
Citation: Zizioli, D.; Quiros-Roldan,

E.; Ferretti, S.; Mignani, L.; Tiecco, G.;

Monti, E.; Castelli, F.; Zanella, I.

Dolutegravir and Folic Acid

Interaction during Neural System

Development in Zebrafish Embryos.

Int. J. Mol. Sci. 2024, 25, 4640.

https://doi.org/10.3390/

ijms25094640

Academic Editor: Hans van

Bokhoven

Received: 20 February 2024

Revised: 4 April 2024

Accepted: 23 April 2024

Published: 24 April 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Dolutegravir and Folic Acid Interaction during Neural System
Development in Zebrafish Embryos
Daniela Zizioli 1,† , Eugenia Quiros-Roldan 2,*,† , Sara Ferretti 1, Luca Mignani 1, Giorgio Tiecco 2 ,
Eugenio Monti 1 , Francesco Castelli 2 and Isabella Zanella 1,3

1 Department of Molecular and Translational Medicine, University of Brescia, 25123 Brescia, Italy;
daniela.zizioli@unibs.it (D.Z.); s.ferretti002@studenti.unibs.it (S.F.); luca.mignani1@unibs.it (L.M.);
eugenio.monti@unibs.it (E.M.); isabella.zanella@unibs.it (I.Z.)

2 Unit of Infectious and Tropical Diseases, Department of Clinical and Experimental Sciences, University of
Brescia and ASST Spedali Civili di Brescia, 25123 Brescia, Italy; g.tiecco@unibs.it (G.T.);
francesco.castelli@unibs.it (F.C.)

3 Cytogenetics and Molecular Genetics Laboratory, Diagnostic Department, ASST Spedali Civili di Brescia,
25123 Brescia, Italy

* Correspondence: maria.quirosroldan@unibs.it
† These authors contributed equally to this work.

Abstract: Dolutegravir (DTG) is one of the most prescribed antiretroviral drugs for treating people
with HIV infection, including women of child-bearing potential or pregnant. Nonetheless, neuropsy-
chiatric symptoms are frequently reported. Early reports suggested that, probably in relation to folic
acid (FA) shortage, DTG may induce neural tube defects in infants born to women taking the drug
during pregnancy. Subsequent reports did not definitively confirm these findings. Recent studies
in animal models have highlighted the association between DTG exposure in utero and congenital
anomalies, and an increased risk of neurologic abnormalities in children exposed during in utero life
has been reported. Underlying mechanisms for DTG-related neurologic symptoms and congenital
anomalies are not fully understood. We aimed to deepen our knowledge on the neurodevelopmen-
tal effects of DTG exposure and further explore the protective role of FA by the use of zebrafish
embryos. We treated embryos at 4 and up to 144 h post fertilization (hpf) with a subtherapeutic
DTG concentration (1 µM) and observed the disruption of the anterior–posterior axis and several
morphological malformations in the developing brain that were both prevented by pre-exposure
(2 hpf) and rescued by post-exposure (10 hpf) with FA. By whole-mount in situ hybridization with
riboprobes for genes that are crucial during the early phases of neurodevelopment (ntl, pax2a, ngn1,
neurod1) and by in vivo visualization of the transgenic Tg(ngn1:EGFP) zebrafish line, we found that
DTG induced severe neurodevelopmental defects over time in most regions of the nervous system
(notochord, midbrain–hindbrain boundary, eye, forebrain, midbrain, hindbrain, spinal cord) that
were mostly but not completely rescued by FA supplementation. Of note, we observed the disruption
of ngn1 expression in the dopaminergic regions of the developing forebrain, spinal cord neurons and
spinal motor neuron projections, with the depletion of the tyrosine hydroxylase (TH)+ dopaminergic
neurons of the dorsal diencephalon and the strong reduction in larvae locomotion. Our study further
supports previous evidence that DTG can interfere with FA pathways in the developing brain but also
provides new insights regarding the mechanisms involved in the increased risk of DTG-associated
fetal neurodevelopmental defects and adverse neurologic outcomes in in utero exposed children,
suggesting the impairment of dopaminergic pathways.
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1. Introduction

Dolutegravir (DTG), an HIV integrase strand transfer inhibitor (INSTI), is one of the
most commonly prescribed antiretroviral drugs around the world for treating people with
HIV infection (PWH), both naïve and treatment-experienced patients. DTG works by
inhibiting the HIV integrase after binding to the active site of the enzyme, blocking the
strand transfer step and further integration of HIV retroviral DNA into the host cell, thereby
inhibiting viral activity [1].

At present, DTG-containing regimens account for 40–50% of the antiretroviral therapy
of patients with HIV infection [2], since DTG is considered one of the safest antiretroviral
drugs against HIV. However, reports from clinical practice about the high rate of neu-
ropsychiatric adverse events (including sleep disorders, depression, anxiety, and suicidal
behaviors) in patients treated with DTG that can lead to treatment discontinuation have
raised questions on the tolerability of DTG-based regimens [1,3]. The underlying mecha-
nisms for DTG-related neuropsychiatric symptoms are however not fully understood.

Early reports also suggested that DTG has potential teratogenic effects during preg-
nancy, such as the induction of neural tube defects (NTDs) [4], although subsequent reports
have not further confirmed these findings [5–7]. Notwithstanding, a higher risk of preg-
nancy loss was described among women exposed to DTG, compared to other antiretroviral
drugs [7]. Moreover, data from HIV-uninfected children, but HIV/DTG-exposed during
their in utero life, suggested an increased risk of neurological DTG-related damage [8].
Currently, the DTG drug label still contains information warning health-care providers
about potential fetal toxicity, and despite those findings, DTG is prescribed for pregnant
women with HIV infection when the benefits outweigh the risks [9].

Some hypotheses have been suggested to explain the potential DTG teratogenicity.
First, DTG interferes with the folic acid (FA) pathways. By using in vitro and in vivo
models, Cabrera and colleagues [10] were the first ones to describe that DTG, by acting as a
partial antagonist of folate receptor 1 (FOLR1), could impair the transplacental transport of
FA, and they showed that DTG teratogenic damage could be rescued by supplemental FA.
Furthermore, DTG can reduce the expression of the reduced folate carrier (RFC) and the
proton-coupled folate transporter (PCFT), both at the mRNA and protein levels. In pregnant
mice, DTG administration was associated with an increase in both placental RFC and PCFT
mRNA expression, and folate-deficient dietary conditions are accompanied by a decrease
in placental folate receptor α (FRα) mRNA [11]. Notwithstanding, a recent investigation
described no differences on total fetal folate levels, according to DTG exposure in mice [12].
Secondly, DTG can inhibit the activity of the matrix metalloproteinases (MMPs), a class of
Zn++-dependent enzymes involved in the developmental processes of the central nervous
system (CNS) [13], and this mechanism was also suggested as involved in the DTG-induced
fetal neurodevelopment defects [14]. Whether there is an association among taking DTG
during conception, folate status and congenital anomalies is a current research area of
increasing interest.

Zebrafish as a vertebrate organism has proven to be an excellent model to study
drug toxicity in the embryo. In spite being a non-mammalian species, many behaviors of
zebrafish have been well characterized and can be analyzed automatically or manually
and quantitatively or qualitatively. The zebrafish behaviors have been exploited in diverse
research areas such as ethology, toxicology, pharmacology, neuroscience and genetics,
being particularly useful in the study of neuroactive drugs [15]. Moreover, brain devel-
opment, morphology and structure in the zebrafish share many similarities with those of
mammals—such as the presence of similar structures that share the same functions and of
conserved cellular populations, neurotransmitters and networks. A further advantage in
using zebrafish as the animal model is that the fundamental stages of neurodevelopment
in embryos are completed few days after fertilization. In contrast with mammals, the
development of fish larvae, which are transparent, occurs externally, making the zebrafish
CNS easily visible and accessible to study its development in real-time [16].
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The aim of our study was to deepen our knowledge on the effects of DTG exposure on
the crucial phases of neurodevelopment and further explore the protective role of FA by
the use of zebrafish embryos as in vivo animal models, to offer a complementary approach
to this topic already explored in mice.

2. Results

The timelines of experimental exposure and analyses performed in this work are
summarized in Figure 1.
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evoked response test; tyrosine hydroxylase immunofluorescence (TH IF)] is indicated in each 
timeline. 

  

Figure 1. Experimental exposure to drugs and analysis timelines. Diagram depicting the timelines of
the experimental procedures with performed and described analyses. Freshly spawned zebrafish
eggs were collected, washed and maintained at 28 ◦C in Petri dishes containing fresh fish water until
2 h post fertilization (hpf) (nearby the start of blastula stage), 4 hpf (during the blastula stage), 6 hpf
(nearby the onset of gastrulation) or 10 hpf (the end of gastrulation). Embryos were exposed to the
drugs (dolutegravir, DTG; folic acid, FA) at the indicated times and concentrations for each experiment.
Each performed experimental analysis [survival rate; gross developmental morphology; whole-
mount in situ hybridization (WISH) with no tail, ntl; paired box 2a, pax2a; neurogenin1, ngn1; neuronal
differentiation 1, neurod1 probes; analysis of ngn1 expression with Tg(ngn1:EGFP) line; hatching
rate; behavior assessment by the light–dark locomotion test; touch-evoked response test; tyrosine
hydroxylase immunofluorescence (TH IF)] is indicated in each timeline.



Int. J. Mol. Sci. 2024, 25, 4640 4 of 29

2.1. Early Embryonic Exposure to Dolutegravir Induces Morphological Malformations Particularly
Evident in the Developing Brain Region

To explore DTG developmental toxicity, we first exposed embryos to DTG (1–10–15–20 µM)
at the early gastrulation stage (6 hpf) and evaluated survival and morphology at 48 hpf
(Figure 1). In these experimental conditions, low mortality was observed at any tested
DTG concentration, although it was significantly higher in comparison with that in control
embryos (mortality rates of 6.25%, 6.75%, 14.75% and 18%, respectively, at 1, 5, 10 and
20 µM concentrations compared to 2% in the control group) (Supplementary Figure S1A).
Alive embryos presented no evident morphological malformations, confirming previously
published observations [10], except for a mild pericardial edema with hemorrhage at the
highest 20 µM supra-therapeutic concentration (Supplementary Figure S1B).

Then, we performed the same experiment but exposed embryos to DTG at 4 hpf,
that is before gastrulation starting time (Figure 1). Similar to the previous experiments
with DTG exposure at 6 hpf, for concentrations of DTG lower or equal to the human
Cmax (1 and 10 µM), mean survival rates of treated embryos were only slightly but sig-
nificantly lower at 48 hpf when compared with those observed for untreated embryos,
while we observed higher mortality rates at the supratherapeutic concentrations (15 and
20 µM) (mortality rates of 5.25%, 6.25%, 14.5% and 29.25%, respectively, at 1, 5, 10 and
20 µM concentrations) (Supplementary Figure S2A). Despite low mortality, we observed
morphological deformities of alive embryos already at the lowest subtherapeutic 1 µM
concentration (Supplementary Figure S2B). At this concentration, which we chose for all
further experiments, we clearly distinguished malformed embryos with a mild or a severe
phenotype (defined by the presence of at least one of the morphological defects described in
Table 1). Developmental defects were already evident at 24 hpf, and especially for embryos
with severe malformations, defects worsened at 48 hpf. Overall, at both 24 and 48 hpf,
we observed 66% mildly and 29% severely affected embryos, i.e., with at least one of the
mild or severe defects described in Table 1, respectively. Mostly, we observed shorter body
length and curved tail, resulting in the disruption of the AP axis at both time endpoints
(Supplementary Figure S2C). Pericardial edema was also evident in all severely affected
embryos at 48 hpf (Supplementary Figure S2B), like in embryos exposed at 6 hpf.

Table 1. Criteria for the grading of embryos into normal, mild and severe phenotype.

Morphological Endpoints Normal Mild Severe

Head Flexed Straight Extended

Tail Properly detached
and straight

Slightly shorter length
and curved Shorter length and curved

Anterior posterior (A-P) axis Normal head and tail position AP axis mildly disrupted AP axis not well formed
Somites V-shaped U-shaped Straight

At the lowest subtherapeutic 1 µM DTG concentration, morphological deformities
were also evident in the brain region, where we could again distinguish embryos with
mild or severe phenotypes, at both time endpoints. Notably, we observed smaller eyes
and reduction and malformation of most brain areas (forebrain, midbrain and hindbrain),
with decreased length of the midbrain–hindbrain boundary at 24 hpf. Perturbed brain
morphology worsened with time of exposure, and at 48 hpf, both mildly and severely
affected embryos had smaller eyes, but also showed an abnormal and enlarged ventri-
cle IV structure; further, in severely affected embryos, the main brain structures were
not distinguishable and midbrain–hindbrain boundary seemed not formed or deformed
(Figure 2A–D).
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Figure 2. Brain morphology assessment of zebrafish embryos after exposure to dolutegravir (DTG) at
4 h post fertilization (hpf) (blastula stage). Dechorionated zebrafish embryos were exposed at 4 hpf
(during the blastula stage) to drug solvent only (fish water plus 0.1% dimethyl sulfoxide, DMSO)
(CO) or DTG 1 µM, dissolved in fish water containing 0.1% DMSO. (A) Representative pictures
at 24 and 48 hpf of the gross morphological effects of 1 µM DTG exposure on brain development.
Embryos were distinguished with mild or severe phenotype, based on the presence of at least one
of the morphological defects described in Table 1. All treatments, including controls (CO), were
conducted three times, with 30 embryos for each experiment and treatment (a total of 90 embryos
for each experimental condition). Embryos in the figures are representative of all experiments.
All pictures are lateral views with dorsal to the top and anterior to the left (magnification 40×)
(h, hindbrain; m, midbrain; mhb, midbrain–hindbrain boundary; t, telencephalon; v, ventricle IV).
(B) Violin plot distribution of eye diameter measurements at 24 and 48 hpf for control (CO) and 1 µM
DTG-exposed embryos, distinguished as with mild or severe phenotype (x-axis). Measurements were
performed on digital images using the ImageJ (Version 1.8.0) Software. The y-axis shows eye diameter
measurements (µM). Measures were performed on 10 embryos for each of three experiments and for
each treatment (a total of 30 embryos for each experimental condition). Inside each violin, the central
dashed line marks the median (Q2) and the superior and inferior dotted lines mark the third (Q3) and
first (Q1) quartiles. Eye diameter measurements were analyzed amongst and between groups by the
1-way ANOVA test with post hoc Tukey’s multiple comparison test (**** p < 0.0001). (C) Violin plot
distribution of midbrain–hindbrain boundary (mhb) measurements at 24 hpf for control (CO) and
1 µM DTG-exposed embryos, distinguished as with mild or severe phenotype (x-axis). Measurements
were performed on digital images using the ImageJ (Version 1.8.0) Software. The y-axis shows
mhb length (µM). Measurements were performed on 10 embryos for each of three independent
experiments and for each treatment (a total of 30 embryos for each experimental condition). Inside
each violin, the central dashed line marks the median (Q2) and the superior and inferior dotted lines
mark the third (Q3) and first (Q1) quartiles. Midbrain–hindbrain (mhb) measurements were analyzed
amongst and between groups by the 1-way ANOVA test with post hoc Tukey’s multiple comparison
test (**** p < 0.0001). (D) Table summarizing brain morphological defects at 24 and 48 hpf in 1 µM
DTG-treated embryos, distinguished as with mild or severe phenotype, and showing % of embryos
with each defect.
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After exposure of embryos to 1 µM DTG, we further measured embryo mortality at a
later stage (144 hpf) and compared it to embryo mortality at 48 hpf. As expected, also con-
sidering the observed morphological malformations, we found higher mortality at 144 hpf.
However, most dead embryos were derived from those with a former severe phenotype
(26% dead embryos), while embryos with a former mild phenotype mostly survived (16%
dead embryos), although with morphological defects (Supplementary Figure S3).

Larvae treated with the lowest concentration of 1 µM DTG and with a mild phenotype
were then selected in further experiments to further investigate defects that we observed in
brain morphology.

2.2. Gross Morphological Malformations Induced by Early Embryonic Exposure of Zebrafish
Embryos to Dolutegravir Are Prevented by Pre-Exposure and Rescued by Post-Exposure to
Folic Acid

Since DTG developmental toxicity in zebrafish embryos is reduced by the supplemen-
tation with FA [10], we supplemented embryos with FA both before (2 hpf, immediately
preceding the blastula stage starting) or after (10 hpf, at the end of gastrulation, when
segmentation and organogenesis start) the exposure to DTG 1 µM (4 hpf) (Figure 1). We
evaluated morphology at 24, 48 and 144 hpf, compared to control and 1 µM DTG-treated em-
bryos. Most morphological body malformations were both prevented by FA pre-exposure
and rescued by FA post-exposure, and interestingly, no evident gross morphological de-
fects were observed in the brain region at all time endpoints (Figure 3A). Of note, in both
conditions of FA supplementation, we did not observe embryos classifiable as with the
severe phenotype, unlike in embryos treated with DTG only. We also measured body
length, eye diameter and midbrain–hindbrain boundary length as for previous experiments
(Figure 3B–D). While both FA pre-exposure and post-exposure did not prevent or rescue,
respectively, the reduced body length at 24 hpf, conversely in both conditions of FA sup-
plementation embryos were the same size as the control embryos at 48 hpf (Figure 3B).
Likewise, eye diameter and midbrain–hindbrain boundary length of both FA pre-exposed
and post-exposed embryos were not significantly different from those of control embryos,
except for the eye diameter at 24 hpf for FA pre-exposed embryos, defect that was however
recovered at 48 hpf (Figure 3C,D). These results suggested that at least gross morphological
malformations in the body and developing brain regions induced by DTG exposure in
zebrafish embryos are both prevented and rescued by FA supplementation.

2.3. DTG Exposure Induces Neurodevelopmental Defects over Time That Are Rescued by
Post-Exposure Folate Supplementation

We then performed experiments to further investigate the mechanisms of DTG effects
on zebrafish neurodevelopment, performing all experiments after 1 µM DTG exposure (at
4 hpf), without FA supplementation or with FA given at 10 hpf (Figure 1), considering that
the above data did not differ significatively between FA pre-exposure and post-exposure
conditions. We chose to give FA at 10 hpf also considering that neurulation in humans
begins two to three weeks after conception, the neural tube closes at the 4th week of
pregnancy and neurogenesis starts at approximately gestational week 4 [17,18] (10 hpf
in the development of zebrafish embryo corresponds to the end of gastrulation that is
the end of the 3rd week of gestation in humans). We first used the WISH technique to
study the mRNA expression of genes specifying transcription factors that are crucial in the
neurodevelopment of zebrafish embryos (Figure 4).

Since NTDs were observed after in utero exposure to DTG, first of all, we analyzed
the expression of the ntl gene. In comparison to control embryos, embryos exposed to DTG
alone exhibited a dramatically reduced expression of ntl in the notochord region at 16 hpf,
while maintaining a normal expression in the tail bud. FA supplementation after DTG
exposure restored ntl expression in the notochord region, although the structure appeared
malformed/deformed (Figure 4).
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(pre-exposure) plus 1 µM DTG at 4 hpf; or 1 µM DTG at 4 hpf plus FA 60 ng/mL at 10 hpf (post-
exposure) (drugs dissolved in fish water containing 0.1% DMSO). (A) Representative pictures at
24, 48 and 144 hpf of the gross morphological effects of treatments, with DTG-treated embryos
distinguished in embryos with mild or severe phenotype. All treatments were conducted three times,
with 30 embryos for each experiment and treatment (a total of 90 embryos for each experimental
condition). Embryos in the figures are representative of all experiments. All pictures are lateral views
with dorsal to the top and anterior to the left (magnification 20×). (B) Violin plot of body length
measurement at 24 and 48 hpf for control (CO), 1 µM DTG-exposed embryos, distinguished as with
mild or severe phenotype (x-axis), and embryos treated with DTG and supplemented with FA by
both post- and pre-exposure. The y-axis shows body length (µM). Measurements were performed on
digital images using the ImageJ (Version 1.8.0) Software, considering the AP axis, on 10 embryos for
each of three experiments and each treatment (a total of 30 embryos for each experimental condition).
Inside each violin, the central dashed line marks the median (Q2) and the superior and inferior
dotted lines mark the third (Q3) and first (Q1) quartiles. (C) Violin plot distribution of eye diameter
measurements at 24 and 48 hpf for control (CO) and 1 µM DTG-exposed embryos, distinguished as
with mild or severe phenotype (x-axis). Measurements were performed on digital images using the
ImageJ (Version 1.8.0) software. The y-axis shows eye diameter measurements (µM). Measurements
were performed on 10 embryos for each of three experiments and for each treatment (a total of
30 embryos for each experimental condition). Inside each violin, the central dashed line marks
the median (Q2); the superior and inferior dotted lines mark the third (Q3) and first (Q1) quartiles.
(D) Violin plot distribution of midbrain–hindbrain boundary (mhb) measurements at 24 hpf for
control (CO) and 1 µM DTG-exposed embryos, distinguished as with mild or severe phenotype
(x-axis). Measurements were performed on digital images using the ImageJ (Version 1.8.0). The y-axis
shows mhb length (µM). Measurements were performed on 10 embryos for each of three independent
experiments and for each treatment (a total of 30 embryos for each experimental condition). Inside
each violin, the central dashed line marks the median (Q2); the superior and inferior dotted lines
mark the third (Q3) and first (Q1) quartiles. Measurements were analyzed amongst and between
groups by the 1-way ANOVA test with post hoc Tukey’s multiple comparison test (ns, statistically
not significant; *** p < 0.001; **** p < 0.0001).

The expression pattern of the pax2a gene, observed by WISH at 24 hpf (Figure 4), con-
firmed our previous observation regarding the reduced length of the midbrain–hindbrain
boundary after DTG exposure (Figure 2D), while FA supplementation allowed the mainte-
nance of the boundary length. DTG-treated embryos also showed immature and smaller
eyes, as already observed (Figure 2A,B), with mispatterned pax2a expression in this region,
while DTG-treated embryos supplemented with FA exhibited a pax2a expression pattern in
the eye region more similar to that of control embryos.

Then, we studied the expression of ngn1, a transcription factor expressed at the very
onset of neurogenesis in the zebrafish neural plate. As observed in control embryos, at
24 hpf, ngn1 is expressed in several regions of the brain, like the forebrain (telencephalon
and anterior and posterior diencephalon), midbrain, hindbrain and along the spinal cord
where both motor neurons and primary mechanosensory neurons reside. DTG exposure
induced an evident downregulation of ngn1 expression in all the main brain and spinal
cord regions; furthermore, ngn1 seemed misexpressed, as shown in the dorsal view of the
embryos. Interestingly, DTG exposure also resulted in decreased ngn1 expression in the
region of the ventral and dorsal diencephalon where the earliest dopaminergic neurons are
detected at 24 hpf in zebrafish embryos (Figure 4). The supplementation with FA rescued
the correct expression pattern of the transcription factor, and the main brain structures
seemed mostly restored (Figure 4).
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Figure 4. Neurodevelopmental defects induced overtime by dolutegravir (DTG) exposure of zebrafish
embryos at the blastula stage are mostly rescued by post-exposure folic acid (FA) supplementation.
Dechorionated zebrafish embryos were exposed to drug solvent only (fish water plus 0.1% dimethyl
sulfoxide, DMSO) (CO) and 1 µM DTG only (at 4 hpf, during the blastula stage) or plus FA 60 ng/mL
at 10 hpf (post-exposure) (drugs dissolved in fish water containing 0.1% DMSO). Transcript expression
of no tail (ntl) (16 hpf), paired box a (pax2a), neurogenin 1 (ngn1) (24 hpf) and neuronal differentiation 1
(neurod1) (48 hpf) genes was analyzed by whole-mount in situ hybridization (WISH). Representative
images of three distinct performed experiments with 20 embryos for each experiment and each
condition (total number of embryos with phenotype are shown in red numbers for each experimental
condition). Lateral views with dorsal to the top and anterior to the left (magnification 20×) are
shown for ntl, pax2a and ngn1 genes. Further magnification (40×) was obtained for ngn1 in the region
of the spinal cord. Dorsal views are shown for ngn1 and neurod1 expression. Abbreviations: cg,
cranial ganglia; d, diencephalon; dd, dorsal diencephalon; hb, hindbrain; mhb, midbrain–hindbrain
boundary; mb, midbrain; nt, notochord; scn, spinal cord neurons; t, telencephalon.

To further confirm the effect of DTG on zebrafish neurogenesis and particularly on the
expression of ngn1 evaluated above by WISH, we then used a transgenic line expressing
the Enhanced Green Fluorescent Protein (EGFP) under the control of the ngn1 promoter,
referred to as Tg(ngn1:EGFP). At 40 hpf, we observed a reduction in the areas expressing
EGFP in the regions of telencephalon, diencephalon, midbrain and hindbrain, as also
observed in WISH experiments at 24 hpf (Figure 5A). Compared to control embryos, we
observed a significant decrease in midbrain width, cranial ganglia distance and anterior
hindbrain width in DTG-treated embryos, while FA supplementation partially (midbrain
width) or completely (cranial ganglia distance and anterior hindbrain width) rescued
the phenotype (Figure 5B). Interestingly, we also observed that in DTG-treated embryos
the EGFP signal was almost completely absent in the region of the spinal motor neuron
projections, whose development is stimulated by brain dopaminergic neurons [19,20]. All
defects seemed again reverted by FA supplementation (Figure 5A).
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Figure 5. ngn1-dependent EGFP fluorescence in zebrafish embryos exposed to dolutegravir (DTG) at
the blastula stage, with or without folic acid (FA) supplementation. Dechorionated zebrafish embryos
[transgenic line Tg(ngn1:EGFP)] were exposed to drug solvent only (fish water plus 0.1% dimethyl
sulfoxide, DMSO) (CO) and 1 µM DTG only (at 4 hpf, during the blastula stage) or plus FA 60 ng/mL
at 10 hpf (post-exposure) (drugs dissolved in fish water containing 0.1% DMSO) and up to 40 hpf.
(A) Representative images (obtained with fluorescence microscope) of three distinct performed
experiments with 25 embryos for each experiment and each condition (total number of embryos with
phenotype are shown in red numbers for each experimental condition). Dorsal and lateral views of the
head region and of the spinal cord region (magnification 20×) are shown, with further magnification
(40×), obtained for the region of the spinal cord, with magnification of the spinal cord neurons
and spinal motor neuron projections. Abbreviations: d, diencephalon; dd, dorsal diencephalon;
hb, hindbrain; mb, midbrain; scn, spinal cord neurons; smnp, spinal motor neuron projections;
t, telencephalon. (B) In the dorsal view of Figure 5A, red lines and letters indicate midbrain size (mb),
cranial ganglia distance (cg) and anterior hindbrain size (ahb). Measurements for the midbrain size
(width), cranial ganglia distance (right-to-left cranial ganglia) and anterior hindbrain size (width)
were analyzed using ImageJ (Version 1.8.0) Software, in three distinct experiments and in 10 embryos
per treatment (a total of 30 embryos for each experimental condition). Data are presented as violin
plots. Inside each violin, the central dashed line marks the median (Q2); the superior and inferior
dotted lines mark the third (Q3) and first (Q1) quartiles. Statistical significance amongst and between
groups was calculated by the 1-way ANOVA test with post hoc Tukey’s multiple comparison test
(ns, statistically not significant; **** p < 0.0001).
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neurod1 is another transcription factor involved in zebrafish embryo neurogenesis,
which is induced by the transient expression of ngn1. DTG-exposed embryos exhibited
a volume reduction in almost all of the dorsal brain areas, as already observed in the
Tg(ngn1:EGFP) model. The supplementation with FA seemed again to rescue the correct
expression of neurod1, particularly with volumes in the dorsal regions of the brain more
comparable with those of control embryos (Figure 4).

Together, these results suggest that DTG exposure induces the dysregulation of crucial
genes involved in embryo neurogenesis with profound neurodevelopmental defects over
time that are mostly rescued by FA supplementation.

2.4. DTG Exposure Results in Decreased Hatching Rate, Locomotor Activity and Touch-Evoked
Swimming That Are Rescued by Folate Supplementation

Since embryos treated with DTG showed a severe neurodevelopmental impairment,
particularly in the brain dopaminergic regions, accompanied by decreased ngn1 expression
in spinal cord neurons and spinal motor neuron projections, we assessed the possibility
that these disruptions may reflect in dysfunctional locomotor behaviors.

Hatching is a physiological process in zebrafish embryos that occurs between 48
and 72 hpf and is strictly correlated to neurodevelopment and needs movements of the
tail [21–24]. We then measured hatching rate after DTG exposure of non-dechorionated
eggs from 4 hpf to 72 hpf, with or without FA supplementation given at 10 hpf. As shown
in Figure 6A, DTG exposure of dechorionated eggs decreased their hatching rate, compared
to control eggs, while FA supplementation restored a physiological rate.

To further assess the possibility of functional consequences of DTG exposure on loco-
motor activity of zebrafish embryos, we studied their swimming behavior after continuous
drug exposure from 4 hpf to 144 hpf by a classic light–dark locomotion test. DTG severely
reduced the total (light + dark) distance swam by the exposed larvae, which also displayed
a decreased movement speed (Figure 6B). Again, FA supplementation at 10 hpf largely
restored physiological movements, with total distance swam and movement speed similar
to those of untreated larvae.

To determine whether DTG functional effects on larvae movements were strictly
linked to the drug disrupting effects on the crucial phases of embryo neurodevelopment,
we further studied their swimming behavior after drug exposure from 72 hpf to 144 hpf,
considering that at 72 hpf neurogenesis is already completed. DTG exposure from 72 hpf
did not reduce the total (light + dark) distance swam by the exposed larvae nor decreased
movement speed (Figure 6C). FA supplementation at 10 hpf did not have further effects on
locomotor behavior.

These data clearly showed that DTG exposure of zebrafish embryos during the most
crucial phases of neurodevelopment results in a significant loss of motor performance at
144 hpf that may be completely rescued by FA supplementation, while drug exposure
during a later phase of development (72 hpf), after completion of neurogenesis, has no
effects on locomotor behavior.

In the spinal cord also reside the primary mechanosensory neurons of zebrafish em-
bryo. To examine whether DTG exposure also affected the somatosensorial system, we
performed a touch-evoked test by gently touch the tail with a pipette tip and recording
the distance swam after the stimulus (< or >20 mm) at 72 hpf. Almost all (93%) control
embryos were able to travel a distance > 20 mm, with only a little percentage of em-
bryos swimming < 20 mm (4%) or not moving (3%). In contrast, among DTG-exposed
embryos, 40% did not respond to the touch stimulus, 23% travelled a distance < 20 mm
and only 37% displayed a regular touch response, travelling a distance > 20 mm. FA
supplementation almost completely restored the touch-evoked behavior, with 87% of em-
bryos swimming > 20 mm, although no embryos swam a distance < 20 mm and 13% of
embryos displayed no movements (Figure 6D). These data suggested that DTG exposure,
besides affecting spinal motor neuron functions, may also result in the impairment of the
mechanosensory system of the spinal cord, further impacting the embryo locomotor behavior.



Int. J. Mol. Sci. 2024, 25, 4640 12 of 29

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 12 of 30 
 

 

the distance swam after the stimulus (< or >20 mm) at 72 hpf. Almost all (93%) control 
embryos were able to travel a distance > 20 mm, with only a little percentage of embryos 
swimming < 20 mm (4%) or not moving (3%). In contrast, among DTG-exposed embryos, 
40% did not respond to the touch stimulus, 23% travelled a distance < 20 mm and only 
37% displayed a regular touch response, travelling a distance > 20 mm. FA supplementa-
tion almost completely restored the touch-evoked behavior, with 87% of embryos swim-
ming > 20 mm, although no embryos swam a distance < 20 mm and 13% of embryos dis-
played no movements (Figure 6D). These data suggested that DTG exposure, besides af-
fecting spinal motor neuron functions, may also result in the impairment of the mecha-
nosensory system of the spinal cord, further impacting the embryo locomotor behavior. 

 

 
Figure 6. Hatching, locomotor activity and tactile-response deficit induced by dolutegravir (DTG) 
exposure in zebrafish embryos at the blastula stage are mostly rescued by post-exposure folic acid 
(FA) supplementation. Zebrafish embryos were exposed to drug solvent only (fish water plus 0.1% 
dimethyl sulfoxide, DMSO) (CO) for all experiments; 1 μM DTG only (at 4 hpf, during the blastula 
stage for hatching rate, locomotor activity and touch-evoked tests or at 72 hpf for locomotor activity 
tests only); or 1 μM DTG (at 4 hpf, for hatching rate, locomotor activity and touch-evoked tests or 
at 72 hpf for locomotor activity test only) plus FA 60 ng/mL given at 10 hpf (drugs dissolved in fish 
water containing 0.1% DMSO). Only for hatching experiments, non-dechorionated eggs were ex-
posed, while dechorionated eggs were used, as for all previous experiments, for locomotor behavior 
and touch-evoked experiments. (A) Percentages of hatched embryos at 72 hpf. The x-axis shows 

Figure 6. Hatching, locomotor activity and tactile-response deficit induced by dolutegravir (DTG)
exposure in zebrafish embryos at the blastula stage are mostly rescued by post-exposure folic acid
(FA) supplementation. Zebrafish embryos were exposed to drug solvent only (fish water plus 0.1%
dimethyl sulfoxide, DMSO) (CO) for all experiments; 1 µM DTG only (at 4 hpf, during the blastula
stage for hatching rate, locomotor activity and touch-evoked tests or at 72 hpf for locomotor activity
tests only); or 1 µM DTG (at 4 hpf, for hatching rate, locomotor activity and touch-evoked tests
or at 72 hpf for locomotor activity test only) plus FA 60 ng/mL given at 10 hpf (drugs dissolved
in fish water containing 0.1% DMSO). Only for hatching experiments, non-dechorionated eggs
were exposed, while dechorionated eggs were used, as for all previous experiments, for locomotor
behavior and touch-evoked experiments. (A) Percentages of hatched embryos at 72 hpf. The x-axis
shows treatments; the y-axis shows the corresponding percentages of hatched embryos at 72 hpf. All
treatments, including controls (CO), were conducted three times, with 30 embryos for each experiment
and treatment (a total of 90 embryos for each experimental condition). Results are expressed with
violin plot distribution [inside each violin, the central dashed line marks the median (Q2); the superior
and inferior dotted lines mark the third (Q3) and first (Q1) quartiles] (B). Embryos were exposed to
treatments, considering DTG exposure at 4 hpf and FA post-exposure at 10 hpf. Locomotor activity
was defined by total distance swam by the larvae (cm) and velocity (mm/s), calculated during both
light and dark stimuli (moved distance in 2 min time bins, recorded for 2 h, 6 cycles of alternating
light and dark 10 min periods). Measurements were performed with 12 embryos for each of three
independent experiments and each treatment (a total of 36 embryos for each experimental condition).



Int. J. Mol. Sci. 2024, 25, 4640 13 of 29

Results are expressed with violin plot distributions [inside each violin, the central dashed line marks
the median (Q2); the superior and inferior dotted lines mark the third (Q3) and first (Q1) quartiles].
The raw data plot, representing mean ± SD of the distance moved by embryos in 2 min of time bins
of one of three performed experiment evaluated by the Noldus Ethovision software (Version XT 13.0),
is also shown. (C) Embryos were exposed to treatments, considering FA pre-exposure at 10 hpf and
DTG exposure at 72 hpf. Locomotor activity was defined as above. Measurements were performed
with 12 embryos for each of three independent experiments and each treatment (a total of 36 embryos
for each experimental condition). Results are expressed with violin plot distributions [inside each
violin, the central dashed line marks the median (Q2); the superior and inferior dotted lines mark
the third (Q3) and first (Q1) quartiles]. (D) Embryos were exposed to treatments, considering DTG
exposure at 4 hpf and FA post-exposure at 10 hpf. After gently touching the tail of each embryo,
touch swimming response was observed and categorized as follows: embryos that did not move;
embryos that swam < 20 mm within the motility wheel; embryos that swam > 20 mm in the wheel.
Percentages of each category for each treatment were then calculated, considering 20 embryos for
each treatment and each of three experiments, and plotted. Significance was analyzed by the 1-
way ANOVA test with post hoc Tukey’s multiple comparison test (ns, statistically not significant;
* p < 0.05; ** p < 0.005; *** p < 0.001; **** p < 0.0001).

2.5. DTG Exposure Decreases the Number of Dopaminergic Neurons in the Dorsal Diencephalon
While Folate Supplementation Rescued This Loss

Descending dopaminergic projections from the brain promote motor neuron genera-
tion in the developing zebrafish [20]. Since we observed the reduced expression of ngn1 in
the dopaminergic regions of the forebrain, spinal cord and trunk motor neuron projections
and decreased hatching rate and locomotor activity of embryos exposed to DTG, with the
partial or complete rescue of all those defects by FA supplementation, we examined brain
dopaminergic tyrosine hydroxylase positive (TH+) neurons by immunohistochemistry in
DTG-treated embryos, in comparison with control and FA-supplemented embryos. The
analysis showed that the number of TH+ cells was decreased in DTG-exposed in compari-
son with those in control larvae, while FA-supplemented embryos showed a number of
TH+ neurons more similar to that in untreated ones, although still significantly different in
comparison with that in control embryos (Figure 7A,B).
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rescues the deficit. Dechorionated zebrafish embryos were exposed to drug solvent only (fish water
plus 0.1% dimethyl sulfoxide, DMSO) (CO) and 1 µM DTG only (at 4 hpf, during the blastula
stage) or plus FA 60 ng/mL at 10 hpf (post-exposure) (drugs dissolved in fish water containing
0.1% DMSO). Immunofluorescence for TH was performed with rabbit anti-TH specific antibody at 48
hpf. (A) TH-stained embryos were visualized at 20× magnification with fluorescence microscope
(dorsal view). All treatments, including controls (CO), were conducted three times, with 20 embryos
for each experiment and treatment (a total of 60 embryos for each experimental condition). (B) Violin
plot distribution of TH+ neurons. A defined area (white box) was analyzed to count the number of
TH+ neurons, using Zen 3.5 (blue Version) software (Carl Zeiss AG). The x-axis shows treatments;
y-axis shows the corresponding number of TH+ neurons counted in the defined area. Measurements
were performed with 20 embryos for each of three experiments and for each treatment. Inside each
violin, the central dashed line marks the median (Q2); the superior and inferior dotted lines mark the
third (Q3) and first (Q1) quartiles. Significance was analyzed by the 1-way ANOVA test with post
hoc Tukey’s multiple comparison test (* p < 0.05; **** p < 0.0001).

3. Discussion

In the present study, we ascertained the neurodevelopmental toxicity of DTG and
the effect of FA supplementation during zebrafish embryogenesis. After early embryonic
exposure to a subtherapeutic DTG concentration, we observed several morphological
malformations, mainly in the developing nervous system, ranging from mild to severe and
worsening over time of exposure. Particularly, we observed morphological defects in the
forebrain, midbrain and hindbrain regions, with a reduced size of the midbrain–hindbrain
boundary and the eye region and the disruption of the AP axis. At the molecular level, we
found that DTG exposure impaired expression of genes expressing transcription factors that
are crucial during the early phases of neurodevelopment. Of note, we observed a decreased
and disrupted expression of the ngn1 transcription factor in the dopaminergic regions of
the developing forebrain, in the spinal cord neurons and spinal motor neuron projections
of the trunk, accompanied by the depletion of TH+ dopaminergic neurons of the dorsal
diencephalon and the reduction in larvae locomotion in response to DTG exposure even at
subtherapeutic concentration. These abnormalities were rescued, although not completely,
by FA supplementation. Our study then further supports previous evidence that DTG
can interfere with FA pathways and also provides new insights regarding the mechanisms
involved in the increased risk of DTG-associated fetal neurodevelopmental defects and
adverse neurologic outcomes in children exposed in utero to DTG [8,10–12,14,18,25–28].

The potential teratogenic effect of DTG during pregnancy is still a matter of debate;
although some studies reported a higher rate of newborns with NTDs, low folate intake in
some populations may explain those findings [4,5]. DTG regimens also result in neuropsy-
chiatric symptoms, like anxiety, depression and suicidal behavior [1,3], and an increased
risk of DTG-related neurological damage has recently been observed in HIV-uninfected
children, but HIV/DTG-exposed during their in utero life [8].

Zebrafish embryos are widely used to study drug neurotoxicity during neurodevelop-
ment, thanks to many advantages, notably its transparency, external and fast development
of eggs and the possibility to easily monitor changes in locomotor behavior [15,16]. In this
study, we firstly observed that survival and morphology of embryos were affected by DTG
exposure when exposure begun during the blastula stage (4 hpf), while exposure during
gastrulation (6 hpf) resulted in lower toxicity. These observations are in accordance with
the previous ones obtained in this animal model, suggesting a critical period of exposure
during pregnancy to explain DTG teratogenicity [10]. Our findings also expand previous
observations of Cabrera and colleagues [10] that were obtained with very high concentra-
tions of DTG (100 µM, that is 10× the human Cmax), since we observed a significant embryo
mortality rate even at the subtherapeutic concentration of 1 µM (0.1× the human Cmax).
The effects on embryo survival were evident at early stages (24 and 48 hpf) and worsened
at later larval stages (144 hpf). These observations could explain the recently described
higher risk of pregnancy loss after periconceptional or early-pregnancy DTG exposure [7].
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DTG pharmacokinetics is different in humans and zebrafish, and we cannot “a priori”
predict the embryotoxic dose for zebrafish embryos, based on studies in humans or other
mammalian species. Embryotoxicity studies in murine pregnancy models [26,29] suggested
that DTG peak plasma levels of about 3000 ng/mL (corresponding to 6.8 µM) may be
considered as 1× therapeutic plasma level in mice. This dose was associated with increased
rates of fetal defects in mice. To the best of our knowledge, the only experimental evidence
of DTG toxicity in zebrafish embryos has been described by Cabrera and colleagues [10],
using a very high drug dose (10× the human Cmax, 100 µM), but the researchers observed a
high developmental toxicity (80–100%) at 24 hpf that was however rescued by co-exposure
with FA. The zebrafish embryo model is intensively studied as a developmental toxicity
model for predicting embryotoxicity of drugs and chemicals, and recent studies have
demonstrated that zebrafish embryo development assays can predict, within 1-log, the
rat maternal exposure levels associated with drug or chemical embryotoxicity 75% of the
time [30]. Then, we may realistically suppose that the 1 µM dose used in this study should
be considered a subtherapeutic dose.

Of great importance in this study is that, after early exposure of embryos to 1 µM
DTG, we observed not only the disruption of the AP axis, suggestive of NTDs, but also
gross anatomical defects in the main brain regions that led us to further investigate the
underlying mechanisms. We particularly observed malformations and reduced areas of the
developing forebrain, midbrain and hindbrain regions, smaller eyes and decreased length
of the midbrain–hindbrain boundary. Gross morphological defects, particularly evident
in a significant percentage of severely affected embryos (29%), worsened between 24 and
48 hpf and led to a high mortality rate in these more severely affected embryos in later
stages (144 hpf).

The midbrain–hindbrain boundary represents a crucial constriction region in the
developing brain that functions in morphologically defining distinct brain regions, the
rostral and caudal territories of the midbrain and hindbrain, and in physically separating
distinct ventricular regions. Importantly, in acting as an organizer region and through the
expression of transcription factors and soluble signaling molecules, the boundary guides
the fate of neighboring cells, determining neuronal migration and axonal guidance both
anteriorly in the midbrain and posteriorly in the hindbrain and polarizing rostrally the
dorsal mesencephalic regions involved in processing visual and acoustic sensory infor-
mation and caudally the cerebellum, an important center involved in motor control [31].
The impaired development of the midbrain–hindbrain boundary in our model, observed
both morphologically and quantified by measurement, was confirmed by the expression
pattern of the transcription factor pax2a observed by WISH and is consistent with the
morphological disruption of the midbrain, hindbrain and ventricle regions that we found in
DTG-treated embryos in this study. The pax2a gene is indeed a transcription factor involved
in the development and function of the midbrain and midbrain–hindbrain boundary, also
affecting the development of the neighboring forebrain and hindbrain regions [32].

Consistent with previous findings [10], in the present study, we found that DTG-
induced zebrafish embryo toxicity may be both prevented and rescued by FA supplemen-
tation in the early developmental phases. Survival rate was ameliorated and no gross
morphological body deformities and, more interestingly, no gross brain malformations
were found in both FA supplementation conditions in our model. All these findings are also
coherent with the numerous observations in animal models and humans of a relationship
among DTG exposure, sub-optimal folate levels and fetal defects, although the underlying
mechanism of these evidences remain already mostly unclear [4,6,7,12,27]. Tukeman and
colleagues [27] evaluated DTG developmental toxicity in fetuses from DTG-treated dams
fed normal or low FA diet, finding NTD-affected fetuses (exencephaly) only with low FA
diet. In a similar animal model, Mohan and colleagues [12,26] observed a higher rate of
NTDs (exencephaly, encephalocele and spina bifida) and tail defects under folate-deficiency
conditions, also together with severe left–right asymmetry, abdominal wall, limb and cran-
iofacial anomalies, bleeding defects and severe edema. In our model, we as well observed
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the disruption of the AP axis and a strong reduction in ntl expression in the notochord
after DTG exposure, both suggestive of NTDs, and the defects were rescued by FA supple-
mentation, in agreement with what was previously observed in the murine model. More
interestingly, only few studies have considered other aspects of DTG neurotoxicity, as we
did in this work. Recently, several brain metabolites, particularly those related to pathways
involved in energy metabolism and oxidative stress, have been found dysregulated in brain
subregions of DTG-treated adult mice [33]. Further, proteomic profiling of brain tissues
of murine fetuses derived from DTG-treated female mice revealed impairment in neuro-
genesis, synaptogenesis and neurite formation, while long-acting DTG nanoformulations
given by injection mostly prevent those defects [34]. In utero DTG exposure has also been
shown to inhibit fetal brain metalloproteinase activity, resulting in impaired post-natal
neurodevelopmental defect in mice, suggestive of axonal and/or myelin damage, neuronal
and/or synaptic damage and neuroinflammation, and in modified transcription of several
genes involved in axonal guidance, synaptogenesis and neuroinflammation [14]. DTG has
been found to induce the dysregulation of genes involved in early differentiation in human
embryonic stem cells at a subtherapeutic dose (0.5× the human Cmax) and to decrease via-
bility, neurite and synapse formation in neurons derived from human induced pluripotent
stem cell [35]. In any of these studies, however, the researchers consider the possibility
that FA supplementation may prevent or revert DTG neurotoxic effects. In this regard, our
work adds something new to the puzzle of DTG neurotoxicity, since we considered this
possibility, beyond the already known effects of FA on NTD and DTG-induced defects.

FA is a micronutrient, and its deficiency during pregnancy is indeed associated with
an increased risk of NTDs in the fetus; low levels of folate in adults also seems to be related
with depression and other cognitive disorders [36,37], and FA supplementation can improve
both conditions in humans. While DTG seems to interfere with FA metabolism [10], on the
other hand, a previous low level of FA during DTG intake could further reduce FA levels,
inducing defects during neurogenesis in embryos and perhaps neuropsychiatric disorders
in adults. In this regard, it would be of interest studying the cognitive performance in
relation with FA levels in both adults on DTG and in children exposed in utero to the drug.

To further investigate the mechanisms of DTG effects on zebrafish neurodevelopment,
we analyzed the expression of genes that are crucial in the earlier phases of CNS formation.
We also evaluated the effects of FA supplementation given post-DTG exposure (10 hpf),
considering that this moment, the end of gastrulation, precedes neurogenesis [17,18]. Em-
bryonic neurodevelopment is orchestrated and coordinated in a finely controlled temporal
and spatial order by several transcription factors [38–41]. The notochord is an early embry-
onic structure, which is the source of important signals for axis formation, somite patterning
and, importantly, for the induction of the neural tube. The zebrafish ntl gene is the ortholog
of the mammal T-box transcription factor (TBXT, T Brachyury Transcription Factor) and, as
an early transcription factor, is required for mesoderm formation and differentiation, cell
movements during gastrulation, notochord, posterior somite and tail development and for
the establishment of the left–right symmetry [42–45]. Zebrafish ntl null mutants indeed
lack notochord and posterior tail tissues [46]. The expression of ntl during embryo devel-
opment is epigenetically determined by regulated changes of DNA methylation [47]. FA
insufficiency has been shown to suppress Brachyury expression through DNA hypermethy-
lation modification, inducing the disruption of fibroblast growth factor (FGF) pathways
in humans and mice and in turn determining defects in neurological development, like
NTDs [48]. Therefore, we analyzed ntl expression in an early embryonic developmental
stage (16 hpf); accordingly, we found a strong reduction in ntl expression in the notochord
after DTG exposure, which was rescued by FA supplementation. However, FA supple-
mentation given at 10 hpf (the end of gastrulation in zebrafish, corresponding to the end
of the 3rd week of gestation in humans) was not sufficient to form a morphologically
correct notochord structure, since this appeared clearly distorted. These results can be
explained considering that the notochord begins to appear just at the end of gastrulation in
zebrafish embryos [38]; then, we can postulate that endogenous FA could only partially
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support ntl epigenetic activation and induction of ntl-controlled pathways in the presence
of DTG. All nutrients needed for zebrafish embryo development are present in the yolk,
and all genes involved in the folate cellular metabolic pathways can be found in embryos
already at the 1- to 2-cell stage, due to the presence of maternally loaded transcripts that
are expressed throughout early developmental phases [49]. DTG exposure could however
induce a precocious although maybe partial FA deficiency within the time frame of 6 h
(from 4 hpf, when DTG exposure starts, up to 10 hpf, when FA was supplemented) that
seemed however sufficient to partially influence ntl expression and disrupt the notochord
architecture. This observation further highlights the importance of FA supplementation in
all women of child-bearing age under DTG therapy, even in FA-sufficient conditions.

The analysis of pax2a mRNA expression pattern confirmed the reduction in the length
of the midbrain–hindbrain boundary, but also suggested eye defects. pax2a is critical for the
embryonic eye development, in that its expression in the transitory optic stalk is involved
in delineating the subsequent retinal axon outgrowth within the diencephalon [50]. The
optic stalk is indeed a transient structure during the eye development that progressively
decreases in size and is completely replaced by the optic nerve at 3 days post fertilization in
zebrafish embryos. In pax2a null mutant zebrafish embryos, the stalk structure is retained,
the choroid fissure fails to close and optic axons show abnormal trajectories. DTG-treated
embryos showed smaller eyes and the development of the optic stalk seemed immature
in comparison with both untreated and DTG-treated and FA-supplemented embryos,
suggesting an improper or delayed eye development that may result in eye defects. Our
observation in this model could also explain the eye defects recently found in murine
fetuses after maternal exposure to the drug [26].

A further crucial gene in early embryonic neurodevelopment and neuronal determina-
tion is ngn1, a neural specific basic helix-loop-helix (bHLH) transcription factor, expressed
at the very onset of neurogenesis in the zebrafish embryo neural plate domains that give
rise to sensory neurons of the dorsal root ganglia and primary motor neurons that control
embryo motility. ngn1 is expressed prior to neural lineage determination and is required for
the specification of the dopaminergic progenitor cells of the basal forebrain and is sufficient
for the appearance of TH+ cells in those regions [51–53]. In our model, DTG exposure
resulted in a severely compromised expression of ngn1 in almost all the main regions of
the developing CNS at 24 hpf, suggesting a profound effect of the drug on neurogenesis
and neuronal differentiation. Areas expressing ngn1 were also reduced in volume, as
observed in dorsal view in the transgenic Tg(ngn1:EGFP) line at 40 hpf, and the reduced
size of most brain regions were confirmed by WISH analysis for neurod1 expression at 48
hpf, expected to be mainly present in differentiated neurons of the midbrain, hindbrain,
midbrain–hindbrain boundary and cranio-facial ganglia [54,55]. Importantly, ngn1 expres-
sion was severely decreased in areas of the nervous system that are crucial in regulating
the locomotor pattern of zebrafish, in particular the dopaminergic regions of the forebrain,
the spinal cord neurons and the spinal motor neuron projections, whose development is
induced by the descending diencephalon–spinal dopaminergic projections themselves [20].
Parallelly, we observed a decreased number of TH+ neurons in the dorsal diencephalon of
treated embryos at 48 hpf, confirming that the dopaminergic pathways were compromised
by DTG exposure. FA supplementation after DTG exposure was sufficient to almost com-
pletely restore the correct expression of ngn1; it mostly preserved the size of all brain regions
and also partially rescued TH expression in the dorsal diencephalon with a number of TH+

neurons nearest to those of untreated embryos. The disrupting effects on the diencephalic
regions and spinal cord neurons were interestingly accompanied by dysfunctional hatching
at 72 hpf and decreased locomotor activity at later stages, both completely rescued by
FA supplementation. The dopaminergic system has several functions in mammals, being
involved in motor activity, perception, behavior, emotions, mood, learning and attention.
In humans, alterations in the dopaminergic pathways and projections are implicated in
many neuropsychiatric disorders such as schizophrenia, attention-deficit/hyperactivity
disorder, depression and addiction and in neurodegenerative diseases like Parkinson’s
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disease (PD). The dopaminergic system of zebrafish is not completely overlapping with
that of mammals. Most significantly, the zebrafish lacks dopaminergic neurons in the
midbrain; however, anatomical and functional correlations of dopaminergic system projec-
tions between mammalian and zebrafish have been described [56]. Importantly, zebrafish
conserves the dopaminergic diencephalon–spinal tract, which provides spinal dopamine
and is involved in locomotor development [19,56,57]. Dopaminergic TH+ neurons are
detected early (24 hpf) in the zebrafish forebrain, and within 48 hpf, dopamine is released
in the trunk and tail region close to progenitor cells of motor neurons, promoting their
maturation and motor neuron development [20]. This dopaminergic signal is critical for
zebrafish locomotor behavior, since an early reduction in dopamine signaling results in
a reduced number of developing motor neurons that is not compensated for later in the
development, resulting in reduced spontaneous swimming and vital motor behaviors at
later stages [20]. Considering all the above observations in zebrafish embryo models and
what we similarly observed in this study after DTG exposure, it can be speculated that
DTG may act by altering the developing dopaminergic neurons of the forebrain and, as
a consequence, reducing dopamine signaling in the spinal tract, in turn decreasing the
development of functional spinal motor neurons and finally lowering locomotor activity
at later stages. FA supplementation at 10 hpf, acting before the complete development of
the dopaminergic system and the diencephalon–spinal tract may at least partially rescue
those deleterious effects, also reducing their consequences on locomotor behavior. Of note,
DTG exposure with FA supplementation at later stages of development (72 hpf), when the
dopaminergic projections are already established in the trunk and tail and dopamine release
in these regions has already initiated [20], did not impact the larval swimming behavior at
later stages. It is tempting to speculate that FA could act in an epigenetic manner, altering
the methylation pattern of important transcription factors such as ngn1 and downregu-
lating their expression, in a way similar to what was previously observed for Brachyury
gene. Otherwise, FA might act on dopamine synthesis. Interestingly, folate-deprived adult
zebrafish showed reduced swimming velocity accompanied by reduced dopamine pro-
duction [58]. Then, our findings for the first time suggest the possible interaction of DTG
with dopaminergic neuron development and/or dopamine metabolism that could explain
neurologic dysfunctions in in utero exposed children [8] as well as the neuropsychiatric
adverse events observed in adults treated with DTG [1,3]. Dopamine metabolism is strictly
related to one-carbon metabolism, dopamine being degraded by catechol-O methyl trans-
ferase (COMT), which catalyzes the transfer of a methyl group from S-adenosylmethionine
(SAM) to a hydroxyl group of dopamine or its derivative 3,4-dihydroxyphenylacetic acid,
in turn producing homocysteine from methionine within the methionine cycle. The me-
thionine cycle is interconnected with folate metabolism and depends on folate levels, in
that methionine synthase, the enzyme that converts homocysteine to methionine in the
cycle, uses 5-methyl-tetrahydrofolate (5-m-THF), an intracellular derivative of folate, as the
substrate and vitamin B12 as a cofactor. Low levels of folate result in low levels of 5-m-THF,
inhibiting the reconversion of homocysteine to methionine and resulting in high homocys-
teine levels. Increased levels of homocysteine due to deficiencies in one-carbon metabolism,
related to both genetics and environmental factors like nutrition deficits, have been related
to PD onset and progression, although the involved mechanisms are still unclear [59,60].
Noteworthy, maybe through the elevation of plasma homocysteine levels, is that dietary
folate deficiency sensitizes dopaminergic neurons to dysfunction and death in a 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced PD murine model, inducing severe
motor dysfunctions [61], and homocysteine administration into the brain decreased the
locomotor activities and dopamine levels, in the rat striatal regions [62]. Another possible
mechanism through which folate deficiency might influence dopamine metabolism is by
means of epigenetic mechanisms, impacting through modified DNA methylation levels the
expression of genes involved in dopamine metabolism, such as TH that catalyzes the first
step in dopamine synthesis [59,60]. TH activity is also strictly regulated on several other
levels, strictly interconnected with folate metabolism. The active enzyme consists of four
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identical catalytically active subunits, each of them requiring tetrahydrobiopterin (BH4),
ferrous ion and O2 to oxidize tyrosine to dopamine. Folate and biopterin coenzymes have
structural and functional similarities, with metabolic interactions occurring between their
pathways. BH4 cellular bioavailability is indeed derived from de novo synthesis starting
from guanidine triphosphate (GTP) and guided by guanidine triphosphate cyclohydrolase
(GTPCH), a magnesium, zinc and NADPH-dependent enzyme, or alternatively from the
salvage pathway that regenerates BH4 from the BH2 oxidized form through the enzymatic
activity of dihydrofolate reductase, involved in the folate metabolism [63,64]. Then, folate
enhances regeneration of BH4 from the inactive form BH2, participating in the maintenance
of adequate levels of BH4 for TH activity and dopamine synthesis.

As stated above, ngn1 is also required for the development of sensory neurons of
the zebrafish trunk, and it is expressed early in Rohon-Beard spinal sensory neurons,
located within the spinal cord, and later in the dorsal root ganglia [65]. Indeed, the knock-
down of ngn1 impairs the formation of Rohon-Beard sensory neurons and dorsal root
ganglia [66]. These sensory neurons are considered as touch-responsive neurons that induce
locomotion following a tactile stimulus, as an escape behavior [66]. After DTG exposure,
ngn1 expression is lowered in the spinal cord neurons, where also primitive sensory neurons
reside. The touch-evoked locomotor response of DTG embryos was reduced, while FA
supplementation rescued, although not completely, the tactile swimming response. Our
observation suggests that DTG exposure might also affect the somatosensorial system,
although the reduced locomotion may also be caused by the impairment of dopaminergic
and motor neurons described above.

Recently, data from mouse pregnancy models showed that folate deficiency increases
the incidence of DTG-associated fetal defects in tail, abdominal wall, limb and craniofacial
structures with frequent bleeds [12], while normal FA levels during pregnancy ameliorate
developmental defects that arise from DTG exposure, especially NTDs [27]. In concordance,
in countries where maternal food is supplemented with FA, the risk of DTG-associated fetal
malformations, including NTDs, is lower than those reported from the initial surveillance
data in Botswana where there are no FA fortification public programs [4,7]. All these studies
suggest a potential relationship among DTG, sub-optimal folate levels and fetal defects.
Mohan and colleagues [12] hypothesized that DTG might modify folate metabolism through
a metabolic reaction named “methyl folate trap”, a metabolic consequence of vitamin B12
deficiency that causes functional folate deficiency [67]. Folate uptake into cells is followed
by its conversion into 5,10-methylene-tetrahydrofolate (THF) that contributes, donating
one carbon atom, to both thymidylate synthesis and to the methionine cycle, necessary
to convert, through the activity of methionine synthase, the amino acid homocysteine
into the amino acid methionine, in turn converted into SAM. Vitamin B12 deficiency
indeed causes the inactivation of methionine synthase, irreversibly trapping folates into the
5-m-THF form at the expense of 5,10-methylene-THF and THF that are crucial for DNA
synthesis and ultimately blocking it. The alteration of these methylation pathways also
causes increased homocysteine levels and oxidative stress, further contributing to genomic
instability. Of note, as reported above, increased levels of homocysteine may also act on
dopamine production. The hypothesis of Mohan and colleagues [12] was based on the
known property of DTG for zinc chelation and the need for zinc as a cofactor, together with
vitamin B12, for the methionine synthase activity, suggesting the need of an additional
dietary factor like vitamin B12 and zinc, besides FA, in the context of DTG use during
pregnancy and potentially in all patients on DTG. Zinc has been already described as having
an important role in regulating neuronal stem cell proliferation, survival and differentiation.
Its deficiency may have implications for both developmental and adult neurogenesis [68],
regardless of its effects on one-carbon and folate pathways, and this may be of importance,
considering that in our neurodevelopmental model, FA does not completely rescue the
normal phenotype. Studies in murine models have revealed that Zic3, a member of the
zinc finger protein family, is critical for right–left differentiation. Zic3 null mice showed
early gastrulation defects, with axial patterning defects and NTDs [69]. Interestingly,
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Zic3 is also an important regulator of proneural genes in zebrafish embryos, like ngn1
and neurod1 [70]. Further, due to their zinc-chelating activity, DTG and other INSTIs like
bictegravir and cabotegravir have been shown to inhibit the enzymatic activity of the matrix
metalloproteinase MMP-2 and MMP9 that play a crucial role in many neurodevelopmental
processes, suggesting a further potential mechanism by which DTG could affect fetal neural
development [14,18]. Of note, maternal zinc deficiency during pregnancy and lactation
can affect learning and memory of offspring, probably through the modulation of proteins
involved in DNA methylation and then in epigenetic control of genes related to cognitive
functions [71]. Then, the chelating activity of DTG might be an important mechanism
through which the drug could exert its neurodevelopmental and neurological effects.

DTG-fetal defects under folate-deficient conditions are not limited to NTDs. Mohan
and colleagues [12] also described other fetal defects in mice including facial dysmorphol-
ogy, severe left–right asymmetry phenotypes, abdominal wall and limb defects, bleeding
and severe edema. Some of those defects may be explained by the altered expression
profiles of developmental regulator genes involved in embryonic patterning and early dif-
ferentiation induced by DTG exposure independent of FA deficiency, as recently suggested
in in vitro studies [35,72]. Further, notochord is essential for the neural and endodermal
patterning of, e.g., the intestine, liver and lungs, and in vertebrates, signaling molecules
such as the hedgehog proteins secreted by the notochord play key roles in the differentia-
tion and growth of the surrounding tissues [73,74]. Then, the effect of DTG exposure on
notochord formation that we and others observed may reflect further embryonic defects,
independent of NTDs.

Our study in zebrafish embryos has several advantages. First, zebrafish embryo
itself, as a model of neurodevelopmental disorders and neurotoxicity, has the important
advantages of external and fast development and of its transparency, making its CNS
easily visible and accessible to morphological and molecular studies. Second, our study
has the advantage of having observed anatomical defects, gene expression modulation
and locomotor impairments caused by DTG and the effect of FA supplementation in a
chronological way, studying every crucial step of neurodevelopment from the first phases
of neurogenesis up to the complete development of mature swimming ability. Third, in
this study, we have observed the effects of DTG only, without the possible confounding
effects of further antiviral drugs. Fourth, here, we have described for the first time the
effects of DTG exposure in embryos on locomotor activity and on the development of
the dopaminergic system and dopaminergic projections and their impact on locomotor
behavior development. Taken together, our findings then further support previous evidence
that DTG can interfere with FA pathways, but also provide new insights regarding the
mechanisms involved in the increased risk of DTG-associated fetal neurodevelopmental
defects and adverse neurologic outcomes in children exposed in utero to DTG, suggesting
the dopaminergic system as involved [8,10–12,14,18,25–28]. This study has also several
limitations. First of all is the use of a non-mammalian model that shares with mammals
many similarities in brain development, morphology, structure and function but also
some diversities. Secondly, for most experiments, we supplemented embryos with FA at
10 hpf, that is 6 h after DTG exposure, considering that both pre- and post-supplementation
resulted in no gross morphological defects, particularly in the brain, and produced no
embryos with a severe phenotype in both cases; that this moment, the end of gastrulation,
precedes neurogenesis [17,18]; and finally that the end of gastrulation corresponds to the
end of the 3rd week of gestation in humans, approximately the moment a woman notices
that she is pregnant. A consequence of this choice is possibly the non-complete rescue of
some defects induced by DTG exposure. Considering that in many cases FA is usually
given to women at the time they realize that they are pregnant (corresponding to about
the end of the 3rd week of gestation in humans and about 10 hpf in zebrafish embryos),
our observations however further highlight the importance of FA supplementation in all
women of child-bearing age under DTG therapy, even in FA-sufficient conditions.
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4. Materials and Methods
4.1. Ethics Statement

All experiments took place at the Zebrafish Facility, Department of Molecular and
Translational Medicine, University of Brescia, Italy. All experiments were conducted in
accordance with the Italian and European regulations on animal care and the standard rules
defined by the Local Committee for Animal Health (Organismo per il Benessere Animale)
and authorized by the Italian Ministry of Health (Authorization Number 585/2018).

4.2. Fish Maintenance and Collection of Eggs

Zebrafish embryos were obtained, as described below, by mating the AB wild-type
line for all experiments, with the exception of those experiments described in Section 4.6,
for which we used the transgenic line Tg(ngn1:EGFP). In the transgenic line, the zebrafish
neural specific basic helix-loop-helix (bHLH) transcription factor neurogenin 1 (ngn1) pro-
moter drives the expression of EGFP. ngn1 is expressed in neuronal precursors at the very
onset of neurogenesis in the zebrafish neural plate prior to neural lineage determination,
and it is crucial for cellular differentiation in primary neurons that control embryo motility,
dopaminergic neuron progenitors of the forebrain and progenitors of sensory neurons of
the dorsal root ganglia [52]. Fish were bred in a recirculating aquaculture system (Techni-
plast ZebTEC, Buguggiate, Italy) in fish water (0.1 g/L Instant Ocean Sea Salts, 0.1 g/L
sodium bicarbonate, 0.19 g/L calcium sulfate) at 28.5 ◦C in a 14 h light and 10 h dark
daily cycle, essentially as previously described [75]. The fish were fed three times per
day with dry granular feed (GEMMA Micro Skretting, Tooele, UT, USA) and one time
per day with fresh Artemia. Adult male and female fish were mated in the breeding box
overnight. Freshly spawned eggs were collected the next morning, washed and maintained
at 28 ◦C in Petri dishes containing fresh fish water until 2 h post fertilization (hpf) (nearby
the start of blastula stage, 2 and 1/4 hpf), 4 hpf (during the blastula stage), 6 hpf (nearby
the onset of gastrulation, 5 and 1/4 hpf) or 10 hpf (the end of gastrulation), depending
on the different experiments. Embryo staging was done as described by Kimmel and
colleagues [76]. Embryos were finally exposed to the drugs at the indicated times for each
experiment. The experimental exposure and analysis timelines are described below and
summarized in Figure 1.

4.3. Drug Exposure of Embryos

A 1 mM (441 µg/mL) stock solution of DTG was first prepared by dissolving the drug
(dolutegravir sodium, TA9491598175, Sigma-Aldrich, Saint Louis, MO, USA) in distilled
water plus dimethyl sulfoxide (DMSO, 10% final concentration) (Sigma-Aldrich). This stock
solution was used in our first pilot experiments to freshly prepare final exposure solutions
for each tested concentration (obtained by serial dilutions of the stock in fish water). Since
we noticed that DTG was not completely soluble in distilled water plus 10% DMSO and
sometimes a visible particulate was evident, we sonicated the stock solution (two brief
cycles of sonication, 15 s each) to obtain a clear solution with no visible particulate. We
stored the 1 mM stock solution at 4 ◦C and sonicated it as above before each experiment,
when a particulate was visible. No particulate was evident after serial dilutions of the stock
in fish water (DTG sodium salt, water solubility 269 µg/mL) [77]. Nonetheless, to avoid
the sonication step, in all the here-described experiments, we preferred to use a 10 mM
(4.41 mg/mL) stock solution of DTG directly dissolved in 100% DMSO (no particulate was
visible) and diluted this stock in fish water at the tested concentrations. A 60 µg/mL stock
solution of folic acid (FA) (folic acid F8758, Sigma-Aldrich) was prepared by dissolving
the drug in distilled water. All exposure solutions were freshly prepared for each tested
concentration by serial dilutions of the stock 10 mM DTG or/and 60 µg/mL FA solutions
in fish water. As the negative control and for 1 and 10 µM DTG exposure solutions, we
chose to use fish water with 0.1% final DMSO concentration in all described experiments,
although the 15 and 20 µM DTG final exposure concentration solutions used for experiments
evaluating survival rates and gross morphological effects contained more than 0.1% final
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DMSO concentration (precisely 0.15% and 0.2% final DMSO concentrations, respectively).
We chose the 0.1% DMSO concentration for the negative control and for 1 and 10 µM
DTG solutions, since further more impactful experiments described in Sections 2.2–2.5 of
the Results section on neurodevelopmental and behavioral effects of DTG exposure were
performed only with the 1 µM DTG concentration (where the 0.1% DMSO was used for
both DTG-exposed and control groups) and because DMSO concentrations up to 1% are
described to be safe when used in the zebrafish embryo developmental toxicity assay and up
to 0.55% do not impact larval behavior [78,79]. Alive embryos at different stages, according
to each described experiment, were dechorionated to maximize the drug uptake (with the
exception of embryos used for hatching rate evaluation), transferred to glass Petri dishes
and exposed to DTG at the selected concentrations in the 1–20 µM range (1–10–15–20 µM)
by the classic static immersion method [80], from 4 hpf or from 6 hpf and up to 16, 24, 40,
48, 72 or 144 hpf, depending on the different type of further analyses (Figure 1). The DTG
concentration range was chosen considering the established human Cmin-Cmax interval for
DTG (3–10 µM) [10] and that, in our previous experiments, the exposure of embryos above
a 2× concentration of the human Cmax (i.e., above 20 µM) resulted in such effects on embryo
morphology and embryo survival that were too severe to allow further morphological
and molecular analyses. Initial experiments (survival and morphology experiments) were
conducted with all DTG concentrations; for further experiments, only the lowest 1 µM DTG
concentration was chosen. DTG exposure start time (4 or 6 hpf) was chosen on the basis
of previous observations [10]; exposure start time at 72 hpf was used only for comparison
analysis of locomotor behavior (see below and Figure 1). For experiments with FA, we
used the supplementation concentration of 60 ng/mL, as previously described by Cabrera
and colleagues [10]. In distinct experiments, FA was supplemented before DTG treatment
(2 hpf) or after DTG treatment (10 hpf) to differently evaluate its effect in preventing or
rescuing DTG exposure effects, respectively. In further experiments designed to further
investigate larvae behavior after DTG exposure, FA was added as above at the 10 hpf stage
and then DTG was added at 72 hpf (see experimental exposure and analysis timelines in
Figure 1). As negative control, for all experiments, embryos were exposed to 0.1% DMSO
in fish water (expected mortality rate < 10%) [81,82].

4.4. Evaluation of Mortality and Gross Developmental Morphology

Drug-induced mortality and embryotoxicity were evaluated by the Fish Embryo
Toxicity test (FET), essentially as previously described [80,82,83]. Survival rate at 48 hpf
was recorded after DTG exposure (1–10–15–20 µM) at 6 hpf. Survival rate at 48 hpf was
recorded after DTG exposure (1–10–15–20 µM) at 4 hpf. Further experiments evaluated
survival rate at 144 hpf after 1 µM DTG exposure at 4 hpf. For experiments with FA added
before 1 µM DTG exposure, i.e., 2 hpf, or after 1 µM DTG exposure, i.e., at 10 hpf, survival
rate was also evaluated at 48 and 144 hpf. Dose–response graphs were plotted for all
experiments. Morphological observations after DTG exposure at 6 hpf were performed
for all tested concentrations at 48 hpf. For morphology analyses after DTG exposure at
4 hpf, we chose only the 1 µM concentration, since phenotypic alterations were already
evident at that concentration. In this case, morphology was evaluated at both 24 and
48 hpf. For experiments with FA added before 1 µM DTG exposure, i.e., 2 hpf, or after
1 µM DTG exposure, i.e., at 10 hpf, morphology was evaluated at both 24 and 48 hpf,
like above, and further at 144 hpf. In all experiments, morphology was carefully evalu-
ated by visual inspection from head to tail of embryos, anesthetized with 0.4% Tricaine
(Sigma-Aldrich). For analyses, microscope direct visualization was employed with a Zeiss
Axiozoom V13 microscope (Carl Zeiss AG, Oberkochen, Germany), equipped with PlanNe-
oFluar Z 1×/0.25 FWD 56 mm lens, and images were analyzed with Zen 3.5 software Blue
version (Carl Zeiss AG) (magnification 20×). As developmental indicators, we considered
gross morphological changes like alterations in the head regions (particularly main brain
areas like forebrain, midbrain, hindbrain, ventricle regions, midbrain–hindbrain boundary
length and eye diameter), tail morphology, maintenance of a correct anterior–posterior
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(AP) axis or its deformation and normal growth or growth delay (body length). Body
length, eye diameter and midbrain–hindbrain boundary length measurements for control
and 1 µM DTG-exposed embryos were performed on digital images using the ImageJ
Fiji software (https://imagej.nih.gov/ij/, accessed on 13 February 2024), as previously
described [75] and considering 10 embryos for each experimental condition and for each
of three experiments (a total of 30 embryos). The phenotype of the embryos after drug
exposure at the blastula stage was then classified as normal, mild or severe, based on the
abnormality of the developmental morphological endpoints that are described in Table 1.
Embryos were defined with a mild or a severe morphological phenotype in comparison
with normal untreated embryos when harboring at least one of the developmental defects
described in Table 1. Percentages of malformed larvae with a mild or severe phenotype
after drug exposure at the blastula stage were recorded at 24 and 48 hpf for the lowest
1 µM DTG concentration. Body length, eye diameter and midbrain–hindbrain boundary
length measurements were further performed on digital images as above for experiments
also with FA supplementation (pre- and post-exposure), considering again 10 embryos
for each experimental condition and for each of three experiments (a total of 30 embryos).
Each experiment for the evaluation of both mortality and gross developmental morphology
was repeated at least three times for both the control and the treated groups, with at least
30 embryos for each group and each experiment.

4.5. Whole-Mount In Situ Hybridization (WISH)

All experiments were performed with embryos treated with DTG 1 µM, with or with-
out FA supplementation at 10 hpf. Digoxigenin (DIG)-labelled antisense RNA probes for
no tail (ntl), paired box 2a (pax2a), neurogenin1 (ngn1) and neuronal differentiation 1 (neurod1)
genes were prepared by in vitro transcribed linearized cDNA clones with T7 and SP6
polymerase using DIG Labeling Mix (Roche, Basel, Switzerland), essentially as previously
described [80]. Whole-mount in situ hybridization (WISH) experiments were performed
according to standard methods, as previously described [80]. Briefly, treated embryos, at dif-
ferent developmental stages (hpf) depending on each gene expression evaluation (Figure 1),
were fixed overnight in 4% (v/v) paraformaldehyde (Sigma-Aldrich) at 4 ◦C, dehydrated
through an ascending methanol (Sigma-Aldrich) series and stored at −20 ◦C. After perme-
abilization with 10 µg/mL proteinase K (Roche), embryos were hybridized overnight at
68 ◦C with DIG-labelled antisense RNA probes (400 ng). After repeated washes at high strin-
gent temperature with saline-sodium citrate buffer (SSC) 2×/phosphate-buffered saline
(PBS) 1× and SSC 0·2×/PBS 1×, embryos were incubated with anti-DIG antibody (1:10,000)
conjugated with alkaline phosphatase (Roche) overnight at 4 ◦C. Staining was performed
with nitro blue tetrazolium (NBT)/5-bromo-4-chloro-3-indolyl-phosphate (BCIP) (Roche)
alkaline phosphatase substrates, according to the manufacturer’s instructions. Embryos
were mounted in agarose-coated dishes, and WISH images were taken with a Leica MZ16F
stereomicroscope equipped with DFC 480 digital camera and LAS Leica Imaging software
(Version 5.1.0 Leica Microsystems, Wetzlar, Germany) at 20× magnification. Each WISH
experiment was repeated three times for both the control and the treated embryos, with
20 embryos for each group and each experiment.

4.6. Image Analysis of Neurogenin 1 (ngn1) Expression with Tg(ngn1:EGFP) Line

Experiments were performed with embryos treated with DTG 1 µM, with or without
FA supplementation at 10 hpf, or fish water plus 0.1% DMSO as the control. ngn1 expression
was visualized in live transgenic Tg(ngn1:EGFP) embryos at 40 hpf. While ngn1 expression
by WISH was evaluated at 24 hpf since the transcription factor is mainly and transiently
expressed as mRNA at this developmental stage, we choose to examine transgenic embryos
16 h late, since (ngn1 promoter driven-)-EGFP signal is more stable than ngn1 signal and
due to the physiological delay between transcription and translation. Further, in zebrafish,
motor neurons start forming at 34 hpf, while complete motor neuron projections are visible
at 40 hpf. At 40 hpf, embryos were anesthetized with 0.4% Tricaine and mounted in 1% low

https://imagej.nih.gov/ij/
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melting agarose gel. Fluorescent images were acquired for the control and treated groups.
The images were taken in lateral and dorsal position at 20× magnification with Zeiss
Axiozoom V13 fluorescence microscope (Carl Zeiss AG), equipped with PlanNeoFluar Z
1×/0.25 FWD 56 mm lens and processed with Zen 3.5 Blue version (Carl Zeiss AG). Spinal
cord neurons and spinal motor neuron projections were visualized at 40× magnification.
Each experiment was repeated three times for both the control and the treated embryos,
with 25 embryos for each group and each experiment. Measurements for the midbrain size
(width), cranial ganglia distance (right-to-left cranial ganglia) and anterior hindbrain size
(width) were analyzed on dorsal view images using ImageJ Fiji software, in three distinct
experiments and in 10 embryos per treatment.

4.7. Hatching Rate

For hatching rate determination, non-dechorionated eggs were used and treated as
above, always considering the 1 µM DTG concentration at 4 hpf, with or without FA
supplementation at 10 hpf, or fish water plus 0.1% DMSO as the control. Hatching rate
was recorded at 72 hpf and plotted as the percentage of hatched larvae. Each hatching rate
experiment was repeated three times for both the control and the treated embryos, with
25 embryos for each group and each experiment.

4.8. Behavior Assessment by the Light–Dark Locomotion and Touch-Evoked Tests

Embryos were exposed at the blastula stage (4 hpf) to 1 µM DTG, with or without
60 ng/mL FA at 10 hpf, or fish water plus 0.1% DMSO as the control, until 144 hpf. In further
experiments, embryos were exposed at 72 hpf to 1 µM DTG, previously supplemented with
60 ng/mL FA at 10 hpf or not supplemented, or fish water plus 0.1% DMSO as the control,
until 144 hpf. The light–dark locomotion test was performed essentially as previously
described [80]. Briefly, for each treatment, 12 alive larvae at 144 hpf were collected in a
96-square well plate with one larva per well in a volume of 200 µL. The 96-square well plate
was then put in the observation chamber of the Danio Vision Noldus system holder (Noldus,
Wageningen, The Netherlands), in an isolated noise-free room. Larvae were allowed to
adapt for 30 min before video recording. The system was then set up to track movements
(moved distance in 2 min time bins) for 2 h during 6 cycles of alternating light and dark
10 min periods. Data were analyzed using the Noldus Ethovision software (Version XT 13.0).
Movements were reported as total distance (cm) travelled by the larvae and speed as mm/s,
calculated under both light and dark stimuli. Each light–dark locomotion experiment
was repeated three times for both the control and the treated embryos, with 12 embryos
for each group and each experiment. For the touch-evoked test, embryos were treated
as above (DTG 1 µM at 4 hpf with or without 60 ng/mL FA at 10 hpf, or fish water plus
0.1% DMSO as the control) until 72 hpf. At this stage, 20 embryos for each treatment and
each of three experiments were subjected to the touch-evoked test. Briefly, embryos were
transferred into Petri dishes containing the respective test solutions. A motility wheel
consisting of two concentric circles of increasing diameter (20 mm and >20 mm) was placed
under the microscope and centered at the bottom of the Petri dish. Each embryo was
placed at the center of the Petri dish and the tail was gently touched with a smooth pipette
tip. Touch response was observed and categorized as follows: (1) embryos that did not
move; (2) embryos that swam < 20 mm; and (3) embryos that crossed the inner circle and
swam > 20 mm. Percentages of each category for each treatment were calculated.

4.9. Tyrosine Hydroxylase Immunofluorescence Experiments

Experiments were performed with embryos treated with DTG 1 µM, with or without
FA supplementation at 10 hpf, or fish water plus 0.1% DMSO as the control. For tyro-
sine hydroxylase (TH) immunofluorescence, 48 hpf embryos were fixed in in 4% (v/v)
paraformaldehyde for two hours at room temperature, then rinsed twice in PBS for 1 h.
Embryos were permeabilized in 10% methanol (Sigma-Aldrich) in PBS for 1 h under gentle
agitation. Non-specific binding was blocked overnight in 10% Normal Sheep Serum (NSS)
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(Sigma-Aldrich), 1% bovine serum albumin (BSA) (Sigma-Aldrich) in PBS1×/0.3%Triton
X-100 (Sigma-Aldrich). Embryos were then incubated for 72 h with rabbit anti-TH (1:200,
ab152, Merck Millipore, Burlington, MA, USA) primary antibody in the blocking solution
at 4 ◦C. After three washes in PBS 1× for 1 h, samples were incubated with the anti-rabbit
Cy3 (1:100, 111-165-144, Jackson Immunoresearch, Cambridge, UK) secondary antibody
diluted in 10% NSS, 1% BSA in PBS 1× for 40 h at 4 ◦C and then rinsed several times in
PBS 1×. TH-stained embryos were visualized using Zeiss Axio Observer microscope (Carl
Zeiss AG) (magnification 20×) and analyzed using Zen 3.5 (blue Version) software (Carl
Zeiss AG). Each experiment was repeated three times for both the control and the treated
embryos, with 20 embryos for each group and each experiment. A defined area (white box)
was analyzed to count the number of TH+ neurons, using Zen 3.5 (blue Version) software
(Carl Zeiss AG). Count was performed on all embryos.

4.10. Statistical Analysis

All graphs were plotted and analyzed using GraphPad Prism 8 (GraphPad Software).
Significance was analyzed by the 1-way ANOVA test with post hoc Tukey’s multiple com-
parison test. In all cases, p-values less than 0.05 were considered as statistically significant
(* p < 0.05; ** p < 0.005; *** p < 0.001; **** p < 0.0001).

5. Conclusions

In conclusion, given our findings, we further emphasize the need for monitoring FA
levels in women on DTG therapy, considering FA supplementation especially in women
of child-bearing age. Moreover, we raise the need for assessing the potential long-term
impacts of DTG in children exposed during pregnancy, focusing on both cognitive and
motorial activities, particularly when born to mothers without FA dietary supplementation.
Studying DTG neurotoxicity in in vitro and in vivo animal models may help to understand
the mechanisms involved and comprehend long-term effects observed in adult patients.
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