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Abstract. Background: Autism Spectrum Disorder (ASD) is a complex neurodevelopmental disorder with a 

strong genetic and environmental basis. It frequently causes social and communication deficits, as well as 

repetitive behaviors. Valproic acid (VPA) has been shown to induce autistic-like features in animal models when 

administered during critical development periods. However, not much is known about its effect in cells to 

replicate ASD characteristics in vitro. Objective: This review explores in vitro VPA models to elucidate the 

molecular and morphological characteristics of ASD, emphasizing their potential and proposing directions for 

future research. Methods: PubMed, SciELO, Embase, Web of Science, and Scopus databases were searched, and 

11 studies were included after screening. Results: The studies explored VPA's effects on various cell cultures, 

including human neural cell lines, primary adult neurons, and primary embryonic neurons. VPA was found to be 

neurotoxic in a dose- and time-dependent manner, with greater toxicity in immature and undifferentiated cells. In 

vitro, VPA can influence gene expression, increase oxidative stress, disrupt neurogenesis and synaptogenesis, 

affect the GABAergic system, and alter critical signaling pathways for brain development and cell 

differentiation, such as Wnt/β-catenin. Conclusion: In vitro models provide valuable insights into the 

morpho-molecular alterations induced by VPA and their connection to ASD. These findings highlight the need 

for further research into VPA's cellular effects to deepen our understanding of its role in ASD pathology. 

Keywords: valproic acid; autism spectrum disorder; in vitro; neuronal cell culture; neurotoxicity; 

morpho-molecular alterations. 

1.​ INTRODUCTION 

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by social deficits, 

communication issues, and stereotyped behavior, which is usually diagnosed in early childhood [1]. Its 

pathophysiology remains incompletely understood. However, growing evidence suggests that environmental and 

epigenetic factors may play a role in its development [2–5]. With ASD prevalence increasing globally, 

understanding the mechanisms of this disorder remains a paramount challenge in both clinical and research 

settings [6–8]. 

Many preclinical studies have tried to replicate key features of ASD, either in vivo or in vitro. A 

well-established ASD animal model involves the use of valproic acid (VPA) [9–11]. VPA is widely used as a 
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mood stabilizer for bipolar disorder, for migraine prophylaxis, and as an anticonvulsant [12–14]. VPA 

mechanisms of action are not fully detailed. Yet, suggested mechanisms include enhancement of inhibitory 

neurotransmission, the modulation of voltage-gated ion channels, and inhibition of histone deacetylases (HDAC) 

[15–17]. These effects may potentially alter the expression of genes involved in cell growth, differentiation, and 

maturation [18].  

Studies indicate that VPA exposure during critical neurodevelopmental periods may induce molecular 

and behavioral phenotypes resembling ASD in animal offspring [9,19–21]. Clinical findings corroborate these 

results, demonstrating that prenatal VPA exposure during the first trimester can disrupt brain development, 

resulting in structural and functional deficits associated with ASD [22–25]. Nonetheless, there is a notable lack 

of established protocols and standardized methodologies for applying VPA in vitro, highlighting the need for 

further research to refine and adapt VPA-based models for cellular and molecular studies [23,26].  

While the VPA-rodent model of ASD has been widely used, it is resource-intensive and subject to 

ethical constraints [27,28]. In contrast, in vitro approaches provide a more accessible, controlled, reproducible 

approach for investigating specific neurobiological mechanisms associated with ASD [29–32]. Additionally, 

researchers working with in vivo VPA models may seek to transition toward in vitro approaches while 

maintaining continuity in their studies. Establishing a reliable VPA-based in vitro model could facilitate this 

transition and expand the toolkit available for studying morpho-molecular alterations in ASD [33–35]. 

Alternative in vitro approaches, such as neurospheres and brain organoids, although valuable, present challenges 

related to high costs, lengthy differentiation protocols, and variability between batches [36–39]. VPA-based in 

vitro models, rather than serving as a replacement, could act as a complementary tool, offering a simpler and 

more cost-effective method for studying ASD-related cellular and molecular alterations [40,41]. 

Thus, this systematic review aims to evaluate and synthesize the existing literature on in vitro 

approaches using VPA to replicate the morpho-molecular characteristics associated with ASD. By integrating 

findings from diverse studies, we seek to offer valuable insights into the potential applications, limitations, and 

future directions of VPA-based in vitro research, advancing our understanding of morpho-cellular features in 

ASD. 

2. MATERIALS AND METHODS 

This systematic review adhered to a modified version of the Preferential Reporting Requirements for 

Systematic Review (PRISMA) guidelines [42] and was registered with OSF registries (doi: 

10.17605/OSF.IO/NJXVA).  

We aimed to answer the following question: which in vitro strategies involving VPA are currently being 

used to "mimic" morpho-molecular autistic-like outcomes in cell culture? 

2.1 Search strategy and study selection 
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We conducted searches across five electronic databases: Medline (via Pubmed), SciELO (via Scientific 

Electronic Library), Embase (via Ovid), Web of Science (via Core collection), and Scopus (via Core collection). 

The complete search strategy is available in the supplementary materials (Table S1). 

The chosen articles were published between 2014 and 2023, with searches conducted in both 

Portuguese and English. The search period extended from October 2023 to December 2023. The full text of each 

potentially eligible study was obtained and independently assessed for eligibility by two team members (QDJSV 

and MAS). Any disparities in eligibility were addressed through discussion with two additional reviewers (VBJ 

and GFA). 

2.2 Data extraction 

Data collection was carried out using the Rayyan® website. Each task was independently performed by 

three human reviewers (QDJSV, JVC, and MAS), with the exception of the deduplication process. The articles 

included were divided into three subgroups: human neural cell lines, primary adult neurons, and primary 

embryonic neurons. 

2.3 Eligibility criteria 

Study inclusion was decided by a consensus between all authors. Before the selection process, a 

meeting was held to discuss our study objectives and predefined the inclusion criteria in accordance with 

Population, Intervention, Comparison, Outcome, and Study type (PICOS) approach [43]. Thus, the PICOS 

criteria was used as the primary framework for determining eligibility, ensuring that only studies aligned with the 

research focus were included. The final selection was made after a discussion and agreement on the inclusion of 

studies that met all PICOS criteria.  

The study selection criteria were as follows: Population: in vitro models that can include, but are not 

limited to neurons, microglia, astrocytes, and other cell types; Intervention: valproic acid and/or sodium 

valproate; Comparator: control groups; Outcome: increased inflammation, cell death, mitochondrial dysfunction, 

oxidative stress, or any other characteristic typically observed in an in vivo model of autism; Study design: only 

in vitro studies (original research). The PICOS strategy is described in Table 1. 

[Table 1 here] 

The exclusion criteria were as follows: articles that used drugs or chemicals other than VPA; any type of 

review, gray literature, animal model study, clinical trial, letter to the editor, uncontrolled study, or articles that 

did not align with the PICOS criteria. A common reason for exclusion was that many studies investigated the 

effects of VPA on teratogenicity or in cancer cell models. While these studies assessed the impact of VPA, they 

did not examine outcomes relevant to autism-related morpho-molecular alterations as outlined in our PICOS 

framework. Additionally, studies that cultured cells derived from VPA-exposed offspring were excluded, as they 

did not meet the Population criteria in our inclusion criteria. Our aim was to analyze studies using cell models 

directly exposed to VPA, without prenatal ASD models. Therefore, they were excluded. 
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In vivo models of VPA-induced autism typically exhibit key neurobiological and cellular characteristics, 

including increased neuroinflammation, oxidative stress marked by reduced antioxidant enzyme activity and 

heightened oxidative damage, mitochondrial dysfunction with impaired energy metabolism and altered 

mitochondrial dynamics, and increased neuronal cell death, leading to structural and functional deficits [44–47]. 

Therefore, we focused on in vitro studies that reported similar outcomes to ensure relevance to our research 

framework. 

A narrative synthesis was undertaken to examine the results extracted from the included studies, along 

with the data compiled from various cell experiments conducted. 

2.4 Quality assessment 

The quality of the included studies was collectively assessed by three reviewers (QDJSV, JVC, and 

MAS) using a standardized questionnaire developed by all authors. The content of the questionnaire was adapted 

from the CAMARADES in vivo quality assessment, with modifications tailored for in vitro research [48]. 

Key parameters evaluated included the clarity of study objectives and hypotheses, the specifics of cell 

culture conditions (including cell lines, medium, passage number, and authentication), and the documentation of 

experimental procedures. It also assessed the appropriateness of statistical analysis, the clarity of data 

presentation, and the accuracy of discussions and conclusions. Additionally, methodological transparency, 

adherence to ethical guidelines, compliance with reporting standards, and whether the study was peer-reviewed 

were considered. Studies were evaluated based on these criteria, with a minimum score of five required for 

inclusion. All included studies met this threshold. 

3. RESULTS 

3.1 Summary of findings 

Initially, a total of 2550 articles were retrieved from the literature search, which was subsequently 

narrowed down to 1163 articles after removing duplicates. After this, the review authors (QDJSV, JC, and MAS) 

screened titles and abstracts to identify studies that met the inclusion criteria, narrowing the selection to 50 

relevant papers. Applying the exclusion criteria led to the removal of 39 articles for various reasons, as shown in 

Figure 1. Ultimately, this systematic review yielded a final sample of 11 English-language documents. A flow 

chart, adapted from the PRISMA diagram, is presented below in Figure 1. 

[Figure 1 here] 

 

3.2 Study characteristics 

In our findings, four studies used human neural cell lines [26,49–51], two articles used primary adult 

neurons [52,53], and five used primary embryonic neurons [54–58]. The studies employed cells from both 

human and animal sources, with human-derived neurons being the most utilized [26,49–51,56]. 
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Methodologies and outcomes exhibit considerable variance across the literature. Most papers examined 

cell viability, morphology, and neurite outgrowth [26,51–53,56,58]. Others analyzed changes in messenger RNA 

(mRNA) and protein expression in neuronal cells [49,50,54,55]. Two studies analyzed VPA's influence on 

neuronal electrophysiology [53,57]. 

Dosage ranged widely, with most studies applying multiple doses [26,50–58], while one paper used a 

single dose [49]. Treatment durations also varied from 24h [50,51,54,58] to 15 minutes [57], and 6 days [53,56]. 

Table 2 provides a structured summary of key information from the 11 selected studies, enabling a clear 

comparison of study characteristics and findings. The first column categorizes cell models (human neural cell 

lines, primary adult neurons, and primary embryonic neurons), followed by study authors, cell types, treatment 

duration, VPA dose, and key findings. This structure facilitates trend identification across studies and helps 

interpret experimental conditions and outcomes.  

[Table 2 here]. 

3.2.1. Human neural cell lines 

Kaushik et al. (2016) [49] and Peltier et al. (2024) [50] investigated VPA's role in ASD 

pathophysiological mechanisms in SK-N-SH and SH-SY5Y cells. Kaushik et al. examined environmental 

triggers for idiopathic autism by exposing differentiated SK-N-SH neurons to 34 mM of VPA for 48h. The 

authors observed upregulation of gene sets linked to neurotransmitter binding and synapse regulation, while 

downregulating others involved in neurodevelopmental processes, such as axonogenesis and neuron projection. 

They found that VPA’s effects on gene expression in vitro were comparable to those induced by psychoactive 

pharmaceuticals (fluoxetine, venlafaxine, and carbamazepine). In contrast, Peltier et al. examined VPA’s impact 

on cholesterol homeostasis in SH-SY5Y and HMC3 cells, revealing dose- and time-dependent changes in 

cholesterol transporter proteins (ABCA1 and ABCG1) and increased cholesterol efflux (SH-SY5Y cells/24h 

treatment). This study highlights VPA's potential to disrupt cholesterol pathways critical for neural development, 

whereas Kaushik et al. focused on neurodevelopmental gene regulation [49,50]. 

Chanda and colleagues (2019) [26] expanded on these findings by examining VPA’s effects on 

embryonic stem cell-derived neurons at different developmental stages. Early exposure (day 1) reduced neurite 

length and branching dose-dependently, while later stages (day 21) showed milder effects, and mature neurons 

(days 50–56) were unaffected. VPA-mediated disruptions were linked to GSK-3β and HDAC pathways, with 

specific inhibitors mimicking these effects, and to MARCKSL1 downregulation, affecting cell motility in early 

neurons. Similarly, Zhang et al. (2023) [51] studied SH-SY5Y cells, showing that VPA increased reactive 

oxygen species (ROS), reduced cell survival, and impaired autophagy by altering LC-3B, Beclin-1, and p62 

protein levels. They also observed activation of the Notch-1/Hes-1 pathway, critical for autophagy regulation. 

Together, these studies demonstrate VPA’s capacity to disrupt neurodevelopment and autophagy, emphasizing 

dose- and timing-dependent impacts on neuronal health [26,51]. 
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3.2.2 Primary adult neurons 

Kumamaru et al. (2014) [52] and Takeda et al. (2021) [53] used cells from primary cortical neurons to 

assess VPA’s impact. Kumamaru et al. studied cortical neurons from newborn rats. They found that VPA (1 mM 

and 5 mM) reduced vesicular GABA transporter (VGAT) expression from day in vitro (DIV) 1 to 7. At DIV4, 

VPA selectively inhibited GABAergic synapse formation. Their results highlighted VPA’s HDAC inhibitory 

activity as a key mechanism, distinguishing it from TSA, a potent HDAC inhibitor, and VPM, a VPA analog 

lacking HDAC inhibition [52,53].  

Conversely, Takeda et al. explored neuron-astrocyte co-cultures from newborn mice and found that 

VPA-exposed astrocytes (1 and 3 mM) significantly decreased miniature inhibitory postsynaptic currents 

(mIPSCs) and VGAT-positive puncta (neurons at DIV14). Moreover, these neurons exhibited reduced protein 

tyrosine phosphatase receptor type D (PTPRD) expression, critical for GABAergic synapse differentiation, 

without affecting dendritic morphology or axonal growth. These findings suggest that VPA disrupts synapse 

development both directly and via astrocytic influence during neuron maturation [53]. 

3.2.3 Primary embryonic neurons 

Studies involving embryonic neurons provide insights into VPA's impact on early neurodevelopment, 

with differences emerging across species and cellular contexts. Ko et al. (2018) [55] observed that VPA (0.2–0.5 

mM) increased brain-derived neurotrophic factor (BDNF) mRNA and protein levels in neural progenitor cells 

(NPCs) but not mature cortical neurons, revealing differential effects. Qi et al. (2022) [58] showed VPA (100 

µM) promoted neurosphere formation and neuronal stem cells (NSC) proliferation via the TGFβ1 pathway, 

which could be blocked by specific inhibitors. Similarly, Zhang et al. (2015) [54] linked VPA (1–10 mM) to 

increased oxidative stress and dysregulated Wnt/β-catenin signaling. Nissen et al. (2016) [57] found a 

dose-dependent biphasic response in mouse embryonic neurons, with low VPA concentrations enhancing ATP 

levels and action potential (AP) frequency, while higher doses caused cytotoxicity. Al-Rubai et al. (2017) [56] 

reported that therapeutic VPA doses (500–750 µM) minimally affected human neural cells, whereas higher 

concentrations impaired cell migration, neuronal process length, and astrocyte integrity. These studies highlight 

that VPA’s effects are dose-dependent and context-specific. While low doses may promote cellular activity, 

higher doses induce toxicity, affecting neurons and glial cells differently. 

 

3.3 Quality assessment findings 

 

The qualitative assessment revealed that while most studies provided well-described methodologies, 

appropriate result analyses, and thorough discussions [26,49,52,53], some lacked essential details about in vitro 

methodology [55,56,58]. Specifically, a few studies did not report passage numbers or clearly define negative 

controls [55,56]. Additionally, certain papers failed to acknowledge potential limitations in their experimental 

design [51,54]. Despite these gaps, the majority of included studies were published in peer-reviewed journals and 

adhered to high methodological standards, ensuring reliability and reproducibility. 
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4. DISCUSSION 

This review offers a comprehensive analysis of the literature on central nervous system (CNS) cell 

models using VPA exposure to simulate ASD-like morpho-molecular changes in vitro. The studies employed 

various CNS cell types, including primary adult and embryonic neurons, neural stem cells, and neuronal cell 

lines from human and animal sources. VPA's effects were found to depend on its concentration, cell type, and 

developmental stage during exposure, with early-stage exposure and concentrations of 5 mM or higher causing 

the most significant damage. In humans, VPA is used therapeutically for conditions like epilepsy and bipolar 

disorder at plasma concentrations of 0.3–0.7 mM, but these doses are strongly linked to an increased risk of ASD 

when administered during pregnancy [59–61]. Animal models of ASD often require higher, toxic doses to induce 

autistic-like traits [62–64].  

4.1. VPA’s pathophysiological mechanisms and implications for ASD research 

In vitro studies of VPA can provide critical insights into the molecular and morphological changes 

associated with ASD, offering a way of understanding its underlying mechanisms and potential 

pathophysiological implications [50,51,58]. Unlike purely genetic models, which focus on hereditary factors 

[32,65,66], VPA exposure can provide a well-established environmental model of ASD, aligning with growing 

evidence that ASD arises from a complex interplay between genetic susceptibility and environmental influences 

[62,64].  

VPA is known to induce epigenetic modifications, which can alter gene expression, impacting neuronal 

differentiation, synaptic plasticity, and inflammatory pathways—key mechanisms implicated in ASD 

pathophysiology [18,67,68]. Epigenetics refers to changes in gene expression that do not involve alterations in 

the DNA sequence itself but are instead influenced by environmental factors such as chemical exposure, diet, 

and stress [69,70]. Therefore, using VPA in vitro allows researchers to investigate ASD-related cellular and 

molecular abnormalities without the genetic variability inherent in patient-derived induced pluripotent stem cells 

(iPSCs) or other genetically derived ASD in vitro models [29,38,39]. 

While ASD is a behaviorally diagnosed neurodevelopmental disorder that cannot be fully replicated in 

vitro or in vivo, the VPA model is recognized for its strong construct, face, and predictive validity, as it mimics 

key ASD-related biological mechanisms, behavioral traits, and pharmacological responses. While the in vivo 

effects of VPA are well-documented, its impact on cellular models remains less explored [11,20,71]. However, 

emerging evidence suggests that VPA’s effects in cell culture studies may be as relevant as those observed in 

vivo, particularly in its influence on gene expression in neural development, neuronal communication, and 

calcium and potassium signaling—processes fundamental to ASD pathophysiology [22,57,72]. 

No comprehensive review has thoroughly examined whether the VPA’s molecular and cellular changes 

observed in vivo are also replicated in simplified cell culture systems. Traditional in vitro models of ASD, such 

as iPSC-derived neurons or 3D cultures, offer valuable insights but can be cost-prohibitive and time-consuming, 
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making simpler models, like VPA-treated neuron cultures, a practical alternative for screening mechanistic 

hypotheses [32,73–75]. 

Key pathological features of ASD include mitochondrial dysfunction [41,44,76], neuroinflammation 

characterized by altered microglial activation [77–79], oxidative stress [4,80,81], GABAergic dysfunction 

[82–84], and disruptions in neuronal morphology and connectivity [85,86]. The studies analyzed in this review 

identified many of these alterations in VPA-treated neuron cultures, supporting the relevance of this model in 

studying ASD-related morpho-molecular mechanisms [22,54,57].  

Rather than positioning VPA as a superior in vitro model over other approaches, this review highlights 

its continued use as a relevant and accessible tool for investigating ASD’s characteristics, especially for 

researchers with limited resources for more advanced methods. The VPA model not only helps find new 

treatments but can also be important in reusing current medicines. Some available drugs, including antioxidants 

and anti-inflammatory drugs, have shown promise in reducing the effects of neurodevelopmental issues from 

VPA in lab tests. By studying how these drugs act on neuronal cells treated with VPA, researchers can identify 

which ones are most likely to move on to early testing for ASD treatment [72,75]. 

Additionally, combining the VPA model with high-throughput screening could speed up the 

development of new drugs. Recent advances in transcriptomic and proteomic studies offer a better way to 

analyze how various drugs affect the pathways disturbed by VPA exposure. Using these tools, scientists might 

find new treatment options faster, getting us closer to effective therapies for ASD. 

4.2. VPA effects on neurons from different origins in vitro: Variations and similarities 

VPA is a well-known HDAC inhibitor, which acts by preventing the removal of acetyl groups from 

histones, resulting in a more decondensed chromatin and active gene transcription [87]. One proposed 

mechanism suggests that VPA-induced HDAC inhibition alters the expression of genes involved in cholesterol 

transport [50]. Additionally, when administered at high doses, particularly during critical periods of brain 

development, VPA increases oxidative stress, leading to elevated ROS. This rise in ROS can damage cellular 

components and impair autophagy, a key process that regulates the degradation and recycling of damaged 

proteins and organelles. In the developing brain, disrupted autophagy results in cellular waste accumulation, 

ultimately compromising neuronal health and survival [22].  

Studies with primary embryonic neurons reveal that VPA's effects vary depending on the cell type, 

ranging from negative to negligible, compared to human neural cell lines. Ko et al. (2018), Kumamaru et al. 

(2014), Al-Rubai et al. (2017), and Nissen et al. (2016) reported stronger negative effects in NPCs and NSCs 

compared to fully mature neurons. NPCs are precursor cells that can differentiate into various CNS cell types, 

with the key difference between NPCs and cortical neurons being their maturity—cortical neurons are more 

developed [52,55–57]. VPA tends to have a stronger impact on less mature, undifferentiated cells like NPCs and 

NSCs compared to fully mature cells. This is likely because immature cells are in a highly dynamic phase of 

proliferation, differentiation, and structural formation in the brain. VPA-induced epigenetic changes, alterations 
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in cell cycle regulation, and increased oxidative stress tend to negatively affect immature cells more severely 

than mature ones [88,89]. 

VPA's impact on neurons is dose-dependent, regardless of cell type. For example, Qi et al. (2022) [58] 

observed that in rat cortical neurons, low VPA doses promoted neurosphere formation, while higher doses 

reduced cell proliferation. Similarly, Zhang et al. (2015) [54] found that VPA induced a dose-dependent decrease 

in GSK-3β levels, a key regulator of neuroplasticity and synapse formation. Nissen et al. (2016) [57] reported 

that higher VPA concentrations significantly reduced action potential frequencies, whereas lower doses had no 

measurable effect. At neurotoxic doses, VPA disrupts neuronal morphology, leading to cell shrinkage, apoptosis, 

and abnormal growth patterns. Additionally, excessive VPA exposure impairs ion channel function and 

neurotransmitter systems, ultimately altering neuronal signaling and excitability [22,87,88]. 

Two studies specifically examined VPA's effect on VGAT and the GABAergic system. Kumamaru et al. 

(2014) [52] found that VGAT expression decreased after 12h of VPA exposure, while Takeda et al. (2021) [53] 

reported that VPA not only reduced VGAT levels in astrocytes but also downregulated PTPRD, a protein 

essential for GABAergic synapse differentiation. Since VGAT is responsible for storing GABA, the brain's 

primary inhibitory neurotransmitter, disruptions in GABAergic transmission—a hallmark of ASD—could impair 

neural communication and contribute to behavioral deficits [90]. While VPA is known to increase GABA 

availability by inhibiting its degradation (a mechanism that provides therapeutic effects in epilepsy), its exposure 

during early neurodevelopment or at high concentrations may induce adverse neurodevelopmental changes 

[82,91]. 

Regarding neuronal morphology, findings remain inconsistent. Kumamaru et al. (2014) [52] reported 

reduced axonal growth at DIV4, while Takeda et al. (2021) [53] found no significant changes in dendritic length, 

branching, or axonal growth after six days of VPA exposure in co-cultured neurons and astrocytes. The 

difference in findings likely stems from variations in cell type: while one study examined rat cortical neurons, 

the other used astrocytes co-cultured with neurons. Astrocytes, unlike neurons, do not generate action potentials 

but instead provide structural and metabolic support for CNS neurons. Since astrocytes modulate synaptic 

function and neuroinflammation, their presence could influence VPA’s effects on neuronal development [22,87].  

VPA’s impact also varies by exposure duration, with comparable effects observed between human 

neural cell lines and primary neurons [26,52,53]. As noted, VPA is particularly detrimental when administered 

during early neurodevelopment, a critical window when the brain undergoes neurogenesis, cell maturation, and 

synaptogenesis. During this period, the developing brain is highly sensitive to environmental influences, making 

it susceptible to irreversible morphological and functional alterations induced by VPA [22,92]. 

4.3. In vitro x in vivo: VPA's impact on cultured neurons compared to ASD models 

Impaired neurogenesis is considered a key feature in the pathophysiology of ASD [7]. In vivo, the ASD 

model involves administering VPA to pregnant rats between embryonic days (E)12.5 and E14.5—a 

mid-gestational period in rodents that corresponds to the first trimester in humans, when neurogenesis is most 
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active [21]. In vitro, VPA’s negative effects on neuronal maturation appear to be mediated by its HDAC 

inhibitory properties [26,52]. Supporting this, prenatal VPA exposure altered histone acetylation levels in the 

cerebellum of postnatal day 14 rats, alongside behavioral and inflammatory changes (Kazlauskas et al., 2016). 

Rats exposed to VPA on E12.5 exhibited reduced neuron numbers in the prefrontal cortex at both postnatal day 4 

and 8 weeks of age [93]. 

Another study using the same model found that VPA enhanced embryonic neurogenesis but depleted 

the neural precursor cell pool, ultimately downregulating adult hippocampal neurogenesis [94]. Similarly, 

subcutaneous VPA administration on postnatal day 4 reduced neurogenesis in the hippocampus of 8-week-old 

mice by decreasing the number of proliferating neural precursor cells [95]. While in vitro studies mainly report 

effects on neural differentiation and cell morphology, in vivo studies suggest more severe disruptions in 

neurogenesis and neural proliferation in the adult brain. 

VPA’s impact in vitro appears to depend on the stage of cellular differentiation, with the most 

pronounced effects observed in early-stage neurons between DIV1 and DIV21 [26,52]. This aligns with in vivo 

findings, where VPA induces autistic-like features when administered in early pregnancy—corresponding to the 

first trimester in humans and gestational days 11–13 in rodents. During this period, the first neurons of the 

cerebral cortex are generated and begin differentiating into mature neurons [96].  

A key molecule in early neuronal development is BDNF, which plays a critical role in neuritogenesis 

and synapse formation [97]. Accordingly, dysregulation of BDNF expression and activity may significantly 

contribute to abnormal development in ASD. Almeida and collaborators (2014) [96] observed that VPA 

administration to pregnant mice, at embryonic day 12.5, led to a six-fold increase in BDNF levels within 6h. 

Similarly, in vitro study found that short-term VPA exposure (6h) elevated BDNF levels in NPCs derived from 

rat fetal brains at E14, but had no effect on cortical neurons collected at E18. This highlights the importance of 

neuronal maturation stage in determining VPA’s effects [55].  

VPA-exposed neurons in vitro showed a decreased number of GABAergic synapses and mIPSC 

frequency. These effects were observed in primary neurons derived from postnatal day 1 [52] and newborn mice 

[53]. Consistent with these findings, in vivo studies have reported widespread GABAergic dysfunction in 

VPA-induced ASD models. Prenatal VPA exposure reduced GABA protein levels and downregulated GABA 

receptor mRNA expression in the medial prefrontal cortex (mPFC) at postnatal day 21 [82]. Additional studies 

found that VPA exposure decreased GABA B1 receptor levels in the mPFC at postnatal day 35 [91], lowered 

GABA B2 receptor levels in the hippocampus at postnatal day 90 [98], and downregulated GABA expression in 

the retina at postnatal day 30 [99]. Notably, children with ASD have been found to exhibit reduced GABA 

concentrations in the sensorimotor cortex, as detected via magnetic resonance spectroscopy [84], further 

emphasizing the importance of GABAergic signaling in ASD. 

The Wnt/β-catenin pathway, which regulates cell proliferation, is also disrupted by VPA exposure. 

Although an in vitro study reported upregulation of this pathway following VPA treatment, it did not result in 

increased cell proliferation; rather, it was associated with decreased cell viability [54]. In vivo, prenatal VPA 

exposure upregulated Wnt/β-catenin signaling in the cerebellum, prefrontal cortex, and hippocampus [100]. 
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Additionally, VPA-induced Wnt/β-catenin activation promoted neural progenitor cell proliferation, leading to 

macrocephaly in rats [101]. Notably, inhibition of this pathway mitigated the effects of VPA, indicating its 

critical role in the VPA model of ASD. 

5. STUDY LIMITATIONS 

VPA has been widely used to replicate ASD-like features in in vivo models. In this review, we aimed to 

identify studies utilizing VPA in neuronal cells as a potential tool to investigate the molecular and morphological 

features of ASD in vitro. However, we deliberately avoided labeling cell culture studies as an "ASD model".  In 

vitro research examines isolated cellular phenomena without the broader physiological context needed to capture 

the complex interplay of genetic, epigenetic, environmental, and neurodevelopmental factors underlying ASD. 

Furthermore, most reviewed studies focused on VPA’s effects on general neurodevelopmental processes, such as 

cell differentiation and survival, rather than explicitly addressing ASD-related outcomes. This underscores the 

challenge of linking VPA-induced cellular changes directly to the broader ASD phenotype. 

Despite searching five major databases with multiple strategies, we identified only 11 eligible studies. 

This limited number reflects the scarcity of research specifically using in vitro VPA models to investigate 

ASD-related mechanisms. While many studies utilized VPA in cell cultures, they often did so for unrelated 

purposes or relied on cells derived from VPA-exposed animals, making them ineligible for inclusion. Expanding 

the number of databases or refining search strategies could potentially yield a broader selection of relevant 

studies in future reviews. Another challenge was the heterogeneity of methods and cell types among studies, 

which made direct comparisons difficult. To address this, we categorized studies based on cell type and 

structured our discussion accordingly, contextualizing findings within both in vitro and in vivo VPA models of 

ASD. 

Nevertheless, investigating the molecular and morphological effects of VPA in in vitro systems remains 

highly relevant for advancing ASD research. Cell-based studies offer a controlled environment to dissect the 

biological pathways influenced by VPA. Our review revealed that VPA alters gene expression, oxidative stress 

levels, and other cellular and molecular characteristics. These findings highlight the potential of in vitro studies 

to identify molecular targets, refine therapeutic strategies, and enhance the design of more complex in vivo 

models. By consolidating existing knowledge, this review underscores the importance of leveraging in vitro 

research to bridge critical gaps in ASD studies. 

6. CONCLUSION 

The present work aimed to summarize and discuss the different in vitro studies using VPA to mimic 

morpho-molecular autistic-like features. Our findings revealed a diverse range of methodologies, leading to 

varied reported effects. VPA has complex, time- and concentration-dependent effects on neural cells, impacting 

not only cellular homeostasis but also modulating gene expression, protein levels, signaling pathways, cell 

differentiation, and electrophysiology. Importantly, VPA's in vitro effects are strongly influenced by the stage of 

neurodevelopment, with the most severe impairments occurring in early-stage neurons. Additionally, doses 
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between 5 mM and 12 mM have been shown to cause greater cellular damage, affecting neuronal morphology, 

synapses, and reducing cell viability.  

While in vitro models cannot fully replicate the complexity of ASD, they provide a controlled 

environment to dissect specific neurobiological mechanisms. In particular, in vitro models using VPA offer a 

cost-effective and less technically demanding alternative for investigating ASD-related physiological alterations 

and identifying potential drug targets, compared to other in vitro strategies. Nonetheless, the variability in 

experimental designs, cell types, and treatment conditions underscores the need for standardized protocols to 

improve data comparability.  

In summary, VPA-cell exposure can serve as a useful tool to study molecular and morphological 

ASD-related cellular features. Altogether, these findings provide valuable insights into the mechanisms 

underlying VPA’s influence on neurodevelopment, with potential implications for understanding ASD 

pathophysiology. Future studies should focus on exploring different applications of VPA in CNS cell cultures, 

investigating a wider range of doses, and analyzing ASD-related outcomes more comprehensively. Unlike 

approaches that rely solely on cells derived from VPA-exposed animal models, directly treating cultured CNS 

cells with VPA provides a more controlled environment to examine its morpho-molecular effects while also 

reducing animal use, aligning with the principles of ethical and reproducible research. 
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APPENDICES 
 

Table 1. PICOS criteria for in vitro studies: description of Population, Intervention, Comparison, Outcome, and 

Study Type used in the systematic review. 

PICOS Criteria Description 

Population 
In vitro models that can include, but are not limited to neurons, microglia, 

astrocytes, and other cell types. 

Intervention Valproic acid and/or sodium valproate. 

Comparison Control groups. 

Outcome 
Increase inflammation, cell death, mitochondrial dysfunction, oxidative stress, 

or any other feature that would be seen in a in vivo model of autism. 

Studies type Only in vitro studies (original research). 
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Table 2. Summary of key data from the selected studies. 

Cell 

category 

Author(s) / 

Year 
Cell type and source 

Treatment 

Period 
VPA dose(s) Key findings 

Human 
neural cell 

lines 
 

Kaushik et al., 
2016 

Human SK-N-SH cell 
line 48h 4.9 mg/L 

- VPA altered gene sets related to axonogenesis, regulation of neurogenesis and synapse. 
- VPA upregulated 8 gene sets related to neurotransmitter binding and synapse. 
- VPA downregulated 5 gene sets related to axon and neuron projection growth. 

 
Peltier et al., 

2024 
 
 

Human HMC3 (glia) 
and SH-SY5Y 

(neuron) cell lines 

24h and 
48h 

250, 1000, 
and 5000 μM 

- 24h VPA incubation in neurons increases mRNA expression of cholesterol transporters 
ABCA1 and ABCG1 and enhances cholesterol efflux. 
- 48h VPA incubation in neurons reduces ABCA1 and ABCG1 protein levels. 
- 24h and 48h VPA incubations in glial cells also altered mRNA and protein levels of 
cholesterol transporters, but did not affect cholesterol efflux. 
- VPA disrupts cholesterol homeostasis in neurons. 

Zhang et al., 
2023 

Human SH-SY5Y 
cell line 24h 2, 4, 8, 10, 

and 12 mM 

- VPA increased ROS generation and reduced cell viability. 
- VPA induces autophagic dysregulation, by decreasing LC3B and Beclin-1, increasing p62 
levels and activating the Notch-1/Hes-1 signaling pathway. 

Chanda et al., 
2019 

Human 
reprogrammed cells 

from H1 and H9 
embryonic stem cell 

lines 

72h 0.1 mM and 
1 mM 

- 0.1 mM VPA for 72h on day 1 neurons reduces neurite length and branching, and 1 mM 
VPA inhibits neurite outgrowth in these cells. 
- 1 mM VPA for 72h on day 21 neurons causes less severe dendritic arborization defects. 
- VPA downregulates MARCKSL1 mRNA and protein levels in day 1 and day 21 neurons. 
- VPA-mediated inhibition of neuritogenesis could be caused by the inhibition of HDAC, the 
downregulation of MARCKSL1 and inhibition of GSK-3. 

Primary 
adult 

neurons 
Kumamaru et 

al., 2014 
Rat cortical neurons 

(postnatal day 1) 

6h, 12h, 
24h, 48h, 3 

days 

0.3, 1.0, and 
5.0 mM 

- VPA exposure during early development (before DIV7) reduces VGAT expression. 
- VPA exposure decreases the number of VGAT-positive puncta and the axonal length in 
growing neurons at DIV4. 
- VPA's effect on VGAT is likely due to its HDAC inhibitor activity. 
- A minimum 12h exposure to 1 mM VPA is required to downregulate VGAT expression. 

Takeda et al., 
2021 

Mouse astrocytes and 
cortical neurons 
(newborn mice) 

6 days + 
14 days 

co-culture  

0.3, 1.0, and 
3 mM 

- VPA-exposed astrocytes reduce the number of VGAT-positive presynaptic puncta, 
decreasing GABAergic synapses and the frequency of mIPSCs in neurons. 
- VPA-exposed astrocytes downregulate the expression of PTPRD mRNA in neurons. 
- VPA-exposed astrocytes did not affect neuronal morphology. 
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Primary 

embryonic 

neurons Ko et al., 2018 

Rat cortical neural 
progenitor cells 

(embryonic day 14) 
and cortical neurons 
(embryonic day 18) 

3h and 6h 0.2 and 0.5 
mM 

- In NPCs, 0.2 mM and 0.5 mM VPA for 3h and 6h elevates BDNF mRNA and tPA mRNA 
and protein, suggesting that processing of pro-BDNF into its mature form is enhanced. 
- In NPCs, 0.5 mM VPA for 6h reduced MeCP2 protein in the nuclei and elevated BDNF 
protein levels. 
- In NPCs, VPA promotes the processing and maturation of BDNF. 
- Cortical neurons didn't display any changes in the doses investigated. 

Qi et al., 2022 
Rat cortical neurons 

(embryonic days 
12.5–14.5)  

24h, 48h, 
and 72h 

1, 50, 100, 
500, 1000, 
and 10.000 

μmol/L 

- 50, 100, 500, and 1000 μmol/L VPA increased cell viability after 48h and 72h. 
- 10,000 μmol/L reduced viability from 24h forward. 
- 100 μmol/L VPA for 48h increased cell proliferation, the number and the average diameter 
of neurospheres, and TGFβ1 mRNA expression. 
- VPA might enhance neurosphere formation and NSC proliferation by activating TGFβ1. 

Zhang et al., 
2015 

Rat cortical neurons 
(embryonic day 18) 24h 1, 5, and 10 

mM 
- VPA exposure increased β-catenin protein levels and decreased GSK-3β protein levels. 
- VPA exposure increased oxidative stress markers ROS and 4-HNE levels. 

Nissen et al., 
2016 

Mouse cortical 
neurons (embryonic 

day 18) 

15 min 
 

0.03 mM to 
65.61 mM 

- Low VPA doses (0.27 mM – 0.81 mM) slightly increased intracellular ATP levels. 
- Low VPA doses (0.09 mM and 0.27 mM) increased the AP frequencies. 
- Intracellular ATP levels IC50 value was estimated to be between 16 mM and 28 mM VPA, 
and AP frequencies IC50 value estimated between 0.3 mM and 2.0 mM VPA. 

Al-Rubai et 
al., 2017 

Human neural stem 
cells from aborted 

fetuses (< 12 weeks’ 
gestation) 

6 days 

250, 500, 
750, 1000, 
1500, 2000, 

and 2500 μM 

- SV therapeutic doses (500-750 μM) reduced neurospheres’ size after 24h. 
- SV in higher concentrations reduced cell viability and total cellular protein. 
- 1500 μM and 2000 μM SV decreased GFAP levels (astrocyte marker), but had no effect on 
tubulin III (neuronal marker). 
- 1000 μM, 1500 μM, and 2000 μM SV decreased neurosphere's migration distance. 
- 2000 μM SV reduced neuronal process length. 

Abbreviations: VPA, valproic acid; mRNA, messenger RNA; ROS, reactive oxygen species; HDAC, histone deacetylase; GSK-3, glycogen synthase kinase 3; DIV, days in 
vitro; VGAT, vesicular GABA transporter; mIPSCs, miniature inhibitory postsynaptic currents; PTPRD, protein tyrosine phosphatase receptor type D; NPCs, neural 
progenitor cells; BDNF, brain-derived neurotrophic factor; tPA, tissue-type plasminogen activator; TGFβ1, transforming growth factor beta 1; NSCs, neural stem cells; 
4-HNE, 4-hydroxynonenal; min, minutes; AP, action potentials; IC50, half-maximal inhibitory concentration; SV, sodium valproate; GFAP, glial fibrillary acidic protein. 
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Fig. (1). Flow Chart of studies included in this review. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Graphical abstract legend:  
Graphical Abstract: The effects of in vitro valproic acid (VPA) exposure on neuronal cells. Key findings 
highlight dose- and time-dependent alterations in neuronal function, with undifferentiated cells being particularly 
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vulnerable. VPA exposure leads to changes in gene expression, cholesterol dysregulation, oxidative stress, 
impaired autophagy, and structural disruptions, all of which impact neuronal viability and function. These 
findings support the use of VPA as an in vitro model to investigate ASD-related cellular mechanisms, providing 
insights into neurodevelopmental alterations associated with the disorder. 
 
This figure was created with the assistance of BioRender and Canva. 
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