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Abstract
Zika virus (ZIKV) is a teratogen that causes congenital anomalies, being linked to microcephaly in children exposed during 
pregnancy. Animal studies have been conducted to investigate the molecular mechanisms related to ZIKV teratogenesis. 
Although animal models can mimic the effects of ZIKV in human embryo development, few in vivo studies have addressed 
molecular changes following ZIKV infection in embryos. Moreover, few literature reviews have been conducted with these 
studies. The aim of this systematic review is to evaluate the molecular mechanisms of ZIKV teratogenesis determined from 
studies in animal models. PubMed/MEDLINE, EMBASE, Web of Science, and Scopus as well as grey literature were 
searched for studies that evaluated molecular alterations related to ZIKV teratogenesis which occurred during embryonic 
development. Nine studies were included: six with mice, one with mice and guinea pigs, one with pigs and one with chickens. 
In general, studies presented an unclear or high risk of bias for methodological criteria. Most of studies reported embryos 
exposed to ZIKV presenting microcephaly, reduced cortex thickness, and growth restriction. Different techniques were used to 
evaluated molecular changes in the animals following ZIKV infection: RNA sequencing, RT-qPCR, and in situ hybridization. 
It was found that common pathways are changed in most studies, being pathways related to immune response upregulated 
and those involved to neurodevelopment downregulated.

Keywords Zika virus infection · Congenital Zika syndrome · Congenital abnormalities · Gene expression · Molecular 
techniques · Molecular pathway · Nervous system development · Embryo

Introduction

Zika virus (ZIKV) was first isolated from Rhesus monkeys 
in the Zika Forest (Uganda) in 1947 and the first cases of 
human infection were reported in Nigeria in 1954 [1, 2]. The 

first major ZIKV outbreak was documented on Yap Island, 
Micronesia in 2007, followed by outbreaks in French Poly-
nesia (2013) and Brazil (2015) [3–6]. Since then, ZIKV has 
spread throughout the Americas [7, 8]. Although the number 
of new cases has declined in the past few years, the persis-
tent ZIKV transmission is still a risk for pregnant women. 
In addition, the vector Aedes aegypti adaptation to different 

Julia A. Gomes, Gabriela E. Wachholz and Juliano A. Boquett 
contributed equally to this work and share first authorship.

 * Lucas R. Fraga 
 lrfraga@ufrgs.br

1 Teratology Information Service, Medical Genetics 
Service, Hospital de Clínicas de Porto Alegre, 
Porto Alegre 90035-903, Brazil

2 Laboratory of Genomic Medicine, Experimental 
Research Center, Hospital de Clínicas de Porto Alegre, 
Porto Alegre 90035-903, Brazil

3 Angiogenesis Laboratory, Department of Medical Oncology, 
Cancer Center Amsterdam, VU University Medical Center, 
Amsterdam, The Netherlands

4 Postgraduate Program in Genetics and Molecular Biology, 
Department of Genetics, Biosciences Institute, Universidade 
Federal Do Rio Grande Do Sul, Porto Alegre, Brazil

5 Postgraduate Program in Child and Adolescent Health, 
Faculty of Medicine, Universidade Federal Do Rio Grande 
Do Sul, Porto Alegre, Brazil

6 Postgraduate Program in Medicine: Medical Sciences, 
Universidade Federal Do Rio Grande Do Sul, 
Porto Alegre 90035-003, Brazil

7 Department of Morphological Sciences, Institute of Health 
Sciences, Universidade Federal Do Rio Grande Do Sul, 
Porto Alegre 90050-170, Brazil

http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-022-03046-4&domain=pdf


 Molecular Neurobiology

1 3

environments mostly related to the global warming can also 
represent a risk for possible new future outbreaks [9–12].

ZIKV is a teratogenic agent, and the infection during 
pregnancy can lead to a set of abnormalities in the exposed 
embryo or fetus. This set of abnormalities are mainly related 
to the impairment of central nervous system development 
and is named congenital Zika syndrome (CZS) [13, 14]. Two 
different linages of ZIKV are known, an Asian and an Afri-
can [15]. The Asian lineage is the one related to the occur-
rence of CZS in humans [16]. The African lineage, on the 
other hand, has been showed, until the moment, to be related 
to congenital anomalies in experimental models [12, 17].

Although many studies have investigated how ZIKV 
leads to teratogenic outcomes, little is known about the 
precise molecular mechanisms related to CZS. To this end, 
several in vitro and in vivo studies have been conducted to 
investigate the teratogenic mechanisms of ZIKV [18–23]. 
The main molecular approaches of these studies include 
genomic, transcriptomic, and epigenomic evaluations after 
ZIKV infection [18–23]. Such methodologies seek to iden-
tify molecular targets and pathways related to ZIKV infec-
tion and teratogenesis.

Studies in animal models are important for developing 
hypotheses and strategies for both prevention of adverse 
outcomes related to ZIKV infection and health care for the 
damages that it causes in the individuals. Furthermore, ani-
mal models can well represent human infection, since sev-
eral cell types are exposed and affected by the virus at the 
same time during the infection. However, to a lesser extent, 
in vivo studies have been used to investigate the molecular 
mechanisms of ZIKV teratogenesis [20, 24, 25].

To date, there have been few literature reviews of in-
depth studies involving molecular methodologies to inves-
tigate ZIKV infection and teratogenesis, especially regard-
ing in vivo studies. To evaluate the quality of these studies 
as well as to combine and compare them are essential to 
identify the main biological pathways related to ZIKV tera-
togenesis and other pathways that have yet to be investigated. 
Therefore, this systematic review evaluated and compared 
the main findings on molecular mechanisms of ZIKV tera-
togenesis in animal studies.

Methods

Protocol for This Systematic Review and Ethical 
Aspects

The protocol for this systematic review was developed by 
members of the Reproductive and Developmental Biology 
Laboratory. The study protocol followed SYRCLE (Sys-
tematic Review Center for Laboratory Animal Experimen-
tation) [26] recommendations. In addition, the protocol 

was registered with the International Prospective Registry 
of Systematic Reviews (PROSPERO) under registration 
ID CRD42019157316 [27] and published on Systematic 
Reviews [28].

Since the data analyzed in this review did not include 
patient data and no animal interventions were performed, 
ethical approval was not required. Nevertheless, it was reg-
istered with and approved by the Research and Ethics Com-
mittee of the Hospital de Clínicas de Porto Alegre (CAAE 
23.337.119.6.0000.5327).

Research Question and PICO

This systematic review was based on the following research 
question: “What are the molecular mechanisms involved in 
teratogenesis of the Zika virus proposed in studies with ani-
mal models?”. Based on this research question, the study’s 
PICO (Population, Intervention, Comparison and Outcome) 
was established. The disease/health problem of interest was 
the CZS; the population/species studied were animal mod-
els with CZS, including all species previously studied in 
different types of biomedical and biological experimental 
studies; the intervention/exposure was exposure to ZIKV 
during embryonic/fetal development; and the control popula-
tion was a group of animals in the same study that underwent 
the same conditions as treated/exposed animals but without 
exposure to ZIKV or other viruses. Outcomes related to 
morphological and molecular analysis were assessed.

Search Strategy

Electronic searches were performed in the PubMed/MED-
LINE, EMBASE, Web of Science, and Scopus, and in the 
grey literature, through the following sources: bioRxiv, 
OpenGrey, and PQDT Open. The search strategy included 
terms related to (1) animal models, including several spe-
cies used in biomedical studies, (2) ZIKV, and (3) human 
congenital anomalies described in CZS. The complete list 
of the search terms used for each database is available on 
[28]. The list of search terms was developed by all the mem-
bers of the research group after consultation with a librar-
ian at the Universidade Federal do Rio Grande do Sul, in 
Brazil, who has extensive experience in search strategies 
for systematic reviews. The search terms for animals were 
obtained from search filters developed by SYRCLE [29]. To 
achieve the broadest possible search for any study that has 
evaluated molecular changes (gene expression, proteomics, 
methylation pattern changes, or any other change in pattern 
structure or quantity of cellular macromolecules) caused by 
embryonic/fetal ZIKV exposure, we did not include search 
terms related to this outcome. The reference lists of available 
literature reviews were also searched for primary research 



Molecular Neurobiology 

1 3

articles not identified in the database search. There were no 
language or publication date restrictions.

Study Selection

Studies were screened for eligibility in two phases. In the 
first phase (screening), two independent reviewers screened 
the titles and abstracts of the studies. In case of uncertainties 
in this screening phase, the full manuscript was always eval-
uated. The second phase (full-text evaluation) consisted of 
full text evaluation of the studies selected in the first phase. 
In both screening phases, when discrepancies occurred 
between the two reviewers, a third reviewer was consulted. 
In addition, evaluation of agreement between reviewers was 
tested by using Cohen’s kappa coefficient test in SPSS v.20.0 
software (SPSS Inc., Chicago, USA).

Studies were included if they evaluated at least one mor-
phological parameter (anatomical, histological, etc.). Stud-
ies also had to show teratogenic effects of ZIKV (embry-
onic death, morphological alterations, etc.) in the group 
of embryos/fetuses exposed to ZIKV with a significantly 
higher prevalence than in mock control. Finally, all studies 
had to evaluate at least one molecular parameter in ZIKV-
exposed animals and their controls (e.g., gene expression, 
protein expression, gene methylation). Conference abstracts 
were also included, and in the case of selection for posterior 
screening, the authors were contacted to obtain more data 
or the full manuscripts.

Review articles, editorials, case reports, human studies, 
studies performed exclusively in vitro, studies on vaccine 
development, studies lacking methodological information, 
and studies that do not fall into the PICO of this systematic 
review were excluded. Considering that we aimed to analyze 
molecular changes upon embryonic exposure to ZIKV, we 
did not include studies in which these analyses were per-
formed postnatally. The absence of a proper and complete 
methodology description was also an exclusion criterion; 
hence, studies that did not describe the viral dosage or devel-
opmental period of exposure were excluded.

Data Extraction and Quality Assessment

Data extraction was also performed by two independent 
reviewers, and disagreements were resolved by consul-
tation with a third reviewer. The authors of the selected 
studies were contacted when data were missing or unclear. 
The following data were extracted from each study: study 
ID (information of first author, title, DOI and year of pub-
lication), methodology (including type of study, sample 
size of each experimental group, animal housing, follow-
up period, developmental age at which the animals were 
inoculated, the methods and techniques for outcome 
assessment and the guideline utilized by the study), animal 

model characteristics (species, lineage, age and genetic 
modification factors), intervention characteristics of virus 
application, virus dosage and period of exposure (method 
of ZIKV infection), and morphological and molecular 
findings (exposed animals compared to controls). Two 
outcome measures were assessed: morphological findings 
and molecular changes following ZIKV exposure. Data 
from different studies were described and compared when 
appropriate.

To evaluate the quality of the selected studies, a 
10-point scoring system was applied that allowed assess-
ment of the methodology and publication aspects. Scor-
ing followed the SYRCLE Risk of Bias tool for animal 
intervention studies [29], which includes random sequence 
allocation, baseline characteristics, allocation conceal-
ment, random housing, blinding during the intervention, 
random outcome assessment, blinding during the outcome 
evaluation, incomplete outcome data, and selective out-
come reporting. Three points considered important by 
the authors of this systematic review were also included: 
whether the publication had been peer-reviewed, report-
ing of sample size calculation, and reporting on the use of 
guidelines for the study’s planning, execution, and publi-
cation. The risk of bias was also evaluated by two inde-
pendent reviewers; when discrepancies occurred, a third 
reviewer was also consulted.

Data Synthesis

A detailed description of each study was carried out, 
including general data, and morphological and molecular 
findings after ZIKV infection.

To summarize which post-exposure differentially 
expressed genes were shared between the studies that 
performed transcriptome analyses, Venn diagrams were 
produced using an online tool [30]. In this comparative 
analysis, it was considered, for each study, the list of genes 
described as having a statistically significant difference in 
gene expression before and after exposure to ZIKV. It is 
important to highlight each of these studies presented a 
single list of differentially expressed genes, but depending 
on the study they considered different p values as statisti-
cally significant, such as p < 0.05, or adjusted p < 0.05, 
or FDR (false discovery ratio) < 0.05. For this reason, we 
considered as differentially expressed genes in our com-
parative analysis only the genes described by the original 
authors of each study like that.

Finally, an enrichment analysis of gene ontologies was 
performed in R v.3.6.2, using the clusterProfiler package 
[31], to verify whether the differentially expressed genes 
shared between the studies were in common biological 
pathways.
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Results

In total, 3446 records, published until March 15, 2022, 
were obtained: 3252 from database searching (933 – Pub-
Med; 918 – EMBASE; 813 – Scopus; and 588 – Web of 
Science); 21 from grey literature; and 173 from other 
sources (e.g., reference list of important articles) (Fig. 1). 
After removing duplicate records (n = 1439), 2007 unique 
studies were eligible for title and abstract screening. From 
this initial screening, 1953 studies were excluded, leaving 
54 (2.6%) publications eligible for full-text assessment. 
Of these 54 studies, nine (16.7%) were selected for data 
extraction and were included in the qualitative synthe-
sis. The main reasons for exclusion during the full-text 
evaluation phases were the following: inadequate study 
design/outcome (e.g., lack of morphological or molecular 
evaluation or control group; n = 38), full text unavailable 
(n = 5), and publication type, such as correction (n = 1) 
or hypothesis (n = 1) studies (Supplementary Table 1). 
During title and abstract screening, the authors presented 
a slight agreement (K = 0.37), according to the Cohen's 
kappa coefficient test. During the screening of articles 
through full-text reading, the authors presented a substan-
tive agreement (K = 0.63).

Characteristics of the Included Studies

All the ten included studies were published between 2016 
and 2021 (Table 1) and used the following animal models: 
mice (n = 7), guinea pigs (1), pigs (n = 1), and chickens 
(n = 1). All studies involved experimental groups with 
ZIKV-infected animals and controls (mock infection). 
Westrich et al. used different viral inoculation doses to 
different experimental models, since the  IFNAR1−/− mice 
and the guinea pigs were infected with  105,  106, and  107 
PFU/mL of ZIKV and the immune-competent mice were 
infected only with the highest viral dose  (107 PFU/mL) 
[36]. Thawani et al. and Rathore et al., in addition to mock 
infection, included dengue virus (DENV) infection and 
animals injected with 4G2 [24, 35]. The developmen-
tal stage of virus infection, the viral inoculation dose, 
and the follow-up period varied widely among the stud-
ies (Table 1), even in studies on the same species. Only 
one study utilized an African ZIKV lineage to infect the 
animals [35]. Regarding the viral inoculation method, in 
all studies, the virus was injected into the embryo or the 
mother. However, in the embryo, the injections were to 
different developing organs (cerebroventricular cavity, 
lateral ventricles, or midbrain ventricles) or by different 

Fig. 1  Flow chart showing the 
search and screening strategy to 
identify publications eligible for 
investigating molecular mecha-
nism of ZIKV teratogenesis 
from animal studies
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routes (via intraperitoneal, intrauterine, intravaginal, or 
subcutaneous administration).

Regarding the animal lineage, mice studies used differ-
ent breeds (C57BL/6 J or 129S1/SvImJ, ICR, CD1, C57B6 
and FVB/NJ, C57Bl/6NTac, C57BL/6). Only Yockey et al., 
Rathore et al., and Westrich et al. used genetically modified 
animals [25, 35, 36]. Yockey et al. and Westrich et al. used 
IFN-α/β receptor (IFNAR)-deficient mice, which, according 
to Yockey et al., are highly susceptible to ZIKV infection, 
while Rathore et al. used  FcRN−/− animals to evaluate how 
FcRN contributes to fetal ZIKV infection in DENV-immune 
mice [25, 35, 36]. Li et al. provided no information about 
the breed they used [18]. With respect to the moment of 
ZIKV infection, seven studies considered embryonic devel-
opment days as a unit, while one used gestational day. The 
embryonic age at inoculation ranged from E5.5 to E14.5 
and GD4.5 (Table 1). The follow-up periods were similar 
in five studies, ranging from 2 to 5 days after viral infection 
[19, 25, 26, 34]. However, one study followed up the ani-
mals for 13 days, other for 58 days, and another performed 
the follow-up during three different days—1, 3, and 11 days 
after infection [24, 33, 36].

Alternative animal models were also investigated. Dar-
bellay et al. used Landrace pigs, applying ZIKV via intra-
peritoneal, intra-amniotic, or intracerebral injection at GD50 
[20]. In this study, different groups were exposed to different 
doses of ZIKV, and the post-infection follow-up was 28 days 
(Table 1). Furthermore, Thawani et al. used chicken (White 
Leghorn) embryos as an experimental model [24]. In this 
study, ZIKV infection occurred on day 2 of development 
(E2), the virus was inoculated through direct injection into 
the midbrain and the embryo development was followed-up 
for 3 days after infection. Westrich et al. also performed 
experiments using guinea pigs as experimental models in 
addition to mice, since they are also an immune-competent 
model [36].

Morphological Outcomes Due to ZIKV Infection 
During Development

The studies evaluated the morphological effects of ZIKV 
exposure during development in different ways (Table 2). 
Four studies evaluated the brain only, while the other six 
evaluated different organs such as placenta and the whole 
body. Different methods were utilized to evaluate the mor-
phological outcomes of ZIKV infection, including histo-
logical analysis of the brain (different staining techniques, 
such as Nissl, immunohistochemistry) and morphometric 
evaluation (e.g., embryo/fetus weight and size/length, brain 
vesicles and placenta morphology and weight, and analysis 
of computed tomography and magnetic resonance imag-
ing). Kaiboullina et al. and Westrich et al. only performed Ta
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anatomical evaluation (weighing fetuses and placentas) 
without further microscopy analyses [34, 36].

Studies carried out the morphological evaluation at differ-
ent stages of development, but only three of them analyzed 
morphological changes during the postnatal period [20, 32, 
33]. Shao et al. evaluated the newborn mice on postnatal 
days one and three, Darbellay et al. evaluated the newborn 
pigs on postnatal day one and 21, while Vermillion et al. 
performed the evaluation just after birth [20, 32, 33].

The mice model studies found similar morphological 
outcomes, including microcephaly, growth restriction and 
reduced cortical thickness [18, 25, 32, 33, 35]. The method 
of evaluating morphological outcomes was similar among 
these studies, including histological processing and morpho-
metric evaluation as described in Table 2.

The morphological evaluation differed in the studies with 
porcine and avian models [20, 24]. Darbellay et al. used 
computed tomography, magnetic resonance imaging and 
histological analyses to evaluate morphological outcomes 
on postnatal days one and twenty-one [20]. They found dif-
ferences between groups depending on the method of infec-
tion (Table 2), as well as neurological and developmental 
defects. Thawani et al. evaluated morphological outcomes 
by magnetic resonance imaging, morphometric measures, 
and histological processing on development days 5 and 9 
[24]. They found that embryos exposed to ZIKV had fewer 
encephalic vesicles than controls, which could be interpreted 
as indicative of microcephaly.

Molecular Alterations Following ZIKV Infection

All of the studies evaluated the molecular mechanisms of 
ZIKV teratogenesis by analyzing differential gene expres-
sion (DGE) in embryos infected with ZIKV and controls 
(Table 3). Four of them analyzed DGE in the brain with 
transcriptome assays [18, 20, 32, 35]. Other five analyzed 
gene expression changes in placentas and brains or fetal tis-
sue by real-time quantitative polymerase chain reaction (RT-
qPCR) [25, 33–36], and one analyzed mRNA quantity in the 
developing brains by in situ hybridization [31].

Studies involving transcriptome analysis used different 
statistical criteria to assess the DGE between groups. Li 
et al. considered genes differentially expressed those which 
presented a p-value < 0.05; Shao et al. considered those with 
a p-value < 0.05 and a logFC <  − 1.5 or > 1.5; and Darbellay 
et al. considered those with a corrected p-value < 0.05, after 
control for the false discovery ratio (FDR) (Supplementary 
Table 2).

Overall, the results of DGE indicated that ZIKV causes an 
overexpression of genes involved in immune response, inter-
feron production, antiviral response, and apoptosis pathways 
and causes reduced expression of microcephaly-associated, 

neurodevelopmental genes, and mitosis-associated genes 
(Table 3).

Studies that investigated the DGE through RT-qPCR or 
in situ hybridization evaluated previously selected targets 
(candidate gene approach) in placental, fetal brain, and fetal 
tissues. The genes investigated in these studies are involved 
in specific biological pathways: TAM receptors, interferon-
inducible genes, hypoxia response, inflammatory response, 
genes related to cortical neurogenesis, and brain-related 
morphogens. All investigated genes were upregulated after 
ZIKV infection except cortical neurogenesis and brain-
related morphogens, which were downregulated.

When all studies were compared, three genes (MX1, 
B2M, and C1QB) were differentially expressed in four of 
them, while thirty-four genes were differentially expressed 
in three studies (Supplementary Fig. 1). These genes are 
related especially to the antiviral response, such as MX1, 
and several are interferon-stimulated genes, such as STAT1, 
STAT2, and TLR3.

Studies that evaluated molecular alterations after ZIKV 
infection through transcriptome were compared in this 
review in order to describe whether there were genes and 
biological pathways similarly altered among them (Supple-
mentary Table 2 and Fig. 2A). This comparison was purely 
a description of the similarities and differences regarding 
the changes caused by ZIKV, as these studies showed many 
differences in terms of groups, model, age of incubation, 
age of harvesting, etc. (Supplementary Table 3). Therefore, 
due to the nature of the approaches and data of these stud-
ies, it would not be possible to perform a meta-analysis of 
the data provided.

From our descriptive comparison, it was identified that 23 
genes were found to be altered in all three studies (Fig. 2A). 
Enrichment analyses of gene ontologies related to these 
genes were performed and it was found that response to 
virus was the most common ontology related to them (n = 10 
genes; p < 0.001), as well as ontologies associated with the 
immune response (Fig. 2B; Supplementary Table 4).

Risk of Bias/Quality

The risk of bias assessment is shown in Fig. 3. The risk of 
bias was unclear in most of the studies due to insufficient 
information. None of the studies had a low risk of selec-
tion and performance bias, one had a high risk of bias for 
adequate randomization, and two had a high risk of bias 
for blinded interventions. Regarding the risk of detection 
bias, most of the studies showed an unclear (> 70%) risk 
of bias. One study reported using a randomization method 
for outcome evaluation and two studies reported researcher 
blinding methods in outcome evaluation. Four studies had a 
low risk of attrition bias (incomplete outcome data), while 
three had an unclear risk and two had a high risk. The risk of 
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Fig. 2  Genes with a differential 
gene expression, according to 
the authors, in the three studies 
that performed the transcrip-
tome analysis to assess the 
gene expression after ZIKV 
exposure (all upregulated). 
A Veen diagram highlighting 
the number of statistically sig-
nificant differentially expressed 
genes after ZIKV exposure, 
according to the authors of each 
study, shared between the three 
studies; B enrichment analyses 
of gene ontologies related to 
these differentially expressed 
genes shared in all studies that 
performed the transcriptome 
analysis

Fig. 3  Risk of bias of the stud-
ies included in this systematic 
review. The proportion of 
studies classified as having low 
(green), unclear (yellow) or 
high (red) risk of bias accord-
ing to different methodological 
variables
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reporting bias was low in six studies, unclear in one and high 
in others two. All studies were published in peer-reviewed 
journals. Seven studies did not describe the use of sample 
size calculation method and two stated that sample sizes 
were not estimated. Only two studies reported the guidelines 
used to conduct the animal experiments.

Discussion

ZIKV is a teratogen that affects the neurodevelopment of 
both humans and animals [15, 18, 37–39]. ZIKV is neuro-
tropic and, by infecting target cells, impairs central nerv-
ous system development [39, 40]. Several studies sought to 
determine the molecular pathways affected by ZIKV infec-
tion and how this impairment could lead to the phenotype 
observed in individuals with CZS [15, 19, 22–24, 41]. This 
systematic review evaluated and compared the results of 
studies that used animal models to investigate molecular 
mechanisms related to ZIKV teratogenesis.

Overall, the methodological quality of the studies 
included in this systematic review was low, since in most 
studies the methodology and/or reporting lacked sufficient 
information. This is common in animal studies in the bio-
medical field [42]. However, methodological quality and 
data reporting are extremely important, since the results of 
animal studies could be translated into clinical practice. This 
low quality could have impacted the results of the included 
studies, as well as this systematic review, and could have 
been improved by adhering to proper guidelines for studies 
involving animal models, such as ARRIVE [43]. The use of 
these guidelines is essential in light of the need to standard-
ize methodology and reporting.

The most common animal model evaluated in the 
included studies was mice and this could be explained by 
their easy handling, husbandry, and low cost compared to 
other mammals [44, 45]. On the other hand, rodents are not 
naturally susceptible to ZIKV infection [46], so there is an 
implicit risk of bias, since some strategy must be used to 
make the infection possible, including high doses of the 
virus, immunosuppressive drugs, or genetically modified 
animals [44, 45]. Only Yockey et al., Rathore et al., and 
Westrich et al. used genetically modified interferon receptor 
(IFNAR)-deficient mice, since type I interferons are essen-
tial for an antiviral response and host resistance against 
ZIKV [25, 35, 36, 47, 48] and animals with deficient inter-
feron signaling systems facilitate the ZIKV infection, since 
the deficiency makes them very susceptible [46, 49].

Teratogenic and morphological evaluation techniques 
varied widely among the studies, ranging from histologi-
cal approaches to morphometric and weight measures. Most 
studies evaluated brain tissue only, which is due to the fact 
that the organs most affected by exposure to ZIKV infection 

are in the nervous system [15, 19, 21, 32, 33, 35]. Kaiboul-
lina et al. and Westrich et al. evaluated fetal and placen-
tal weight measures only and did not perform histological 
analyses, which could be considered a study limitation [34, 
36]. Westrich et al. was the only study evaluating the skull 
area of the fetuses [36]. The main morphological outcomes 
of exposure to ZIKV during development were similar in the 
nine included studies [19, 21, 25, 26, 35, 34, 33, 32], ranging 
from microcephaly and growth restriction to reduced pla-
cental weight, which corroborates the phenotype observed 
in cases of CZS [14]. No differences in terms of placental 
and fetuses weight and fetuses skull area was identified by 
Westrich et al. [36].

Three studies evaluated morphological outcomes during 
the postnatal period [21, 32, 33]. The evaluation several days 
after birth is important because other phenotypes can be 
observed and described, such as cognitive alterations caused 
by exposure to ZIKV, which could only be identified during 
early life [50].

Regarding the molecular evaluations, in this systematic 
review, the most commonly investigated candidate genes 
were those related to the immune response pathways, espe-
cially associated with viral receptors, inflammatory response 
and interferon induction [25, 33, 34, 36]. Interestingly, 
studies with transcriptome approaches, when all genes are 
investigated a priori (i.e., without previous hypothesis), also 
found that genes related to immune response pathways were 
upregulated in animals exposed to ZIKV during develop-
ment, especially pathways involved in antiviral response, 
interferon-inducible genes, and production/response to 
cytokines genes [18, 20, 32]. In addition, transcriptome stud-
ies also found the apoptosis pathway upregulated by ZIKV 
infection [18, 33]. Although immune response is essential 
for defense against infections, an exacerbated inflammatory 
profile has been shown to be harmful in a developmental 
context, since it leads to cell death and impaired cell prolif-
eration and differentiation, which could result in neuronal 
cell division and, thus, impaired brain development [51, 52].

The immune response against ZIKV infection usually 
begins when the pathogen is recognized by cellular recep-
tors, such as Toll-like receptor 3 (TLR3) [53, 54]. In this 
systematic review, we found that TLR3 was upregulated by 
ZIKV infection in the three studies that performed transcrip-
tome analyses [18, 20, 32]. TLR3 acts by recognizing path-
ogen-associated molecular patterns and it is the most preva-
lent Toll-like receptor expressed in brain cells [55]. Genetic 
variants in TLR3 genes in mothers of children affected by the 
CZS have even been associated with higher susceptibility to 
ZIKV teratogenesis [56].

Following viral recognition and interferon production, a 
complex including STAT1, STAT2, and IRF9 is formed to 
activate interferon-inducible genes [46]. The STAT1, STAT2, 
and IRF9 were also upregulated genes in the same three 
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studies that performed transcriptome analyses [15, 19, 33]. 
STAT2 degradation by ZIKV has been shown to be induc-
ible in humans to suppress interferon signaling [45]. Thus, 
STAT2 may be considered a promising candidate for inves-
tigating the susceptibility to ZIKV teratogenesis in humans.

The activation of interferon-inducible genes is a later step 
in antiviral response, in which the proteins act to reduce 
viral replication and propagation actually begins [48]. Many 
interferon-inducible genes were found to be upregulated by 
ZIKV, both in the candidate gene and transcriptome stud-
ies included in this systematic review [18, 20, 25, 33, 57]. 
Regarding the function of these genes and their proteins, 
it should be pointed out the blocking virus entry (IFITM 
proteins), inhibition of viral protein translation (IFIT and 
OAS proteins), and induction of viral protein ubiquitina-
tion (ISG15, USP18, TRIM proteins) [58]. Interestingly, 
MX1 — an interferon-inducible gene — was upregulated in 
two candidate gene studies [33, 34] and exhibited a DGE in 
two studies that performed transcriptome analysis [18, 20]. 
Genetic variants that could impact the expression of this 
gene or its protein function have already been associated 
with the severity and progression of viral infections [58, 
59]. Likewise, increased expression of this gene in the brain 
during ZIKV infection could affect the progression of the 
infection and the severity of the disease and, therefore, it 
deserves further investigation.

Having considered the immune and antiviral response 
pathways, other important pathways and genes were investi-
gated by some studies. Thawani et al. and Rathore et al., who 
used a candidate gene approach, and Li et al., who used a 
transcriptome approach, showed that several genes involved 
in brain development had reduced expression during ZIKV 
infection [18, 24, 35]. Studies evaluating the gene expres-
sion, methylation, and proteomics have reported that genes 
and proteins related to brain development and neurological 
diseases or malformations are significantly reduced during 
ZIKV infection in the brain [21, 60, 61]. In many situations, 
due to genetic or environmental factors, including infectious 
agents, for example, the expression of genes and proteins 
that act on brain development may be reduced, leading to the 
development of a defective phenotype [62–65].

Yockey found an overexpression of genes related to the 
hypoxia pathway in the placentas of animals exposed to 
ZIKV [25]. It is known that viral infections, such as cytomeg-
alovirus, which is also a teratogenic virus that leads to micro-
cephaly, can change oxygen consumption and lead to cell 
hypoxia [66, 67]. Changes in brain development have already 
been associated with prenatal hypoxia [68]. Thus, given the 
effect of infections in this pathway, as well as their harmful 
role in development, further investigations are needed about 
the role of these genes in the context of ZIKV teratogenesis.

This systematic review has some limitations. First, 
compared to in vitro studies, relatively few studies have 

investigated the molecular mechanisms of ZIKV tera-
togenesis in animal models. Thus, it was not possible to 
perform a more robust comparison of the studies’ data. 
Regarding the investigated species by the studies, most of 
them investigated mice; pigs and chickens were evaluated 
in only one study each, while no study used non-human 
primates, which prevented better interspecies compari-
son. Considering the experiments and molecular results 
of the studies included in this review, a great variation 
in the methodology of their experiments (dose of expo-
sure to ZIKV, period of exposure, among other factors) 
and the statistical criteria for considering the results 
significant was noticed. Therefore, the comparison of 
such studies has become much more complex, and the 
consistency of the comparisons is limited. This brought 
some caveats to comparing common genes and pathways 
affected by ZIKV in these studies, which was one of 
the goals of the systematic review. Since a meta-analysis 
could not be conducted, we performed such comparison 
through a descriptive form, which gave us some interest-
ing clues on how ZIKV affects embryo development and 
leads to the observed malformations. Still, even though 
we could not run a more robust comparison, this system-
atic review evaluated and compared the main findings 
on molecular mechanisms related to ZIKV teratogenesis 
from animal studies. Finally, it was found that studies in 
animal models focused on differential gene expression 
due to ZIKV infection, in contrast to in vitro studies, 
which involved a variety of approaches, including meth-
ylation and proteomic analyses [21, 22, 61].

Despite these limitations, this systematic review 
was able to provide an overview of the main biological 
pathways that have been investigated and affected in the 
context of ZIKV infection and teratogenesis in animal 
models, as well as an assessment of the methodological 
quality of studies in this area. Future animal model stud-
ies should provide better reporting of methodological 
aspects and more standardized reporting of their results 
to increase their quality. Furthermore, other animal mod-
els and different molecular approaches, such as methyl-
ome and proteomics, should be addressed. Finally, other 
biological pathways can also be considered, since many 
studies have focused on pathways and genes related to the 
immune response, but few have focused on development, 
cell cycle and signaling.

ZIKV is a human and animal teratogen whose mecha-
nisms of action are poorly understood. Animal models are 
a very important source of information about how tera-
togenesis occurs in humans and how the effects of ZIKV 
exposure could be prevented or even treated. In this sys-
tematic review, ten studies that investigated the molecular 
mechanisms of ZIKV teratogenesis were described and 
compared. These studies found that the most commonly 
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upregulated genes were related to viral response pathways, 
especially interferon-inducible genes, while genes related 
to brain development were reported as downregulated. 
Since these pathways were investigated only through DGE, 
genomic and proteomic investigations could clarify their 
role and importance in ZIKV teratogenesis. Thus, it would 
be possible to better understand the molecular action 
mechanisms of the virus and recognize susceptibility fac-
tors to ZIKV teratogenesis, as well as targets for treating 
its teratogenic effects. On the other hand, investigating 
biological pathways that have not yet been addressed but 
are commonly affected in teratogenic processes would also 
seem to be of great relevance, since they might clarify the 
relationship between ZIKV infection and other biological 
and developmental processes in the embryo or fetus [69].
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