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The pyriproxyfen metabolite, 4′–OH–PPF, disrupts thyroid hormone 
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affected by ZIKA virus infection.☆ 
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A B S T R A C T   

North-Eastern Brazil saw intensive application of the insecticide pyriproxyfen (PPF) during the microcephaly 
outbreak caused by the Zika virus (ZIKV). ZIKV requires the neural RNA-binding protein Musashi-1 to replicate. 
Thyroid hormone (TH) represses MSI1. PPF is a suspected TH disruptor. We hypothesized that co-exposure to the 
main metabolite of PPF, 4′–OH–PPF, could exacerbate ZIKV effects through increased MSI1 expression. Exposing 
an in vivo reporter model, Xenopus laevis, to 4′–OH–PPF decreased TH signaling and increased msi1 mRNA and 
protein, confirming TH-antagonistic properties. Next, we investigated the metabolite’s effects on mouse sub-
ventricular zone-derived neural stem cells (NSCs). Exposure to 4′–OH–PPF dose-dependently reduced neuro-
progenitor proliferation and dysregulated genes implicated in neurogliogenesis. The highest dose induced Msi1 
mRNA and protein, increasing cell apoptosis and the ratio of neurons to glial cells. Given these effects of the 
metabolite alone, we considered if combined infection with ZIKV worsened neurogenic events. Only at the fourth 
and last day of incubation did co-exposure of 4′–OH–PPF and ZIKV decrease viral replication, but viral RNA 
copies stayed within the same order of magnitude. Intracellular RNA content of NSCs was decreased in the 
combined presence of 4′–OH–PPF and ZIKV, suggesting a synergistic block of transcriptional machinery. Seven 
out of 12 tested key genes in TH signaling and neuroglial commitment were dysregulated by co-exposure, of 
which four were unaltered when exposed to 4′–OH–PPF alone. We conclude that 4′–OH–PPF is an active TH- 
antagonist, altering NSC processes known to underlie correct cortical development. A combination of the TH- 
disrupting metabolite and ZIKV could aggravate the microcephaly phenotype.   

1. Introduction 

Multiple lines of evidence link infection by the ZIKA virus (ZIKV) to 
congenital Zika syndrome and the increased prevalence of neonatal 

microcephaly in Central and South America starting from early 2015 
(Alvarado and Schwartz, 2017; de Araújo et al., 2018, 2016; Faizan 
et al., 2016; Rocha et al., 2019). Experiments on human brain organoids 
and neurospheres showed that neural stem cells (NSCs) are a direct 

Abbreviations: DMSO, dimethyl sulfoxide; MSI1, musashi-1; NSC, neural stem cell; ON, overnight; PBT, 1% Triton X-100 in PBS; PFA, paraformaldehyde; PPF, 
pyriproxyfen; SD, standard deviation; SEM, standard error of the mean; SVZ, subventricular zone; TH, thyroid hormone; TRα, TH receptor α; XETA, Xenopus 
Eleutheroembryonic Thyroid Assay; ZIKV, ZIKA virus. 
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target of ZIKV (Qian et al., 2016). ZIKV reduced NSC proliferation, 
altered fate choice, increased cell death and decreased neuronal cell 
layer volumes (Garcez et al., 2017, 2016). ZIKV infection in mice led to 
smaller brains with thinner cortical layers and associated neurological 
disabilities by interfering with the cellular processes required for normal 
brain development (Zhang et al., 2019). 

Remarkably, certain regions in North-Eastern Brazil showed a much 
higher prevalence of ZIKV-associated microcephaly than others, 
prompting the question as to whether other factors could be linked to 
this regional effect (Butler, 2016; Peiter et al., 2020; Rodrigues and 
Paixao, 2017). It has been suggested that the use of the pesticide pyr-
iproxyfen (PPF), a juvenile hormone analog, approved worldwide for 
use against household insects and in agriculture ((WHO), 2008; Wilson, 
2004), could be implicated in the rise of microcephaly cases (Albu-
querque et al., 2018; de Araújo et al., 2018; Parens et al., 2017; REDUAS, 
2016). High amounts of PPF were used in the same northeastern region 
where most ZIKV cases associated with microcephaly were found 
(Albuquerque et al., 2016; Parens et al., 2017). This could be yet another 
example of a drug or pesticide exacerbating the effects of viral infection 
(Grandjean et al., 2020; Larsen, 1997). Even though a small cohort (<80 
cases) did not find a link between PPF and congenital microcephaly (de 
Araújo et al., 2018), it remains to be experimentally investigated 
whether or not the pesticide could be implicated in the microcephaly 
outbreak (Parens et al., 2017). 

PPF was first introduced into Brazilian drinking water in late 2014 to 
control the Aedes aegypti mosquito population, the vector for the dengue 
and the ZIKA viruses. The WHO recommended that daily intake of PPF 
should not exceed 0.3 mg/L for an average adult, and advised that the 
concentration of PPF in drinking water containers should be lower than 
0.01 mg/L (WHO, 2008). The main pathway of PPF metabolism is hy-
droxylation at the 4′-position, producing principally 4′–OH–PPF in both 
vertebrates and invertebrates ((WHO), 2008; Ose et al., 2017; Yoshino 
et al., 1995; Zhang et al., 1998). PPF is documented to be rapidly taken 
up and metabolized, resulting in low bio-concentrations of the parent 
compound circulating in the organism (Ose et al., 2017). We therefore 
hypothesized that 4′–OH–PPF rather than PPF could be the main com-
pound acting in vivo. We decided thus to carry out our experiments using 
the PPF metabolite 4′–OH–PPF. 

In 2017, Chavali et al. found that the RNA binding protein Musashi-1 
(MSI1) is indispensable for ZIKV replication. MSI1 is an important 
translational regulator in NSCs in vertebrates (Chavali et al., 2017). 
Interestingly, we previously showed that this gene is downregulated in 
vivo in the murine subventricular zone (SVZ) by T3/thyroid hormone 
(TH) receptor α (TRα), when progenitors commit to the neuroblast 
lineage (López-Juárez et al., 2012). THs regulate many developmental 
processes including cell proliferation, migration and differentiation to 
acquire the characteristic brain cyto-architecture (Bernal, 2005; Moog 

et al., 2017). In severe cases of hypothyroidism, disruption of these 
processes also leads to smaller brains and aberrant cortical layer for-
mation (Morreale de Escobar et al., 2004). 

PPF was previously shown to interfere with thyroid-responsive 
endpoints in the amphibian metamorphosis assay and pubertal rat as-
says (Wegner et al., 2016). Using a newly validated but far shorter OECD 
assay, the Xenopus Eleutheroembryonic Thyroid Assay (XETA: OECD test 
248), we questioned if and how 4′–OH–PPF interfered with TH action, 
given its structural similarities to the bioactive TH 3,3′,5′-triiodothyro-
nine (Fig. 1), and whether it affected Msi1 mRNA and protein levels. We 
used two TH model systems: Xenopus laevis tadpoles (Fini et al., 2012; 
OECD TG 248, 2019), and mouse subventricular zone-derived NSCs 
(Kortenkamp et al., 2020). We tested how the metabolite impacts MSI1, 
as well as key genes and processes underlying cortical development. A 
final experimental approach examined ZIKV replication and TH target 
gene expression in mouse neuroprogenitors in the presence and absence 
of 4′–OH–PPF. 

2. Materials and methods 

XETA assay. We used the modified XETA test (OECD TG 248, 2019) 
to assess the thyroid-disrupting potential of environmental concentra-
tions of 4′–OH–PPF in vivo. This assay employed Tg(thibz:eGFP) trans-
genic Xenopus laevis tadpoles. 

Chemical exposure. Stock solutions of 4′–OH–PPF (HPC – 
Ref.675366) were prepared as follows: 15 mg 4′–OH–PPF was dissolved 
in 5 mL Dimethyl sulfoxide (DMSO, Sigma) to obtain a 3 g/L stock so-
lution (stored at − 20 ◦C). The final solution was prepared daily prior to 
exposure by adding 1 μL of stock solution to 10 mL Evian. All groups 
contained 0.01% DMSO. We used maximum concentrations of 
4′–OH–PPF in drinking water according to WHO recommendations. 

Fifteen NF45 Tg(thibz:eGFP) Xenopus laevis tadpoles were placed into 
each well (i.e. one exposure group) of a 6-well plate. Eight mL of pre-
viously prepared 4′–OH–PPF solution was added per well. Tadpoles 
were exposed for 72 h at 23 ◦C with daily renewal at the same hour for 
the XETA assay. For gene expression analysis, exposure was limited to 
24 h. Tadpoles were exposed to 4′–OH–PPF ± 5 nM T3 (3,3′,5′-triiodo-L- 
thyronine sodium salt (Sigma)). 

GFP signal imaging. After exposure, tadpoles were rinsed in Evian 
and anaesthetized using Ethyl 3-aminobenzoate methanesulfonate salt 
(MS-222) (Sigma, CAS 886-86-2, 100 mg/L; Stock 1 g/L - 1 g of MS-222 
and 1 g NaHCO₃ dissolved in 1 L Evian, pH 7.4–8). One Tg(thibz:eGFP) 
tadpole was placed per well into 96-well plate (black, conic based) and 
faced with the ventral region upwards. Color images were acquired with 
an Olympus SZX12 Stereo Microscope equipped with a 1.2X objective 
and a 25X magnification, long-pass GFP filters and a QImaging Exi Aqua 
CCD camera at 3 s exposure time. Then, tadpoles were euthanized in 1 g/ 

Fig. 1. Structural similarity of 3,3′,5′-triiodothyronine (T3), the larvicide pyriproxyfen (PPF), and its hydroxylated metabolite 4′–OH–PPF.  
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L MS-222, fixed overnight (ON) in paraformaldehyde (PFA) 4% and 
stored at − 20 ◦C in cryoprotectant (150 g sucrose (Sigma) and 150 mL 
ethylene glycol (Sigma), volume adjusted to 500 mL with PBS). Using 
ImageJ, non-specific red and blue signal was substracted to quantify 
Integrated density of the green channel. 

Tadpole behavioral assays. After 72 h exposure, tadpoles were 
rinsed in Evian and placed in 12-well plates with one tadpole per well 
each containing 4 mL Evian. After 10 min acclimatization, tadpoles were 
tracked for 10 min with 30 s light/30 s dark intervals using a Dan-
iovision (Noldus) device. Distances travelled during each 10 s of the 10 
min trials were quantified and exported (Ethiovision XT 1.5 program). 
Values were normalized to the mean of controls. 

Head and brain measurements. Previously fixed tadpoles were 
placed in a Petri dish and positioned to expose the dorsal body part. 
Color images of tadpole heads on a black background were taken using a 
Leica MZ16F stereomicroscope equipped with a QImaging Retiga-SRV 
camera. Brain and head area, width of forebrain, midbrain and fore-
brain/midbrain junction were measured in ImageJ with manually 
defined ROIs. 

Mice. Eight week-old wild-type male C57BL/6JRj mice purchased 
from Janvier Labs (Le Genest St. Isle, France) were kept under standard 
conditions (22 ◦C, 50% humidity, 12 h light/dark cycle, food and water 
ad libitum). All procedures were conducted according to the Guidelines 
for Care and Use of Laboratory Animals and validated by local and na-
tional ethical committees (CEEA Cuvier n◦68), in accordance with the 
EU Directive of 22 September 2010 (2010/63/EU). 

Virus. Virus strain H/PF/13 from EVA program (ref 23484; sequence 
I.D. KJ776791.1) was amplified in vitro in a single round in C6/36 
mosquito cells (ATCC® CRL-1660™) and titrated using VERO E6 cell 
line (ATCC CRL-1586) and by QRT-PCR with a titer of 2 × 107 

TCID50%/mL corresponding to around 5.4 × 108 RNA genome copies/ 
mL. The virus stock was aliquoted and stored at − 80 ◦C until use. 

Adult mouse neurosphere assay. Five mice were sacrificed per 
neurosphere culture. Brains were removed and lateral SVZs dissected in 
cold DMEM-F12-glutamax 1/50 Glc 45%, and then incubated in diges-
tion medium (papain, DNase [Worthington], L-cysteine [Sigma- 
Aldrich]) for 30 min at 37 ◦C. Cells were dissociated, the single cell 
suspension was spun down (1000 rcf, 5 min), and equally distributed in 
wells containing growth medium (DMEM-F12-glutamax [Gibco], 40 μg/ 
mL insulin [Sigma], 1/200 B-27 supplement [Gibco], 1/100 N-2 sup-
plement [Gibco], 0.3% glucose, 5 mM Hepes, 100 U/ml penicillin/ 
streptomycin) containing the growth factors EGF and FGF (20 ng/mL 
[Peprotech]). Using a radio-immunoassay, we found that the B-27 me-
dium contains 0.3 nM T3. 

To measure cell proliferation and gene expression, 104 cells/well in 
100 μL/well were exposed in 96-well plates (12 wells/group). On day 0, 
10− 2, 10− 1, or 3 × 10− 1 mg/L 4′–OH–PPF ± 10 nM T3 (Sigma - CAS 55- 
06-1) was applied for 7 days (5% CO2, 20% O2 at 37 ◦C). Thirty μL/well 
of growth medium was added every other day. At day 7, brightfield 
images were taken (ZEISS AXIO Zoom V16 macroscope; 21 images/well) 
and neurospheres were measured using ImageJ. Then, after 5 min 
centrifugation at 1000 rcf, cell pellets were frozen at − 20 ◦C. 

The effects of 3 × 10− 1 mg/L 4′–OH–PPF on MSI1, activated caspase- 
3, DCX and OLIG2 protein expression were analyzed on neurosphere 
cultures grown in the same conditions for 7 days, and subsequently 
dissociated into single cells, to plate 50 × 104 cells onto 24-well Glass 
Slips (Millicell EZSLIDE, PEZGS0896) coated with 0.1 mg/mL Poly-D- 
Lysine (Sigma-Aldrich), in culture medium without EGF/FGF for 1 or 
5 days. After, cells were fixed with 4% PFA for 10 min. 

To address viral replication in vitro, 3 × 105 cells in 5 mL medium 
were exposed to 0.01% DMSO ± 4′–OH–PPF 10− 1 mg/L from day 2–7 of 
proliferation, with 1.5 mL medium added every other day. At day 7, 
neurospheres were dissociated and infected with ZIKV particles diluted 
in DMEM medium to a multiplicity of infection of 0.5 particles per cell 
during 1 h at 37 ◦C (i.e. ± 1 million cells in 80 μl of viral suspension). 
Cells were then washed 5x in 3 mL DMEM before distribution (Six 

replicates of 150.000 cells/well for control (0.01% DMSO) and 
4′–OH–PPF condition). 10− 1 mg/L 4′–OH–PPF was added every other 
day. 

Viral replication was analyzed every day for a period of 4 days by RT- 
PCR using primers and probes derived from (Lanciotti et al., 2008) 
(ZIKV_F, and ZIKV_R) encompassing a small segment coding for the E 
protein. Five μL of culture supernatant from each well and time point 
was diluted 1/100. Three μL of the dilution was mixed with RT-qPCR 
medium (primers, probes, enzyme and buffer) in a 96-well plate and 
ran on a Bio-Rad CFX thermocycler (Supersript III platinum one step 
qPCR system, Invitrogen). Results were quantified relative to ZIKV Vero 
supernatant diluted from 107 RNAcopies/mL to 330 copies/mL that was 
previously calibrated (Hamel et al., 2015). At day 4, cells were spun 
down 5 min at 1000 rcf and frozen at − 20 ◦C. 

RT-qPCR. After 24 h exposure, tadpoles were rinsed and anaes-
thetized in 100 mg/L MS-222. Two brains were placed in one micro-
dissection tube containing 100 μL lysis solution (Ambion RNAqueous). 
Tubes were snap-frozen and stored at − 80 ◦C prior to RNA extraction 
(Invitrogen). Quality of samples was verified using Agilent bio-analyzer. 
cDNA was synthetized using Reverse Transcription Master Mix (Fluid-
igm), and 20x diluted (5 μL DNA in 95 μL nuclease-free water). The 
qPCR mix contained following components: 0.15 μL reverse primer (10 
pM), 0.15 μL forward primer (10 pM) (Supplementary table 1), 1.7 μL 
nuclease-free water and 3 μL Power SYBR master mix per reaction. For 
the final reaction, 5 μL qPCR mix was added in each well together with 1 
μL diluted cDNA (in duplicate, with water and RT-controls included on 
every 384-well plate). Comparative Ct measurements and melting 
curves were quantified using QuantStudio 6 flex qPCR device (Life 
technologies). The geometric mean of ef1a and odc housekeeping genes 
for each sample was subtracted from Ct values, resulting in the ΔCt 
value. Median values of the control group were subtracted from each 
ΔCt value to provide ΔΔCt values. Fold change was calculated as 2- ΔΔCt. 

Mouse neurospheres were pooled after 7 days of proliferation, RNA 
extracted (Invitrogen) and retro-transcriptions performed (Fluidigm). 
Pre-amplifications (10 cycles) and qPCR were performed using TaqMan 
Preamp MasterMix and TaqMan Universal PCR MasterMix, respectively 
(ThermoFisher), and specific TaqMan probes (Invitrogen, Supplemen-
tary table 1). Every qPCR amplification was run in triplicate. 2− ΔΔCt 

values were calculated using three housekeeping genes, ActB, Gapdh and 
Hprt. 

Immunohistochemistry. After 24 h exposure, tadpoles were 
euthanized using MS-222 (1 g/L) and fixed in 4% PFA for 3 h. Then, 
tadpole brains were dissected and placed in PBT (1% Triton X-100 in 
PBS) ON at 4 ◦C. Next, brains were blocked in 10% normal goat serum in 
PBT for 3 h at 4 ◦C, and incubated with the primary antibody (1/300, 
Musashi-1, polyclonal rabbit: Abcam ab21628, UK) in 10% blocking in 
PBT ON at 4 ◦C. Next morning, plates were washed in PBT, and incu-
bated with the secondary AlexaFluor488-conjugated anti-rabbit anti-
body (1/400, Thermofisher Scientific) in 10% normal goat serum in PBT 
ON at 4 ◦C. Brains were washed in PBS. Images of the dorsal brains were 
taken using a Leica MZ16F stereomicroscope (QImaging Retiga-SRV 
camera). Mean integrated density was calculated with the threshold 
set to 60 using ImageJ. 

Mouse neurosphere cells were blocked with 10% donkey serum, 
0.2% Triton and 1% BSA in PBS for 30 min, and then incubated with the 
primary antibody: polyclonal rabbit-anti-Musashi-1: 1/300 (Abcam 
ab21628); rabbit-anti-activated caspase-3: 1/300 (BioTechne, AB_835); 
goat-anti-DCX: 1:500 (Santa Cruz, AB_2088494); rabbit-anti-OLIG2: 
1:300 (Millipore, AB_443209); in blocking solution ON at 4 ◦C. After 
washing in PBS, cells were incubated with an Alexa488 or Alexa594 
secondary antibody (1:500, Invitrogen) in 1% donkey serum, 0.2% PBT 
and 1% BSA for 2 h at room temperature. Cells were washed in PBS, 
incubated with DAPI for 5 min and mounted with Prolong Gold antifade 
reagent. Ten fluorescence images per well were acquired using a Leica 
TCS-SP5 confocal microscope and processed with ImageJ. Quantifica-
tions were done on 4 μm stack images. 
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2.1. Statistical analysis 

Statistical analysis was performed using GraphPad Prism v9.00. 
Normality tests were performed prior to statistical analysis. In the case 
two means had to be compared, a two-tailed, unpaired students t-test 
was utilized, or a Mann-Whitney U test as non-parametrical alternative. 
In case of more than 2 means, a one-way ANOVA or Kruskal-Wallis 
ANOVA was performed, followed by Tukey’s, Dunnett’s or Dunn’s 
multiple comparison post-test in case of significance. A two-way ANOVA 

followed by Bonferroni’s multiple comparisons test was used to analyse 
ZIKV replication. Data are presented as bar & scatter plots depicting 
mean ± standard error of mean (SEM) or standard deviation (SD), as 
indicated in the figure legend. P values < 0.05 were considered as sta-
tistically significant. 

Fig. 2. Exposure to 4′–OH–PPF affects 
thyroid hormone signaling, msi1 gene 
expression and its encoded protein in 
Xenopus laevis. (A) Tg(thibz:eGFP) tadpoles 
exposed for 72 h to (from left to right) 
vehicle control, 5 nM T3 and 5 nM T3 + 3 ×
10− 1 mg/L 4‘–OH–PPF. Scale bar: 500 μm. 
(B) 72 h exposure of NF45 Tg(thibz:eGFP) 
tadpoles to 4’–OH–PPF with (left graph) or 
without 5 nM T3 (right graph). Values 
normalized to control group or T3-treated 
group, respectively (3 independent experi-
ments; n = 15 per experiment). (C) Repre-
sentative pictures of dorsal views of NF45 
Xenopus tadpoles exposed to 5 nM T3 or T3 +

10− 2 mg/L 4′–OH–PPF and stained immu-
nohistochemistically for Msi1. Msi1 levels 
are visualized as a heat map representing 
integrated density with arbitrary values from 
0 to 256. Dark blue areas – no or low 
expression of Msi1; yellow/white – highest 
expression of Msi1; fb: forebrain, mb: 
midbrain, hb: hindbrain. (D) msi1 gene 
(upper graph) and Msi1 protein (lower 
graph) expression in dissected brains from 
NF45 tadpoles exposed for 24 h to 
4′–OH–PPF (10− 2; 10− 1 mg/L) together with 
5 nM T3 (3 independent experiments, n = 5 
per experiment). Protein levels were quan-
tified by measuring fluorescence intensity 
from dorsal views (2 independent experi-
ments with 4–10 tadpoles per experiment). 
Data were analyzed by a one-way ANOVA 
with Dunnet’s post-hoc test (Mean ± SEMs, 
*p < 0.05, **p < 0.01, ***p < 0.001). (For 
interpretation of the references to colour in 
this figure legend, the reader is referred to 
the Web version of this article.)   
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3. Results 

3.1. 4′–OH–PPF negatively affects TH signaling, tadpole motility and 
brain morphology 

To investigate whether the PPF metabolite disrupted TH signaling, 
transgenic Tg(thibz:eGFP) tadpoles were exposed for 72 h to an 
environmentally-relevant dose range of 4′–OH–PPF in the presence or 
absence of 5 nM T3 using the XETA assay. Control tadpole brains showed 

low basal fluorescence under physiological conditions (Fig. 2A, left 
panel). As expected, adding 5 nM T3 strongly increased eGFP tran-
scription, resulting in increased fluorescent activity (Fig. 2A, middle 
panel). When simultaneously exposing to 4′–OH–PPF and T3, the fluo-
rescent signal strongly decreased (Fig. 2A, right panel). Testing the 
fluorescent signal in each condition with a specific concentration of 
4′–OH–PPF + T3 showed the fluorescence in brains to be significantly 
reduced (Fig. 2B, 0.05 > p < 0.0001). Further, even the lowest con-
centration (10− 7 nM 4′–OH–PPF) reached significance (p < 0.05) and 

Fig. 3. Exposure to 4′–OH–PPF decreases NSC proliferation and disrupts gene expression dose-dependently. (A) Schematic timeline illustrating the exper-
imental design for the neurosphere assay. (B) Two representative pictures of neurospheres in control and 3 × 10− 1 mg/L 4′–OH–PPF conditions. The graphs show the 
neurosphere diameter (left) and average neurosphere number (right) in presence of 10 nM T3 ± different doses of 4′–OH–PPF versus controls without added T3 (n =
12 wells/group, Kruskal-Wallis ANOVAs: p < 0.001, followed by Dunn’s post-tests: p < 0.001). (C) Graphs showing Msi1, Fasn, Dlx2, Ng2, and Sox10 mRNA 
expression levels in presence of 10 nM T3 ± different doses of 4′–OH–PPF (n = 3–6 per group, Kruskal-Wallis ANOVAs: Msi1, p = 0.0009, Fasn, p = 0.0019, Dlx2, p =
0.0088, Ng2, p = 0.0159, Sox10, p = 0.0032, followed by Dunn’s post-tests). The panel at the lower right indicates how the genes are implicated in mouse SVZ-NSC 
fate. All graphs depict means ± SDs. DIV: days in vitro, EGF: epidermal growth factor, FGF: fibroblast growth factor, NSC: neural stem cell, OL: oligodendrocyte, OPC: 
oligodendrocyte progenitor cell, SVZ: subventricular zone. *p < 0.05, **p < 0.01, ***p < 0.001. 
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the highest concentration, representing environmentally relevant levels 
had the strongest effects (Fig. 2B, p < 0.0001). These results suggest that 
4′–OH–PPF exhibits TH-disrupting properties in vivo, and that short- 
term exposure negatively impacts TR-mediated gene expression. 

We assessed whether 4′–OH–PPF affected tadpole behavior. Non- 
exposed tadpoles were active during the light periods and mostly inac-
tive in the dark. Tadpoles exposed to 4′–OH–PPF exhibited reduced 
mobility compared to controls, reaching significance at the two highest 
concentrations (10− 1 and 3 × 10− 1 mg/L) (Fig S1A, B, p < 0.05). 

Next, total head size and brain areas of tadpoles were measured and 
brain/head ratios calculated. Tadpoles exposed to 3 × 10− 1 mg/L 
4′–OH–PPF had significantly smaller heads compared to controls (Fig 
S1C), corresponding to increased brain/head ratios (Fig S1D). However, 
the overall brain size of these tadpoles was not affected (Fig S1E). The 
lowest concentration of 10− 5 mg/L 4′–OH–PPF significantly increased 
the width of the forebrain and midbrain junction (Fig S1F, p < 0.0001) 
and the width of the midbrain (Fig S1G, p < 0.0001). These measure-
ments collectively show that developmental exposure to 4′–OH–PPF 
leads to disproportionate brain dimensions. 

3.2. 4′–OH–PPF affects brain musashi-1 gene and protein expression in 
Xenopus laevis tadpoles 

Next, we studied the consequences of a 24 h exposure to 4′–OH–PPF 
on msi1 expression and its encoded protein Msi1 in the brains of NF45 
Xenopus laevis tadpoles in vivo. T3 significantly reduced Msi1 mRNA and 
protein levels in the tadpole brain, while they increased it to higher 
levels when exposed to both T3 and 10− 2 mg/L 4′–OH–PPF (Fig. 2C). At 
the two concentrations used, 4′–OH–PPF increased msi1 expression (p <
0.05) in the presence of 5 nM T3, and significantly increased Msi1 pro-
tein levels at concentrations of 10− 2 mg/L (Fig. 2D, p < 0.05). These 
data confirm 4′–OH–PPF acts as a TH-antagonist. Moreover, Msi1 pro-
tein levels were predominantly upregulated in regions bordering the 
ventricular system, where most NSCs reside, generating cells of the 
central nervous system (Fig. 2C). Hence, short exposure to 4′–OH–PPF at 
varying concentrations, and in presence of T3, increases Msi1 levels in 
vivo. 

3.3. 4′–OH–PPF ± T3 reduces proliferation of adult mouse NSCs 

We next addressed in the mouse model, how a 7-day exposure to 
different doses of 4′–OH–PPF ± 10 nM T3 altered the in vitro prolifera-
tion of primary neurospheres grown from mouse SVZ-NSCs, by 
analyzing neurosphere diameters and numbers (Fig. 3A). Exposure to 
10− 1 and 3 × 10− 1 mg/L 4′–OH–PPF reduced the average neurosphere 
diameter by 27.9% and 47.7% respectively, an effect also seen when 
adding T3 (Fig. 3B, p < 0.0001). Importantly, as neurospheres are 3D 
structures, the overall decrease in volume and cell number was greater. 
For the highest, but environmentally relevant dose of 4′–OH–PPF, a 
diameter reduction of 47.7% (CTL: 7.034 mm vs 3 × 10− 1 mg/L 
4′–OH–PPF: 3.355 mm) corresponded to a volume decrease of 89% 
(CTL: 182.2 mm3 vs 3 × 10− 1 mg/L 4′–OH–PPF: 19.7 mm3). Further, 
neurospheres exposed to the same concentration of 4′–OH–PPF showed 
a 70% reduction in neurosphere numbers (Fig. 3B, p < 0.0001), an effect 
seen with or without T3. All these results indicate that exposure to 
4′–OH–PPF dose-dependently reduces the capacity of neuroprogenitor 
proliferation. 

3.4. Exposure to 4′–OH–PPF increases Msi and dysregulates genes 
involved in NSC differentiation 

We analyzed, using the same protocol, whether a 7-day 4′–OH–PPF 
exposure during NSC proliferation, modified expression of genes 
required for NSC proliferation and differentiation (Fig. 3A). In mouse 
neurosphere cultures, environmentally relevant concentrations of 
4′–OH–PPF induced a dose-dependent increase in Msi1 expression 

(Fig. 3C). In the absence of T3, the highest dose of 3 × 10− 1 mg/L 
4′–OH–PPF increased Msi1 expression 10-fold compared to controls (p 
< 0.05). When exposed to 10− 1 and 3 × 10− 1 mg/L 4′–OH–PPF and 10 
nM T3, induction was respectively 2.5-fold and 5-fold higher as 
compared to cells with T3 alone (Fig. 3C, p < 0.05 & p < 0.01). This 
indicates the otherwise negatively TH-regulated Msi1 gene 
(López-Juárez et al., 2012) is upregulated by presence of the metabolite 
4′–OH–PPF. The highest dose of 4′–OH–PPF also induced the expression 
of Fasn and Dlx2, both promoting early neurogenesis (Knobloch et al., 
2013), whether T3 was added or not (Fig. 3C, p < 0.05). Sox10 
expression, marking oligodendrocytes, decreased, suggesting altered 
NSC fate choice and neurogliogenesis under 4′–OH–PPF exposure 
(Fig. 3C, p < 0.05). 

3.5. Exposure to 4′–OH–PPF increases MSI1 protein, NSC apoptosis and 
the neuron to glia ratio 

Next, using 4′–OH–PPF (3 × 10− 1 mg/L), we exposed SVZ-derived 
neurospheres for 7 days during proliferation, dissociated the NSCs, 
and subsequently differentiated them in the absence of growth factors 
for 1 or 5 days (Fig. 4A). After 1 day of differentiation, we immuno-
stained for MSI1 protein. The proportion of MSI1-positive cells increased 
at borderline-signifcance following 4′–OH–PPF exposure (Fig. 4B, C, p 
= 0.0596). The fluorescent signal was clearly stronger in exposed con-
ditions, and cell somata were larger (Fig. 4B). By quantifying the 
average integrated density under the same light intensity levels, we 
found MSI1 protein per cell was increased more than 2-fold under 
exposure to 4′–OH–PPF (Fig. 4B, C, p < 0.001). In the same cultures, the 
metabolite also doubled the proportion of apoptotic cells (Fig. 4B, C, p <
0.001), indicating that besides reducing cell proliferation, previous 
exposure to 4′–OH–PPF activates apoptotic pathways. 

Given that the expression of genes implicated in neuroglial 
commitment was significantly altered, we next immunostained for 
neuroblasts with the marker DCX, and oligodendrocytes with OLIG2 to 
assess the neuro/glia balance after 5 days of differentiation (Fig. 4D). 
The proportion of DCX-positive cells increased significantly, while that 
of OLIG2-positive cells decreased (Fig. 4E, p < 0.001). In other words, 
pre-exposure to 4′–OH–PPF induced NSC commitment to the neuronal 
lineage at the expense of the oligodendroglial lineage (Fig. 4E, F, p <
0.001). This suggests that NSC properties and the neuro/glia ratio are 
vulnerable to environmentally relevant levels of the PPF metabolite. 

3.6. 4′–OH–PPF does not aggravate ZIKV replication, but certain neuro/ 
glia markers are differentially affected as opposed to ZIKV alone 

Based on the previous findings that the PPF metabolite disrupted TH 
signaling, we set up a protocol for testing whether ZIKV infection was 
modulated by 4′–OH–PPF. NSCs proliferated for a week, and were 
exposed to 4′–OH–PPF for the last 5 days of proliferation. Next, neuro-
spheres were dissociated and the NSCs infected once with ZIKV, with the 
virus not displaying any additional cytotoxicity to 4′–OH–PPF at the 
used viral concentrations. We then incubated them for another 4 days ±
4′–OH–PPF (Fig. 5A). We measured ZIKV replication in two independent 
experiments, where we quantified RNA copy numbers (copies/mL) in 
the supernatant by RT-PCR each day post-infection. Viral replication 
increased as a function of time post-infection ± 4′–OH–PPF, from 104 to 
108 copies/mL. The presence of 4′–OH–PPF only significantly reduced 
replication at day 4 after ZIKV infection, but the values remained within 
the same order of magnitude (108) (Fig. 5B, p < 0.001 only at day 4). 

We then analyzed the expression profile of key genes implicated in 
TH signaling, progenitor maintenance, and those involved in neuroglial 
commitment in the four conditions tested: control (CTL), exposure to 
4′–OH–PPF, infection with ZIKV without and with exposure to 
4′–OH–PPF. Exposure to 4′–OH–PPF alone modified the expression of 3 
out of 12 genes, while ZIKV infection or the combination with 
4′–OH–PPF altered respectively 8 and 7 out of the 12 tested genes 
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(Fig. 5C). 
Msi1 expression significantly increased in the presence of the ZIKV ±

10− 1 mg/L 4′–OH–PPF as compared to control conditions (Fig. 5C, 
control vs ZIKV, p < 0.01; control vs 4′–OH–PPF + ZIKV, p < 0.05), 
while the expression of the TH-responsive gene Klf9 decreased in both 
cases (p < 0.05), suggesting a lack of T3, as 4′–OH–PPF blocks T3 action. 
Unexpectedly, Dio2 expression decreased only in combination of ZIKV 
and 4′–OH–PPF (Fig. 5C, control vs 4′–OH–PPF + ZIKV, p < 0.01). 

We analyzed Gfap as a general marker for NSCs, and Nestin and Sox2 
for activated NSCs (Fig. 5C). Gfap levels were increased in the presence 
of ZIKV and even more significantly when combined with 4′–OH–PPF 
(Fig. 5C, p < 0.01). Nestin levels decreased as a function of viral pres-
ence, whether or not 4′–OH–PPF was present too (p < 0.01 in all cases). 
Sox2 was unaltered. 

Egfr enhances oligodendroglial lineage commitment in neuro-
progenitors (Aguirre, 2005). Expression of this gene strongly decreased 

Fig. 4. Exposure to 4′–OH–PPF increases cellular MSI1 protein, cell apoptosis and the neuro/glia ratio. (A) Schematic timeline illustrating the experimental 
design for the neurosphere assay. (B) Representative images of immunostained MSI1 protein (green, upper images) and activated caspase-3 (green, lower images) in 
cultured adult mouse NSCs (blue) following exposure to 0.01% DMSO (CTL) or 3 × 10− 1 mg/L 4′–OH–PPF for 1 day. Inserts show the proteins within individual cells. 
Scale bars: 20 μm. (C) Left upper graph showing a borderline-significantly increased proportion of MSI1-positive cells (two-tailed t-test, t56 = 1.923, p = 0.0596). The 
right upper graph shows an increased integrative density of the fluorescent signal per cell, indicating elevated MSI1 protein levels (Mann-Whitney test, p < 0.001). 
The left lower graph shows an increase in activated caspase-3-positive cells under 4′–OH–PPF exposure (Mann-Whitney test, p < 0.001). (D) Representative images of 
immunostained DCX (green, neuroblasts) and OLIG2 (red, oligodendrocytes) in cultured mouse SVZ-NSCs (blue) following exposure to 0.01% DMSO (CTL) or 3 ×
10− 1 mg/L 4′–OH–PPF for 5 days. (E) Graph showing the proportion of DCX- (Mann-Whitney test, p < 0.001) and OLIG2-positive cells (two-tailed t-test, t58 = 3.294, 
p = 0.0017). (F) Graph showing the ratio of DCX- vs OLIG2-positive cells changed significantly (Mann-Whitney test, p < 0.001). For all experiments, n = 3 replicates/ 
group, n = 9–10 images/replicate. All graphs depict means ± SDs. CTL: control, DIV: day in vitro, EGF: epidermal growth factor, FGF: fibroblast growth factor, NSC: 
neural stem cell, OPC: oligodendrocyte progenitor cells, SVZ: subventricular zone. ***p < 0.001. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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in ZIKV infection as compared to controls (p < 0.001), while with 
co-exposure to 4′–OH–PPF no effect was observed. The metabolite by 
itself decreased Sox10 expression (p < 0.001), a marker for 
early-committed OPCs, while ZIKV infection increased its expression (p 
< 0.001). When NSCs were exposed to 4′–OH–PPF and infected with 
ZIKV, Sox10 mRNA levels normalized as compared to controls (p <
0.001). Expression of Ng2, marking immature oligodendrocytes, was 
unaltered in all conditions. Lastly, both Dlx2 and Dcx levels, markers for 
neuronal committed cells, increased as a function of viral infection, with 
or without exposure to 4′–OH–PPF (p < 0.01). 

Thus, not until the third day of incubation does 4′–OH–PPF aggra-
vate viral replication in SVZ-NSCs, and this despite deregulating a 
number of genes implicated in neurodevelopmental processes. However, 
the gene profile were significantly distinct from ZIKV infection alone, 
notably Dio2, Egfr and Sox10 were differentially regulated. 

4. Discussion 

ZIKV infection was proposed as the causative factor in the sudden 
microcephaly outbreak in Brazil in 2015. Data from human cultured 
NSCs, brain organoids and animal models indicate that these 

neuropathies predominantly resulted from a ZIKV-associated decrease 
in NSC proliferation, cell-cycle dysregulation, altered fate choice and 
increased apoptosis during brain development (Cugola et al., 2016; 
Gaburro et al., 2018; Garcez et al., 2016; Li et al., 2016, 2019). In the 
present study, we investigated whether there could be a connection 
between the higher prevalence of microcephaly cases in some regions in 
North-Eastern Brazil (Peiter et al., 2020), and the pesticide PPF intro-
duced in 2014 in to these regions, intensively used thereafter (Albu-
querque et al., 2018; Parens et al., 2017). As a suspected TH-disruptor 
(Wegner et al., 2016), PPF could hamper neurodevelopment and in-
crease virus susceptibility, aggravating the adverse effects ZIKV has on 
brain development. 

Our hypothesis was based on two ideas. First, THs are key to 
evolutionary expansion of brain size and complexity, a primary char-
acteristic of humans (Dorus et al., 2004). These hormones regulate NSC 
pool expansion, progenitor multiplication, fate choice, migration and 
differentiation, important processes underlying normal brain develop-
ment (Moog et al., 2017). Amongst the genes specifically implicated in 
human brain evolution are TH-regulated genes such as transthyretin 
(TTR) (Dorus et al., 2004) and sonic hedgehog (SHH) (Vallender et al., 
2008). Many genes involved in neuroprogenitor proliferation have also 

Fig. 5. Exposure to 4′–OH–PPF does not 
alter ZIKV replication in NSCs, but de-
creases intracellular RNA content and 
dysregulates mRNA expression. (A) Sche-
matic timeline of 4’-OH-PPF exposure and 
viral infection. (B) Left graph showing an 
exponential increase in ZIKV virus RNA 
copies/mL during 4 days post-infection. ZIKV 
virus RNA copies/mL were reduced at day 4 
under 4’-OH-PPF exposure as compared to 
controls, but no other day (2 independent 
experiments, n = 6/group, two-way ANOVA: 
p < 0.001, followed by Bonferroni’s multiple 
comparisons test: day 0–3: p > 0.05, day 4: p 
< 0.001). The right graph shows neuro-
progenitor intracellular RNA content (n =
6–12, one-way ANOVA: p < 0.001, followed 
by Tukey’s post-test: p < 0.01). (C) Heatmap 
showing relative mRNA expression of genes 
implicated in thyroid hormone signaling, 
neuroprogenitors and neuroglial commit-
ment. While the expression of only 3 genes 
was altered with 4′–OH–PPF exposure alone, 
ZIKV infection with or without 4′–OH–PPF 
dysregulated respectively 7 to 8 of the 12 
tested genes (n = 6–12, one-way ANOVAs 
followed by Tukey’s post-test in case of sig-
nificance). Graphs depict means ± SDs. CTL: 
control, DIV: days in vitro, EGF: epidermal 
growth factor, FGF: fibroblast growth factor, 
NB: neuroblast, OL: oligodendrocyte, SVZ: 
subventricular zone, ZIKV: Zika virus. *p <
0.05, **p < 0.01, ***p < 0.001.   
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undergone human-specific acceleration (Vallender et al., 2008). One 
such gene is adenylate-cyclase-activating-polypeptide 1 (ADCYAP1), 
which is also a TH-regulated gene (Egri et al., 2016). All primary 
microcephaly genes are implicated in cell cycle or neuroprogenitor 
control (Dorus et al., 2004). Second, classic cases of viral infection 
exacerbated by pesticide or drug use exist. Reye’s Syndrome has been 
linked to aspirin usage in children and viral meningitis (Larsen, 1997), 
and higher plasma levels of perfluorobutanoic acid, an endocrine dis-
ruptor belonging to the class of perfluorinated alkalyte substances, has 
been linked to higher risks of a more severe course of COVID-19 
(Grandjean et al., 2020). 

A central idea was that if not PPF, the hydroxylated metabolite 
4′–OH–PPF (Ose et al., 2017), could affect TH signaling and disrupt 
TH-regulated neurodevelopmental processes. One potential target is the 
negatively TH-regulated gene Msi1 whose encoded protein MSI1 is a 
crucial mediator of viral replication (Chavali et al., 2017). We tested our 
hypothesis in two models: Xenopus laevis tadpoles and in vitro mouse 
neurospheres. We and others have previously established the role of TH 
in both models (see for instance: (Fini et al., 2012; Luongo et al., 2021; 
Remaud et al., 2017)), making them highly appropriate to study the 
effects of TH-disrupting compounds (Fini et al., 2017; Kortenkamp et al., 
2020). Lastly, we infected NSCs pre-exposed to 4′–OH–PPF with ZIKV to 
evaluate viral replication and potentially exacerbating effects on the TH 
signaling pathway. 

The results from the XETA assay confirmed our initial hypothesis that 
the lowest environmentally relevant concentrations of 4′–OH–PPF 
(10− 7 mg/L) exhibited anti-thyroid activity in the tadpole brain. 
Furthermore, we found that major brain compartments developed 
disproportionately. This could also explain the observed decreased 
tadpole mobility, and corroborates the pesticide’s toxicity for several 
aquatic animals studied at doses lower (i.e. down to 5 μg/L (Caixeta 
et al., 2016; Lajmanovich et al., 2019)) than the ones recommended in 
drinking water by the WHO ((WHO, 2008)). Downregulation of Msi1 
mRNA and protein levels by T3 in the tadpole brain was abolished by the 
metabolite, that at a dose of 3 × 10− 1 mg/L increased Msi1 mRNA and 
MSI1 protein levels in murine SVZ-derived NSCs. The XETA assay 
together with other studies on NSCs showing Msi1 is negatively regu-
lated by TH (López-Juárez et al., 2012), indicate 4′–OH–PPF acts as a 
TH-antagonist, downregulating TR-dependent gene expression. 

Proliferation of cultured mouse NSCs exposed to 3 × 10− 1 mg/L 
4′–OH–PPF was strongly decreased, in a similar fashion to adult-onset 
hypothyroidism in mice reduced SVZ-NSC cycling (Lemkine et al., 
2005), emphasizing the relevance of this model. In addition, the 
metabolite triggered cell apoptosis. In zebrafish too, exposure to 1.66 
mg/L PPF up until 4 days post-fertilization increased apoptotic cell 
numbers in the head region (Maharajan et al., 2018). In another study 
however, exposing zebrafish embryos to doses up to 1 mg/L from day 
0–7 post-fertilization, did not alter NSC proliferation, nor caused 
abnormal brain development, as assessed by volumetric analysis and cell 
counts with FACS (Dzieciolowska et al., 2017). However, FACS was 
performed 24 h post-fertilization, and thus within a small exposure 
window, which does not exclude harmful effects could develop later, or 
after prolonged exposure. Furthermore, there seemed to be a downward 
trend in NSC numbers, although not significant due to the high vari-
ability amongst groups (Dzieciolowska et al., 2017). 

We also tested genes and immunomarkers for neuroglial commit-
ment, a process strongly affected by TH in mouse SVZ-NSCs in vitro 
(Gothié et al., 2017) and in vivo (Remaud et al., 2017). We observed an 
increased expression of the neuronal markers Dlx2 and Dcx, concomitant 
with decreased Sox10 expression marking oligodendrocytes, with 3 ×
10− 1 mg/L 4′–OH–PPF. This corresponded to the increased neuro/glia 
ratio. At first, the increase was unexpected, since low intracellular T3 
status stimulates oligodendroglial lineage commitment (Remaud et al., 
2017). However, OLIG2-positive oligodendrocyte precursors might be 
blocked in the differentiation step towards maturation, which is highly 
T3-dependent (Dugas et al., 2012). 

Irreversibly impaired human brain development and craniofacial 
hypoplasia occur in (severe) hypothyroidism (Bernal, 2005; Bernal 
et al., 2015; Moog et al., 2017). This point raises concerns as to whether 
the pesticide poses risks for fetal neurodevelopment too (Bernal, 2017; 
Moog et al., 2017). Fetal mice exposed to a high dose of 30 mg PPF and 
more per kg body weight, had a reduced brain weight (Shahid and 
Saher, 2020). At much lower doses of 0.0021 mg/kg, newborns had 
slight head malformations, although neurodevelopmental processes 
were not investigated at the cellular level (Vani et al., 2021). The au-
thors also suggested that materno-foetal transfer of the compound was 
neglibible and could not explain microcephaly appearance (Vani et al., 
2021). However, WHO guidelines allow up to 0.3 mg PPF per liter 
drinking water, resulting in an estimated intake of 0.1 mg/kg body 
weight in humans ((WHO, 2008)), underlining the fact that this and 
other pesticides require improved testing protocols to provide more 
solid data (Audouze et al., 2018). 

With the presence of 4′–OH–PPF, Msi1 levels strongly increased in 
tadpole brain regions bordering the ventricular system, where the ma-
jority of NSCs reside during brain development. Msi1 is a key negatively 
TH-regulated gene in NSCs (López-Juárez et al., 2012), and MSI1 is 
crucial for ZIKV replication in NSCs, interacting with ZIKV RNA (Chavali 
et al., 2017). We also found 4′–OH–PPF increased Fasn expression in 
SVZ-NSCs, on which lipid synthesis in all membranes depends (Kno-
bloch et al., 2013). By altering the lipid membrane of cultured 
mammalian cells, PPF enhanced viral replication when simultaneously 
exposed to vesicular stomatitis virus (Faria Waziry et al., 2020). In 
addition to the potential harmful effects of exposure to 4′–OH–PPF, that 
prompted us to investigate whether the metabolite could also exacerbate 
neurodevelopmental effects caused by ZIKV infection, as well as viral 
replication itself. 

Exposing proliferating NSCs to 4′–OH–PPF significantly decreased 
neuroprogenitor intracellular RNA content with and without ZIKV 
infection. However, the greatest reduction was seen when the virus and 
4′–OH–PPF were both present. ZIKV induced double-strand breaks in 
host cells, favoring its own replication (Hammack et al., 2019), 
increased apoptosis (Tang et al., 2016), and attenuated proliferation in 
human neuroprogenitors (Garcez et al., 2016), processes directly linked 
to microcephaly and cortical malformations in infected neonates (Soares 
de Oliveira-Szejnfeld et al., 2016). Together with high, but environ-
mentally relevant levels of the cytotoxic 4′–OH–PPF, downregulation of 
the transcriptional machinery could be reinforced further, worsening 
the adverse effects on NSCs. An integrative systems biology approach 
also uncovered common targets of ZIKV and PPF that could exacerbate 
aberrant neurodevelopment (Audouze et al., 2018). 

In addition, some key TH target genes not dysregulated by 
4′–OH–PPF alone, were affected when combined with ZIKV infection. 
These included Gfap, Egfr, Nestin, Ng2, Dlx2 and Dcx, which are all 
implicated in NSC self-renewal and neuroglial commitment, essential for 
normal corticogenesis (Bernal, 2017; Gothié et al., 2020). Interestingly, 
expression of Dio2, Egfr and Sox10 was differentially affected by 
4′–OH–PPF in combination with ZIKV, as opposed to ZIKV alone. 
Nevertheless, we did not find increased numbers of viral particles per 
cell, although they remained in the same order of magnitude. One 
explanation could be that the anti-proliferative and pro-apoptotic 
4′–OH–PPF steadily decreased cell viability. Thus, less cells would be 
available for the virus to replicate as compared to cell cultures infected 
with the virus only, and result in a lower viral load. 

In conlusion, our neurosphere system has proven a powerful system 
to explore various read-outs of 4′–OH–PPF exposure. It notably has the 
advantage of testing multiple doses at a time, therefore making it 
appropriate for testing other compounds as well (Kortenkamp et al., 
2020). It could additionally be used to study effects on other cell line-
ages as well (Sharlin et al., 2008). However, we have to note to that it 
has the constraint of being neither a human or a primate-based system, 
nor an in vivo developmental system, for which one could develop a 
robust 4′–OH–PPF pre-exposure protocol that can be potentially 
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extrapolated to humans. Nevertheless, our data show, once more, that a 
pesticide could alter the course of a developmental disease, as observed 
in other situations (Grandjean et al., 2020; Larsen, 1997). 

As 4′–OH–PPF alters thyroid endpoints, its exposure alone argues for 
reconsidering the use of the insecticide at current concentrations in 
certain Brazilian states, especially given the half-life for PPF in anaer-
obic conditions can be up to two years (Sullivan and Goh, 2008). Even 
though Europe is not proposing to use PPF at these concentrations, it has 
recently been reauthorized (European Union, 2020). Furthermore, our 
study emphasizes that we lack solid evidence on the adverse impact of 
environmental agents, in this case biological (ZIKV) and 
human-generated ones (PPF), and their combination, on fetal 
neurodevelopment. 
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