm ± 2.02). The reduction 
in number of dendrites bifurcations accompanied these reduc

tions. In the forebrain, the group exposed to 10 mg/l PPF (1.64 ± 
0.13; p< .01) showed a reduction in relation to control (2.28 ± 
0.15). Similarly, in the midbrain, the group exposed to 10 mg/l 
PPF (1.89 ± 0.15; p< .001) showed a decrease in dendritic bifurca

tion compared with control (2.92 ± 0.16).

PPF interferes with head ossification

Regarding the ossification of the head of E10 embryos, the squa
mosal bone area did not differ between the groups (Figure 6; 
Supplementary Table 3). In contrast, frontal bone area was greater 

in E10 embryos exposed to 10 mg/l PPF (2117 mm2 ±160.30; p< .001) 
and 0.01 mg/l PPF (1973 mm2 ± 134.50; p< .01) compared with con
trol (1386 mm2 ± 195). The head/squamosal bone and head/frontal 
bone ratios showed no significant difference between groups.

Later in development, in E15 embryos, the area of the squa
mosal, frontal, parietal, and supraoccipital bones did not differ in 
the groups (Figs. 7A–J). The ratio between the head and squamosal 
bone was higher in the group exposed to 10 mg/l (12 872 mm2 ± 
453.60; p< .05) compared with control (10 692 mm2 ± 350.60) 

(Figs. 7K–N). The ratio between the head and frontal bone was 
higher in the group exposed to 10 mg/l (32 115 mm2 ± 1443; p< .05) 
compared with control (27 315 mm2 ± 1175). The ratio between the 
head and parietal or supraoccipital bone showed no significant dif
ference between groups. However, the distance between the fron
tal bones decreased in embryos exposed to 10 mg/l PPF (149.70 mm 
±15.16; p< .01), compared with control (214.60 mm ± 7.76) 
(Figs. 7O–Q). The distance between the frontal and parietal bone 
also decreased in embryos exposed to 10 mg/l PPF (80.13 mm ± 5.10; 
p< .05) compared with control (117.40 mm ± 7.14). The distance 
between parietal bones did not differ.

Discussion
Central nervous system congenital anomalies such as microce
phaly are responsible for many cases of mental retardation, cere
bral palsy, and epilepsy in children worldwide (Mochida, 2009). 
Understanding the etiology is crucial for identifying prenatal 
environmental/maternal causes and confirming the diagnosis 
(Woods and Parker, 2013). Although the impact of toxic substan
ces on the developing central nervous system has been exten
sively documented, certain substances, such as PPF, remain 
insufficiently evaluated. Therefore, this study focuses on improv
ing our understanding of the effects of PPF on the developing cen
tral nervous system of nontarget organisms and presents new 
evidence of damage occurring in compartments of neural cells, 
transcript levels/protein contents related to neural populations, 
morphological changes in ependyma, and damage to skull 
ossification.

Figure 6. Effect of pyriproxyfen on skull ossification of Gallus domesticus E10 embryos. A–F, Heads marked with Alcin blue and Alizarin red. (A–C) Lateral 
view and (D–F) top view of head. G, H, Bone ossification area. (I, J) Bone-head ratio. I, squamosal; II, frontal. Dashed line indicates bone delimitation. 
n¼6 brains/12 micrographs per brain/PPF concentration. Scale bars in A–F¼1 mm. Mean ± standard error of the mean (SEM). � p< .05.
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Subcellular analysis indicates that PPF targets cell mem
branes. The high lipid content of cell membranes promotes the 
accumulation of lipophilic compounds, such as aromatic hydro
carbons (Backer and Weinstein, 1982). The PPF molecule itself 
consists of a highly stable aromatic chain (Sullivan and Goh, 
2008). It exhibits lipophilic properties (octanol/water partition 
coefficient—Kow: 5.37), potentially affecting the lipid composition 
of brain cell membranes (Faria Waziry et al., 2020; Norton et al., 
1975). A study using Xaenopus laevis observed the bioaccumula
tion of PPF in lipid-rich structures during the developmental 
stages of this vertebrate organism (Ose et al., 2017). Incorporating 
free radicals into the fatty acids of cell membranes could serve as 
a mechanism by which PPF exerts its effects, leading to structural 
alterations and metabolic disruptions (Akturk et al., 2006). 
Biochemical assays have already demonstrated PPF’s capacity to 
increase lipid peroxidation products (Li et al., 2022; Maharajan 
et al., 2018). Dilatation of the perinuclear space also seems to be a 
response to toxicity, as it was observed in neural cells in embryos 
exposed to the highest concentration of PPF. The perinuclear 
space regulates the traffic of molecules between the nucleus/ 
cytoplasm and modulates several signaling pathways; therefore, 

changes in this region can directly affect this dynamic (Shaiken 
and Opekun, 2014).

PPF appears to affect the endoplasmic reticulum and Golgi 
bodies. Cisternae dilatations in the endoplasmic reticulum can 
arise due to PPF metabolism, as this organelle plays a role in 
processing toxic substances (Huang et al., 2022). The action of 
the PPF could result in the accumulation of misfolded proteins, 
impeding their transport to the Golgi (Zhang and Kaufman, 
2006). Subsequently, cisternae dilatation in the Golgi may lead 
to increased traffic of secreted vesicles, which may correlate 
with the observed augmentation in cytoplasmic vacuolation. 
Cytoplasmic vacuolation is often a reversible mechanism 
employed by cells to defend against chemical substances (Aki 
et al., 2012). However, it can also cause irreversible damage to 
cellular structures such as the endoplasmic reticulum, 
endosomal-lysosomal system, and Golgi bodies (Henics and 
Wheatley, 1999; Rogers-Cotrone et al., 2010) and has been asso
ciated with neuronal cell death (Krinke et al., 1981). 
Insecticides are commonly known to induce vacuolation 
(Henics and Wheatley, 1999), and increased vacuolation in 
neural cells was observed in newborn mice exposed to 30 mg/ 

Figure 7. Effect of pyriproxyfen on skull ossification of Gallus domesticus E15 embryos. A–F, Heads marked with Alcin blue and Alizarin red. (A–C) Lateral 
view and (D–F) top view of head. G–J, Bone ossification area. K–N, Bone-head ratio. O–Q, Interbone spacing. I, squamosal; II, frontal; III, parietal; IV, 
supraoccipital; V, the distance between frontal-frontal bone; VI, the distance between frontal-parietal bone and VII, the distance between parietal- 
parietal bone. Dashed line indicates bone delimitation. n¼6 brains/12 micrographs per brain/PPF concentration. Scale bars in A–F¼2 mm. Mean ± 
standard error of the mean (SEM). � p< .05; �� p< .01.
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kg PPF (Shahid and Saher, 2020), suggesting this may be a com
mon response to PPF.

Mitochondria appear to be particularly susceptible to the 
effects of PPF, given the observed damage to their structure, 
which undoubtedly can impact on their function. The structure 
of mitochondrial cristae is highly dependent on intracellular 
Ca2þ concentrations, in addition to phospholipids and specific 
proteins, responsible for anchoring the cristae junction domains 
to the outer membrane (Bohnert et al. 2012; Kondadi et al., 2020; 
Zerbes et al. 2012). Reduced Ca2þ transport has been observed in 
zebrafish brain mitochondria exposed to PPF, indicating disrup
tions in mitochondrial membrane potential and remodeling of 
cristae structure (Azevedo et al., 2021; Kowaltowski et al., 2019). 
Overall, disturbances in mitochondrial homeostasis, as well as 
that of other organelles, can result in the loss of critical protein 
interactions involved in vital neurodevelopmental processes, 
including neuronal differentiation (Robicsek et al., 2013), neuro
nal migration (Chang et al., 2009), and the growth of dendritic 
branches (Zuccoli et al., 2023).

The structural modifications, such as decreased neuronal 
population and branching, and reduced transcript levels and pro
tein contents, suggest disruptions in neural differentiation. PPF 
induced a decrease in vim transcript levels but did not alter the 
content of its protein product. The evaluation of vimentin protein 
content indicates that the quantification primarily reflects an 
upregulation in gene expression during earlier stages. The 
observed decrease in vim transcript levels could potentially con
tribute to a subsequent decline in the quantity of vimentin pro
tein at later developmental stages. This data implies that radial 
glial cells, may become targets of PPF action. PPF does not appear 
to affect astrocytes and young neurons, as there was no altera
tion in gfap and tubb3 expression, respectively. The decrease in 
mature neurons observed here suggests that PPF may affect the 
cell differentiation mechanism. This suggestion is reinforced by 
the reduction in NeuN protein content reported in a study by 
Shahid and Saher (2020) involving prenatal exposure to PPF in 
rats.

A decrease in the length of dendritic branches induced by 
exposure to PPF corroborates the cytotoxic effect of some hydro
phobic chemicals, such as PPF, which tend to inhibit the growth 
of dendritic branches (Lee et al., 2022). Changes in the dynamics 
of the dendritic branching and its bifurcations can directly affect 
intricate processes such as synaptogenesis, which is vital for the 
proper development of the central nervous system (Kiyoshi and 
Tedeschi, 2020). We believe that the reduction of bifurcations 
and dendritic branches, together with the decrease in neuronal 
population demonstrated here, can strongly influence cell layer 
measurements and the size of cerebral vesicles, as demonstrated 
in our previous work (Luckmann et al., 2021) and in a work by 
Shahid and Saher (2020).

Ependymal cells showed ultrastructural changes after expo
sure to PPF. Such exposure apparently enlarged the minor axis of 
the ependymal cells in midbrain, which consequently increased 
the area occupied by these cells. The expansion of the cell area 
may indicate a reduction in cell density in this layer, which has 
already been documented in a previous study (Luckmann et al., 
2021). Already in the forebrain, a decrease in the minor cell axis 
was observed in embryos exposed to the lower concentration of 
PPF. It is noteworthy that this reduction may have contributed to 
the decrease in the area of cilia and microvilli in embryos at the 
same concentration. However, it was not the sole factor influenc
ing the reduction in the area of these cell surface structures. 
Upon closer examination of cell surface, it was evident that cilia 

and microvilli exhibited alterations in their distribution, leading 
to an increased gap between these structures and consequently 
reducing the overall occupied area. This impact is particularly 
relevant as it can directly affect the developmental and physio
logical processes of the central nervous system (Jim�enez et al., 
2014), potentially compromising cerebrospinal fluid transport 
(Rodr�ıguez et al., 2012). Changes in cerebrospinal fluid transit can 
lead to enlargement of the ventricular cavities and subsequent 
tissue compression, potentially resulting in a thinner cell layer 
within the brain without necessarily altering overall brain 
dimensions (Bruni et al., 1985). Additionally, cerebrospinal fluid 
plays a role in eliminating toxic substances. It has been found to 
possess osteoinductive potential in studies involving rats (Klein 
et al., 1999) and human cerebrospinal fluid (Gautschi et al., 2007). 
Thus, it is plausible that cerebrospinal fluid serves as a pathway 
through which PPF gains access to calcium deposition sites, ulti
mately promoting greater skull ossification. We observed that 
PPF interferes with the ossification process, as evidenced by 
decreased inter-bone spacing and increased ossification of spe
cific cranial bones.

Some insecticides used worldwide have been found to affect 
bone development in different studies. For instance, research by 
Soni et al. (2011) and Sharma et al. (2019) indicates that cyfluthrin 
and endosulfan impact bone development in mice. Additionally, 
Seleem (2019) found that methomyl affects bone development in 
tadpoles, and Sekaran et al. (2023) discovered similar effects in 
chick embryos exposed to chlorpyrifos. A plausible explanation 
for the impact of PPF and other insecticides on ossification may 
be linked to its influence on growth factors, particularly the bone 
morphogenetic proteins (BMP), which play a crucial role in pro
moting the formation of bone and cartilage (Katagiri and Watabe, 
2016; Urist and Strates, 1971). Additionally, the cytoskeletal pro
tein gelsolin, known for its regulatory role in BMP signaling path
ways (Kanungo et al., 2003), can serve as a target for insecticides. 
This was demonstrated by Lavastre et al. (2002) using toxaphene, 
which promotes the degradation of this protein. Gelsolin defi
ciency has been linked to alterations in osteoclast function, 
which is responsible for bone resorption through demineraliza
tion and degradation of the bone matrix (Chellaiah et al., 2000). 
Consequently, we believe that the observed rise in ossification 
may be attributed to the inhibition of the typical bone resorption 
process during osteogenesis.

We demonstrated that the impact on the subcellular compart
ments of neural cells affects neuronal differentiation processes, 
leading to decreased neurons. Given the increase in the ossified 
area observed in the head, it is plausible to propose that the PPF 
interferes with the normal development of the skull. These find
ings may directly affect brain measurements, influencing and 
compromising neurodevelopment. Finally, these data provide 
new evidence that contributes to understanding the cellular 
basis of PPF toxicity, and that can be considered in risk assess
ments by regulatory agencies.
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