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Chapter 1 

 

Organoid technology 

 

1.1 The impact of 3D cell culture technologies for biomedical research. 

Organoids, spheroids and organ-on-a-chip are advanced three-dimensional (3D) cell culture 

systems that recapitulate, to some extent and with different level of complexity, the cellular 

composition, structure and functions of human organs. They can be generated from 

pluripotent stem cells - either embryonic stem cells (ESCs) or induced pluripotent stem cells 

(iPSCs) - by following a series of differentiation steps that mimic early embryonic development, 

or from resident organ-specific adult stem cells (ASCs) (Goldrick et al. 2023). 

The advent of stem cell-based 3D cell culture platforms marked the beginning of a new era for 

in vitro biomedical research. These microscopic organo-typic structures reproduce human 

organs in a dish with significantly higher accuracy than traditional monolayer cell culture 

models. By complementing current experimental model systems, they hold the promise of 

move forward basic and clinical research (Clevers et al. 2016; Kim et al. 2020). Growing tissues 

of human origin ex vivo has opened up unprecedented possibilities for the study of human 

development, the direct modelling of human diseases from individual patients, and the testing 

of therapeutic compounds through personalized medicine approaches. This is particularly 

relevant for brain research, where it is challenging to model and study brain disorders given 

the scarcity of human brain tissues available for research and the limitations of existing animal 

models due to interspecies differences. In addition, the prospect of growing solid organs such 

liver, lung and pancreas, has raised hopes for the future of regenerative medicine (Huch, 2017). 

The recent combination of organoid cultures into microfluidic devices – namely organ-on-chip 

technology – have further pushed forward the complexity and the accuracy of these models. 

Organ-on-chip technology integrates organoids within controlled, dynamic 

microenvironments providing vascular perfusion, tissue-tissue interfaces, and organ‐relevant 

biomechanical parameters crucial for tissue and organ physiology and enables, at the same 

time, relevant functional readouts (Baptista, 2022; Mittal, 2019) (Figure 1.1). 

In addition, organoid-based models can be empowered by the application of multiple 

established molecular techniques, which have developed in parallel, including single-cell RNA 

sequencing, high-resolution microscopy, CRISPR/Cas9 technology as well as multi-omics 

approaches (Dutta, 2017). Therefore, organoids and organ-on-chips platforms are increasingly 

recognized as valuable models to broaden fundamental research on human diseases, with 

promising translational applications. 
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Figure 1.1: 3D multicellular systems: how they are engineered, and the advantages and disadvantages of each 

system. From: Goldrick C, Guri I, Herrera-Oropeza G, O'Brien-Gore C, Roy E, Wojtynska M, Spagnoli FM. 3D 

multicellular systems in disease modelling: From organoids to organ-on-chip. Front Cell Dev Biol. 2023 Feb 

2;11:1083175. doi: 10.3389/fcell.2023.1083175. 

 

1.2 The rise of organoids and their applcations. 

Organoid platforms have emerged only in the last decade; however, they are the result of the 

simultaneous advancements in stem cell technology, 3D cell culture techniques and 

bioengineering applications, which have developed through several decades.  

Research on organoids can be traced back as early as 1907, when it was first described the 

generation of a functional organism in vitro thought the cultivation of dissociated sponge cells 

(Yang, 2023). Organoid experimental studies had been conducted mostly through the isolation 

and rearrangement of cells up until the 1980s, when the first pluripotent stem cells (PSCs) 

were isolated from mouse embryos and obtained by humans. The development and progresses 

of stem cell technology introduced modern organoids research (Corrò, 2020). In 2009, in a 

pioneering study, Sato et al. (Sato, 2009) described the generation of small intestinal organoids 

from adult stem cells (ASCs), demonstrating the potential of stem cells to differentiate into 
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spatial structures similar to organs in vivo. Stem cells develop into organoids in a very similar 

way to how they do in the organism. When stem cells are grown in culture, they display an 

innate capacity to self-organize through spatially restricted lineage commitment and cell 

sorting (Clevers, 2016). 

The introduction of human induced pluripotent stem cells (iPSC) obtained by reprogramming 

adult somatic cells to an embryonic stem (ES) cell-like state, represented a further turning 

point for organoid development. In 2006–2007, Takahashi and Yamanaka demonstrated for 

the first time that cellular reprogramming of mouse or human skin fibroblasts into stem-cell 

like cells known as iPSCs, which have self-renewability and pluripotency, is possible by 

retroviral transfer of four transcription factors (Oct4, Sox2, Klf4, and c-Myc), also known as 

Yamanaka's factors (Takahashi, 2007).  

iPSCs offer several distinct advantages over ASCs. Being derived from tissue-specific stem 

cells, ASCs tend to replicate the cell types found in the specific tissue or organ of origin. Unlike 

ASC, iPSCs  have the potential to differentiate into almost any cell type in the body, making 

them a highly versatile source for organoid generation. This broad differentiation potential 

enables the creation of complex and diverse cell populations, making iPSCs-derived organoids 

ideal for modelling complex tissues or organs as well as for studying various diseases 

(Schutgens, 2020). Furthermore, iPSCs can be derived from readily accessible sources such as 

skin, blood or urine samples, eliminating the need for invasive procedures and ethical concerns 

associated with ASCs and especially with embryonic stem cells (ESCs) (Raab, 2014). 

In addition, iPSCs allow for the development of patient-specific models, facilitating 

personalized medicine approaches and the study of individualized disease mechanisms. In 

alternative, isogenic cell lines can be generated and modified by introducing genetic mutations 

of interest with gene editing technologies. Most importantly, findings obtained with patient-

derived organoids can be integrated with available medical records, which could provide the 

study with valuable phenotypic data (Bhattacharya, 2022; Gordon, 2020). 

As mentioned before, organoid technology combines specific characteristics of stem cells - such 

as selfrenewal and multipotency - with three‐dimensional cell culture systems, which provide 

the appropriate microenvironment for their differentiation and self-organization (Lancaster, 

2014). The rapid development of 3D culture techniques over the past two decades has been 

instrumental in enabling organoid culture. Cells in the body are subject to an internal 

environment and are exposed to a variety of stimuli and interactions that establish and regulate 

cellular phenotypes and specific functions. 2D models simplistic structure deviates 

substantially from the highly complex in vivo microenvironment. Isolated cells cultured in 

monolayer fail to maintain the normal cell morphology, tend to lose their shape over time, 

become flattened, divide abnormally and affect cell–cell and cell–extracellular signal 

transduction and interactions, resulting in cells that do not properly reflect the cellular 
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functions and behaviours found in tissues or organs (Yang, 2020; Duval, 2016; Baker, 2012). 

3D multicellular systems use suspension culture techniques which allow cell-cell and cell-

matrix interactions, improve cell differentiation, growth, migration, and tissue organisation 

(Goldrick, 2023). The extracellular matrix (ECM) and the media supply the cells with 

instructive signalling cues to guide their organization in organ-like structures (Huch, 2017). 

Suspension cultures can be obtained using scaffold or scaffold-free techniques. Scaffolds are 

biological or synthetic hydrogels that mimic the natural ECM. The most commonly used is 

Matrigel, an ECM mixture containing many factors including laminin, nidogen, collagen IV 

and heparan sulfate proteoglycans secreted by Engelbreth-Holm-Swarm (EHS) mouse 

sarcoma cells and resembles complex basement membrane environments found in many 

normal tissues (Kleinman, 2005). 3D multicellular system generated without the use of a 

scaffold matrix are called spheroids. Scaffold-free spheroids can be obtained through several 

techniques including hanging drop, spinner culture, rotating wall vessel, liquid overlay and 

microfluidics. The main difference between spheroids and organoids is the way they are 

constructed, with spheroids being free-floating, while organoids are held in an ECM scaffold. 

As a result, spheroids are often viewed as more reductionist models than their organoid 

counterparts, owing to the absence of a scaffolding matrix, which results in a less intricate 

architecture and cellular diversity (Gunti, 2021; Białkowska, 2020). Spheroids are primarily 

utilized in high-throughput drug screening, toxicology assessments, and basic research on 

cellular behaviour, offering a more generalized platform for investigating cellular responses 

(Scalise, 2021).  

Beyond local cell-cell and cell-ECM interactions, cells in vivo undergo mechanotransduction 

in response to external stimuli, such as mechanical forces, flow, and pressure. Such stimuli can 

be integrated into organoid cultures using organ-on-chip technology (Baptista, 2022). Organ-

on-chips are microfluidic systems that integrate advanced cell cultures models within 

controlled, dynamic microenvironments, providing vascular perfusion, tissue-tissue 

interfaces, and organ‐relevant biomechanical stimuli that mimic the human 

microenvironment (Mittal, 2019). These devices typically consist of flexible polymers, such as 

polydimethylsiloxane (PDMS), containing hollow micro-channels in which multiple cell types 

are grown in 3D. They may be configured to enable co-culture systems by linking chambers of 

various organ-on-chips. This has opened possibilities for integrating multiple organ-specific 

chips into a single system, called body-in a chip, thereby simulating the interplay between 

various organs and tissues within the human body. This interconnected approach enables 

researchers to study systemic responses, cross-organ interactions, and the effects of drugs or 

disease on the entire organism (Skardal, 2016). Both organoids and organ-on a chip 

technologies represent powerful systems that bridge the gap between 2D cell culture methods 

and animal models, ultimately enhancing our understanding of human biology and facilitating 
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the development of novel therapeutics. Nowadays, organoids are the mainstream cell culture 

tool in biomedical studies. One of the greatest advantages of organoid models is its potential 

for translating basic science into clinical research (Kaluthantrige, 2021).  

In recent decades, researchers have succeeded in generating various types of organoids 

including brain, stomach, kidney, pancreas, liver, lung, retina and inner ear (Lancaster, 2013; 

Eiraku, 2011; Han, 2021; Song, 2022; Shinozava, 2021; Huang, 2021; Takasato, 2015; Koehler, 

2017). Organoids can be used to model organ development and disease and have a wide range 

of applications including toxicity testing, drug discovery, biobanking and tissue 

transplantation (Gulimiheranmu, 2021; Rossi, 2018). The first human condition to be 

modelled in organoids was cystic fibrosis (CF), a monogenic hereditary disease caused by 

mutations in the CF transmembrane conductance regulator (CFTR) gene. Intestinal organoids 

generated from CF-patients reproduced the disease in vitro and showed defects in swelling 

upon cAMP treatment (Dekkers, 2013). The model demonstrated excellent predictive value for 

the identification of responders to CFTR modulators and is employed to test personalized 

treatments in CF patients (Lancaster, 2019). 

Brain organoids have become a pivotal tool in the investigation of various neurodevelopmental 

genetic disorders. One notable example is microcephaly, a condition linked to CDK5RAP2 

mutations that proves challenging to replicate in mice (Lancaster, 2013). Researchers have 

successfully modelled microcephaly using patient-specific induced pluripotent stem cell 

(iPSC)-derived cerebral organoids. Beyond microcephaly, brain organoids have been employed 

to simulate other neurological disorders such as Down syndrome, Alzheimer's disease, and 

Parkinson's disease (PD). In the case of PD, midbrain organoids derived from patients or 

generated through gene editing have demonstrated classical pathological features, including a 

decreased number of dopamine (DA) neurons, reduced complexity in neuronal networks, and 

the presence of Lewy body-like inclusions. These studies on midbrain organoids have 

significantly contributed to our understanding of the genetic and pathophysiological aspects 

of PD (Miura, 2020; Huang, 2021). 

The culture of diverse solid tumors directly from patients in the form of tumor organoids has 

proven feasible and advantageous in cancer research. Obtained from patient biopsies, 

organoids offer a representation of the tumor microenvironment (TME), a critical aspect in 

cancer studies (Gao, 2014; Kopper, 2019; Sachs, 2018). The establishment of colorectal cancer 

organoids from patient samples in 2011 marked a significant milestone, with subsequent 

emergence of various cancer organoids spanning different cancer types (Sato, 2011). Beyond 

facilitating drug screening, these models enable fundamental research.  

Furthermore, organoids offered a well-suited platform for the study of infectious diseases. The 

specificity of infectious agents for particular species or cell types makes human models more 

advantageous than animal models in elucidating the pathogenetic mechanisms and 
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development of such diseases. A notable example is the work of Qian et al., who generated 

forebrain-specific organoids from iPSCs, and subsequently exposed them to Zika virus (ZIKV) 

(Qian, 2016). The infection exhibited a distinct tropism for neural progenitors, leading to cell 

death, diminished proliferation, and a reduction in the volume of the neuronal cell layer. This 

model effectively emulates the conditions associated with ZIKV-induced microcephaly. The 

authors advocate for this experimental approach, considering it a versatile method suitable for 

both mechanistic studies and the evaluation of potential antiviral drugs targeting ZIKV 

(Clevers, 2016). Recent studies have uncovered associations between microcephaly and Zika 

virus (ZIKV) infection, and identified several compounds capable of reducing ZIKV-induced 

cell death (Krenn, 2021; Xu, 2016). 

3D organoids have shown a great potential also in drug screening (Tang, 2022). The ASC-based 

organoid technology allows rapid ex vivo testing of drug responses on the affected tissue of 

individual patients. In the drug discovery pipeline, novel compounds undergo multiple 

screening stages before gaining approval for clinical trials. However, a substantial proportion, 

approximately 80%, of approved agents face failure during these clinical trials (Heydari, 2021). 

Notably, Alzheimer's disease exhibits an exceptionally high failure rate of 99.6% in drug 

discovery efforts (Mohs, 2017; Pistollato 2016). Besides being long and cost prohibitive, drug 

discovery process relied largely on animal models which have shown low predictivity for 

human health (Hartung, 2013). Organoids can be employed for medium- to high-throughput 

screening and require less time and costs, thus significantly facilitating drug testing (Heydari, 

2021; Marx, 2020).  

For example Kozuka et al. cultured mini colonic organoids in 96-well plates and conducted a 

successful screening of around 2000 compounds to identify potential drugs (Kozuka, 2017). 

Notably, in 2015, a patient suffering from cystic fibrosis (CF) was treated for the first time 

based on information from drug screening tests performed on the patient’s own tissue, 

cultured ex vivo in the form of organoids. Since then, organoids helped develop new 

pharmaceuticals also for microcephaly, ulcerative colitis, and Crohn’s disease (Alhaque, 2018). 

Moreover, the possibility to generate human organoids that replicate the key sites for drug-

induced toxicity—such as the gut, liver, and kidney—opens up promising avenues to 

supplement conventional animal-based toxicology. This approachentails conducting 

assessments directly on these vulnerable human tissues. A notable example is the study by 

Little and colleagues, where they employed human kidney organoids to demonstrate the 

nephrotoxic impact of cisplatin (Takasato, 2015). 

Lastly, although still far from realization, the enduring aspiration of organoid technologies is 

to leverage them as a source for cell therapies and as a prospective alternative to whole-organ 

transplantation. The considerable expansion potential of specific organoid types also enables 

the development of autologous cell therapy approaches and the creation of organoid biobanks 
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(van de Wetering, 2015), offering potential applications in allogeneic cell therapy transplants. 

While substantial advancements in technology are still necessary to attain this objective, it is 

possible to envision this type of application, along with many others, in the future (Lancaster, 

2019). In line with this, the exploration into novel applications is pushing the boundaries of 

organoid technology and a group from Johns Hopkins University has recently launched a 

research initiative known as Organoid Intelligence (OI) (Smirnova 2023). This initiative 

advocates for utilizing brain organoids in computational processes. The project envisages 

interconnected interfaces in which brain organoids are linked with real-world sensors and 

output devices and eventually with each other and with sensory organ organoids (e.g. retinal 

organoids), and are trained using biofeedback, big-data warehousing, and machine learning 

methods . These OI-based biocomputing systems aim to enable faster decision-making with 

greater energy and data efficiency and could potentially aid to elucidate the pathophysiology 

as well as identify novel therapeutic approaches for major global disorders (Figure 1.2). 

 

 

Figure 1.2: Architecture of an OI system for biological computing. From: Smirnova L, Caffo BS, Gracias DH, Huang 

Q, Morales Pantoja IE, Tang B, Zack DJ, Berlinicke CA, Boyd JL, Harris TD, Johnson EC, Kagan BJ, Kahn J, Muotri 
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AR, Paulhamus BL, Schwamborn JC, Plotkin J, Szalay AS, Vogelstein JT, Worley PF and Hartung T. Organoid 

intelligence (OI): the new frontier in biocomputing and intelligence-in-a-dish. Front Sci (2023) 1:1017235. doi: 

10.3389/fsci.2023.1017235. 

 

1.3 Brain organoids 

The complexity of brain architecture and physiology, and the scarcity of approaches available 

have limited the investigation of brain functions over the years. To date, research on brain 

disorders relied mostly on postmortem brain and animal models studies. Brain tissues from 

patients with neurological disorders allowed identifying key anatomical alterations such as the 

extracellular accumulation of beta-amyloid (Aβ) plaques and the intracellular presence of 

hyperphosphorylated tau proteins in AD, as well as changes in protein and gene expression in 

multiple brain diseases. However, it is rather difficult to obtain information on the dynamic 

changes of disease progression or related to disease prevention and treatment with post-

mortem brain studies (Lovett, 2020).  Similarly, although animal models have deepened our 

understanding of several neurological disease mechanisms, they are less valuable to investigate 

cognitive aspects in humans because of relevant species-specific differences (Trudler, 2021), 

and already demonstrated poor predictability for drug discovery (Hartung 2013). Thus, the 

advent of organoid models in combination with huma- iPSCs technology has provided a unique 

opportunity to model human brain development and function and to study diseases of the 

nervous system. 

Seminal work in 2008 from Sasai and colleagues reported the first evidence of stem cell-

derived neural cell 3D cultures that self-organized into cortical-like structures, establishing the 

groundwork for brain organoid protocols (Eiraku, 2008). These initial brain organoids have 

been generated through a serum-free floating culture of embryoid body-like aggregates, 

capitalizing on the natural neural differentiation that takes place in embryonic stem (ES) 

culture in the absence of inhibitors of neural differentiation (Clevers, 2016). Lancaster and 

Knoblich advanced this methodology by generating distinct neural structures encompassing 

representations of several different brain regions. These aggregates are enclosed in a laminin-

rich extracellular matrix derived from the Engelbreth-Holm-Swarm tumor cell line (Matrigel). 

This environment allows polarization and outgrowth of large neuroepithelial buds, which 

undergo spontaneous development into various brain regions including retina, dorsal cortex, 

ventral forebrain, midbrain-hindbrain boundary, choroid plexus, and hippocampus (Corrò, 

2020). Subsequent studies have extended these findings by creating additional organoid 

protocols to model specific brain regions, such as forebrain, the midbrain, the hippocampus, 

the thalamus or the cerebellum (Jo, 2016; Muguruma, 2015; Sakaguchi, 2015; Xiang, 2019). 

Overall, experimental protocols can be broadly categorized in two main approaches: 

unpatterned and patterned protocols. Unpatterned protocols rely on the intrinsic programs of 
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cellular aggregates for the emergence of developmental trajectories (Renner, 2017). 

Conversely, patterned protocols involve the intentional use of small molecules and growth 

factors to guide the differentiation of cellular aggregates toward specific brain regions. While 

unpatterned brain organoids exhibit greater cellular and regional diversity, they also pose 

challenges in terms of reproducibility, showing increased variability across differentiation 

rounds compared to the more controlled nature of patterned protocols (Cheroni, 2020).  

Some studies have integrated neural cells with other cell lineages. For instance, the co-culture 

of neural cells with endothelial cells has recapitulated vascularization and even BBB formation 

in brain organoids. these organoids can predict CNS permeability to new compounds and were 

used as a model to study SARS-CoV-2 entry through the blood-brain barrier (Pellegrini, 2020). 

Similarly, microglia-like cells have been included into cortical organoids to study neural–glial 

interactions to study neurodegenerative disorders (Lin, 2018). 

A more recent advance in 3D multicellular systems has been the development of fused brain 

organoids, called assembloids (Figure 1.3). Region-specific brain organoids were cultured 

together and allowed to create connections to form assembloids in order to to capture the 

interactions between different brain regions 

Assembloids are particularly useful to study the assembly of neural circuit and to model 

neurological diseases (Schmidt, 2021). Pioneering this approach, Paşca's group engineered 

assembloids by integrating forebrain spheroids with cortical glutamatergic or GABAergic 

neurons, in order to study the saltatory migration of interneurons in the fetal forebrain (Birey 

, 2017). Since then, several studies employed assembloids to study cortex–striatal interactions  

(Miura, 2020), thalamo-cortical axon projection, by fusing thalamic organoid with cortical 

organoids (Xiang, 2019), cortico-motor interactions (Andersen, 2020), and neuro-muscular 

information flows (Koike, 2019). 

Furthermore, assembloids have been employed to model brain connectivity to non-CNS 

tissues. Andersen et al.  innovatively fused cortical organoids with skeletal muscle spheroids, 

resulting in the formation of 3D cortico-motor assembloids. This approach holds considerable 

potential for modeling disorders like spinal muscular atrophy (SMA) or amyotrophic lateral 

sclerosis (ALS) (Andersen, 2020). Additionally, assembloid models have been employed to 

simulate interactions between the CNS and the intestine (Son, 2017). The growing interest in 

the field of brain-gut interactions has fostered the development of such structures, 

demonstrating significant potential for modeling intricate pathologies, including Parkinson’s 

disease (PD) or inflammatory bowel disease (IBD).  Cultures incorporating 3D human 

neuroectoderm spheroids and human intestinal organoids, carrying the most common PD 

mutation, LRRK2 G2019S, were generated from the same genetic patient background to 

identify the molecular pathways affected by the LRRK2 mutation (Goldrick, 2023).  
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Figure 1.3: Brain region-specific organoids are generated from human pluripotent stem cells (hPSC) and can be 

assembled with other cell types (multilineage assembloids), with other organoids (mutiregion assembloids) or with 

morphogens or organizer-like cells (polarized assembloids). Brain organoids and assembloids can be used to model 

complex cell-cell interactions and neural circuit formation in the human nervous system. From: Paşca SP. 

Assembling human brain organoids. Science. 2019 Jan 11;363(6423):126-127. doi: 10.1126/science.aau5729. PMID: 

30630918. 

 

1.4 Brain organoids for modelling neurodevelopmental and 

neurodegenerative disorders. 

Brain organoids have been used to model several neurological disease and, importantly, 

neurodevelopmental disorders, owing to their similarity to the developing brain up to mid-

gestation (Paşca, 2015; Tanaka, 2020).  

The morphofunctional basis of the ASD is characterized by an atypical trajectory of brain 

maturation, resulting in disrupted neurogenesis, synaptogenesis, and an imbalance in the 

excitatory and inhibitory systems of the central nervous system. These pathological alterations 

appear at different stages of brain maturation as the result of multifactorial influences (Shen, 

2017). Brain organoids offer an in vitro platform to explore the intricate process of human 
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brain development in both temporal and spatial dimensions. These structures mimic the 

cellular composition of the fetal brain, including progenitor neuronal and glial cell types, as 

well as general tissue structure and developmental trajectory (Chiaradia, 2020). In addition, 

organoids generate cell types, such as outer radial glia, and aspects of cortical development, 

including primate-specific cortical expansion, that are not present in rodents (Levy, 2023). 

iPSC technology allows the generation of personalized brain models from ASD patients with 

specific genetic background. In alternative, the genome of  iPSC isogenic lines can be modified 

using gene editing technology; organoids generated though gene editing for a specific ASD risk-

associated gene can help understand the contribution of a specific gene or gene-environment 

interactions in the complex scheme of ASD genetics through a monogenic approach (Lim, 

2015). 

Cortical organoids are considered the most appropriate for modelling mechanisms underlying 

ASD such as defects in cortical connectivity and neural migration to the cerebral cortex (Just, 

2007). Cortical organoids generated from idiopathic ASD patients showed neuronal migration 

deficiency, acceleration and disruption of cell cycle synchronization, abundant synaptogenesis, 

temporary deviations in the development of the cortex, increased branching of neurons, and 

unbalanced inhibitory differentiation of neurons with overproduction of GABAergic neurons. 

The shift towards GABAergic neurons was induced by FOXG1 and positively correlated with 

the severity of ASD symptoms (Avazzadeh, 2019; Mariani, 2015). 

Following these results, divergent developmental trajectories between normocephalic and 

macrocephalic ASD patients-derived organoid were identified, suggesting a separate 

mechanism of ASD pathogenesis in the two phenotypes (Jourdon, 2022). GABAergic 

interneuron differentiation was also observed in telencephalic organoids with heterozygous 

loss of CHD8, a high-risk gene for ASD. Genes differentially expressed in CHD8 mutant and 

wild-type organoids were further enriched for pathways relating to neurogenesis, neuronal 

differentiation, forebrain development, Wnt/β-catenin signaling and axon guidance (Wang, 

2017). CHD8 haploinsufficiency led to a significant enlargement of cerebral organoids (in vitro 

correlate of patients' macrocephaly) and disrupted differentiation dynamic of excitatory and 

inhibitory neurons, with a longer phase of excitatory neuron progenitor proliferation and an 

accelerated production of inhibitory neurons (Cheffer, 2020). 

One of the latest advancements in modeling early neurodevelopment was the use of iPSC-

derived cortical organoids for simulating neural oscillations. These are periodical and regular 

network activity events that manifest in the early developmental stages and rely on a balanced 

interplay of glutamatergic and GABAergic signalling (Trujillo, 2019). Deficits in neuronal 

oscillatory activity and synchrony have been suggested to correlate with social behavior deficits 

in ASD, which is not unexpected given that E/I balance is one of the leading hypotheses in the 

etiology of ASD. Therefore, the modeling of organoid neural oscillations provided the 
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possibility to characterize normal and dysfunctional activity in brain networks during early 

neurodevelopment and in the context of ASD (Culotta, 2020). Several other studies have been 

conducted on brain organoids with the aim to elucidate mechanisms underlying the 

pathophysiology of ASD and other neuropsychiatric disorders, as comprehensively reviewed 

in (Cheffer, 2020; Culotta, 2020; Gulimiheranmu, 2021). 

Modelling neurodegenerative disorders with brain organoids is particularly challenging due to 

the late onset of the diseases and the limited maturity that organoids can achieve. Nevertheless, 

efforts to explore Alzheimer’s disease (AD) in organoids derived from cells of individuals with 

familial Alzheimer’s disease have yielded intriguing findings (Chiaradia, 2020). 

AD is characterized by the accumulation of amyloid β (Aβ) and hyperphosphorylated tau 

proteins, resulting in neuronal and synaptic loss and culminating in severe memory 

impairment and cognitive dysfunction. Initial 3D brain organoid models of AD successfully 

replicated crucial aspects of AD pathology, including the aggregation of Aβ plaques and the 

formation of neurofibrillary tangles (Raja, 2016; Ochalek, 2017). More recently, additional 

features of AD pathology have been mimicked in 3D model systems, encompassing 

neuroinflammatory alterations, synaptic dysfunction (Gonzalez, 2018), and aberrations in 

neural electrical activity commonly observed in AD patients (Park, 2018). These developments 

provide encouraging evidence for the potential utility of 3D organoid models in studying AD 

in vitro. 

Similarly, the development of human midbrain organoids aimed to recapitulate Parkinson’s 

disease (PD). To mention a few examples, Jo et al. generated iPSC-derived midbrain organoids 

containing functionally mature dopaminergic neurons, demonstrating the production of 

neuromelanin—a biomarker associated with aging and PD that is produced by the substantia 

nigra in the early stages of PD. Notably, the production of neuromelanin could not be 

demontrated in previous 2D models (Jo, 2016). Furthermore, midbrain organoids were 

generated from individuals with the G2019S mutation in leucine-rich repeat kinase 2 (LRRK2), 

one of the primary genetic causes of the disease. These organoids, after 60 days of 

differentiation, exhibited PD-like features, including the loss of dopaminergic neurons, 

abnormal levels of alpha-synuclein, and increased levels of light chain 3B—a marker of 

autophagy, responsible for the removal of toxic or aggregated proteins (Kim, 2019). 

However, some limitations should be considered when modeling sporadic forms of 

neurodegenerative and neuropsychiatric disorders. The genetic heterogeneity of sporadic 

forms make it difficult to draw conclusions or establish causal mechanisms, as molecular 

alterations may simply be due to variations in the genetic background (Trudler, 2021). 

Furthermore, it is important to note that during the reprogramming of donor fibroblasts to 

hiPSCs, most epigenetic modifications are lost. Consequently, hiPSC-derived organoid models 
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representing sporadic cases of neurological disorders may potentially overlook the potential 

contributions of developmental and environmental factors (Yang, 2020). 

More generally, there are several aspects that organoid technology needs to implement in order 

to better recapitulate in vivo conditions. Some technical limitations that brain organoid 

protocols collectively share include limited maturation, lack of vascularization, absence of 

certain cell types found in the brain as well as high batch-to-batch variability (Kaluthantrige, 

2021). Organoids primarily replicate the initial developmental stages corresponding to fetal 

and, perhaps, infant cortical development. As a result, they may not accurately model later-

onset psychiatric disorders or degenerative conditions. Future directions to address this 

limitation include studies to understand and accelerate developmental clocks (Goldrick, 2023). 

Moreover, the lack of vascularization limits the diffusion of oxygen and nutrients to the centre 

of the organoid leading to the formation of a necrotic core. This limitation constrains the 

possibility to sustain long-term cultures, thereby impeding the development of mature 

organoids. Additionally, the absence of microvasculature make it difficult to model the blood-

brain barrier (Logan, 2019). Similarly, the absence of microglia limits the investigation of 

fundamental processes such as neuroinflammation (Nam,2020). 

Recent progress in culture methodologies, including the development of engineering 

vascularized organoids, the use of slice cultures, co-cultures with endothelial cells, and in vivo 

grafting into host tissue, have started to address these issues (Levy, 2022).  

In this regard, microphysiological systems (MPS) such as organ-on-chip provide opportunities 

to study human cells with enhanced physiological relevance. These technologies consist in 

engineered microchips containing one or more cell cultures and recapitulate vascular 

perfusion allowing for stable nutrient supply and removal of waste; they also facilitate tissue–

tissue interfaces and the integration of circulating immune cells (Benito-Kwiecinski, 2020). 

There have also been concerns about reproducibility both within and between hiPSC. Notably, 

the diverse pluripotent stem cell lines have shown a tendency to produce organoids with 

variable sizes and morphologies, posing a challenge to the consistent replication of results. 

Additionally organoids suffer from the ‘batch effect’, with variation in efficiency of 

differentiation, morphology and variability in cell composition across different batches of 

organoids. This variability is especially pronounced in self-patterned organoids (de Jongh, 

2022). Addressing these challenges, efforts have been made to enhance reproducibility. 

Regionalized neural organoids, guided in their development, have shown promising results, 

demonstrating improved consistency across batches, different hiPSC lines, and various 

experiments. (Levy, 2022). Additional strategies to increase homogeneity involve the 

utilization of micro-scaffolds to generate specific cellular configurations and the 

implementation of mini spinning bioreactors with smaller media volumes and better-

controlled conditions (Velasco, 2019).  
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Despite these limitations, organoids represent invaluable tools for modelling brain diseases, 

offering a three-dimensional, physiologically relevant platform that closely mimics the 

complexities of human cerebral tissue. They have provided insights into various pathological 

conditions, enabling the study of disease mechanisms, drug responses, and personalized 

medicine approaches. The future perspectives of organoid research involve refining protocols 

for increased reproducibility, advancing vascularization techniques, ultimately paving the way 

for more effective drug discovery and personalized therapeutic strategies.  
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Summary of research  

This PhD thesis encompasses three distinct original studies and one narrative review, all 

dedicated to exploring the intricate pathophysiological mechanisms associated with both 

neurodevelopmental and neurodegenerative disorders. The findings contribute to the current 

body of knowledge, shedding light on critical aspects of these disorders and providing a 

foundation for further research in the field.  

Chapter 2 describes the results of a study entitled “Gene–Environment Interactions in 

Developmental Neurotoxicity: a Case Study of Synergy between Chlorpyrifos and CHD8 

Knockout in Human BrainSpheres”, published in 2021 on the peer-reviewed scientific journal 

“Environmental Health Perspectives” and co-authored by Sergio Modafferi, Xiali Zhong, 

Andre Kleensang, Yohei Murata, Francesca Fagiani, David Pamies, Helena T. Hogberg, 

Vittorio Calabrese, Herbert Lachman, Thomas Hartung, and Lena Smirnova. Using a 3D brain 

organoid model, we assessed the synergistic interactions between a genetic mutation and an 

environmental toxicant, both associated to an increased risk for the development of Autism 

spectrum disorders (ASD).   

Chapter 3 reports some sections of a study entitled “Blood Extracellular Vesicles Carrying 

Brain-Specific mRNAs Are Potential Biomarkers for Detecting Gene Expression Changes in 

The Female Brain” and co-authored by Lena Smirnova, Sergio Modafferi, Charlotte Schlett, 

Lauren M. Osborne, Jennifer L. Payne and Sarven Sabunciyan, which is currently under 

revision in a peer-reviewed scientific journal.  The main objective of the study is to analyze the 

feasibility of inferring transcriptional changes in the brain through the analysis of mRNA levels 

in blood EV. For the purpose of this thesis, only the results and methods related to the part of 

the study conducted using our brain organoid model are reported. Here we employed the same 

brain organoid model used for the previous study to assess whether 1) differences existed 

between cellular and EV mRNA levels and 2) mRNA expression changes in cells associated 

with neural differentiation were reflected in EV mRNA levels.  

The studies described in Chapter 2 and 3 are the result of the collaboration with the group of 

Prof. Thomas Hartung at the Center for Alternative to Animal Testing (CAAT), Johns Hopkins 

University, Baltimore, MD, USA, where I spent one year during my PhD. 

Chapter 4 includes one original study and a narrative review regarding the potential role of 

medicinal mushrooms in neurodegenerative and neurodevelopmental disorders. The first 

study, entitled “Natural Compounds Such as Hericium erinaceus and Coriolus versicolor 

Modulate Neuroinflammation, Oxidative Stress and Lipoxin A4 Expression in Rotenone-

Induced Parkinson’s Disease in Mice”, published in 2022 on the peer-reviewed scientific 

journal “Biomedicines” and co-authored by Marika Cordaro, Sergio Modafferi, Ramona 

D'Amico, Roberta Fusco, Tiziana Genovese, Alessio Filippo Peritore, Enrico Gugliandolo, 
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Rosalia Crupi, Livia Interdonato , Davide Di Paola, Daniela Impellizzeri, Salvatore Cuzzocrea, 

Vittorio Calabrese, Rosanna Di Paola, Rosalba Siracusa,  showed the potential of Hericium 

erinaceus and Coriolus versicolor, to modulate neuroinflammation and oxidative stress 

through nuclear factor-kB and Nrf2 pathways, in a mice model of Parkinson’s     disease 

induced by rotenone. This study is the result of the collaboration with the group of Prof. 

Rosanna di Paola, Department of Veterinary Sciences, University of Messina. 

The second study is a narrative review entitled “Antioxidants, Hormetic Nutrition, and 

Autism”, published in 2023 on the peer-reviewed scientific journal “Current 

Neuropharmacology” and co-authored by Sergio Modafferi, Gabriella Lupo, Mario Tomasello, 

Francesco Rampulla, Marialaura Ontario, Maria Scuto, Angela Trovato Salinaro, Antonio 

Arcidiacono, Carmelina Daniela Anfuso, Maria Legmouz, Fatima-Zahra Azzaoui, Agostino 

Palmeri, Sestina Spano’, Francesca Biamonte, Gaetano Cammilleri, Tilman Fritsch, Alena 

Sidenkova, Edward Calabrese, Uwe Wenzel and Vittorio Calabrese. The text was adapted for 

the purpose of this thesis and it discusses hormetic mechanism elicited by Hericium erinaceus 

and Coriolus versicolor that could be beneficial in Autism spectrum disorders.  
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Chapter 2 

 

Gene–Environment Interactions in Developmental Neurotoxicity: a 

Case Study of Synergy between Chlorpyrifos and CHD8 Knockout in 

Human BrainSpheres. 

 

2.1 Abstract 

Background: Autism spectrum disorder (ASD) is a major public health concern caused by 

complex genetic and environmental components. Mechanisms of gene–environment (G×E) 

interactions and reliable biomarkers associated with ASD are mostly unknown or 

controversial. Induced pluripotent stem cells (iPSCs) from patients or with clustered regularly 

interspaced short palindromic repeats and CRISPR-associated protein 9 (CRISPR/Cas9)-

introduced mutations in candidate ASD genes provide an opportunity to study (G×E) 

interactions. 

Objectives: In this study, we aimed to identify a potential synergy between mutation in the 

high-risk autism gene encoding chromodomain helicase DNA binding protein 8 (CHD8) and 

environmental exposure to an organophosphate pesticide (chlorpyrifos; CPF) in an iPSC-

derived human three-dimensional (3D) brain model. 

Methods: This study employed human iPSC-derived 3D brain organoids (BrainSpheres) 

carrying a heterozygote CRISPR/Cas9-introduced inactivating mutation in CHD8 and exposed 

to CPF or its oxon-metabolite (CPO). Neural differentiation, viability, oxidative stress, and 

neurite outgrowth were assessed, and levels of main neurotransmitters and selected 

metabolites were validated against human data on ASD metabolic derangements. 

Results: Expression of CHD8 protein was significantly lower in CHD8 heterozygous knockout 

(CHD8+/−) BrainSpheres compared with CHD8+/+ ones. Exposure to CPF/CPO treatment 

further reduced CHD8 protein levels, showing the potential (G×E) interaction synergy. A novel 

approach for validation of the model was chosen: from the literature, we identified a panel of 

metabolic biomarkers in patients and assessed them by targeted metabolomics in vitro. A 

synergistic effect was observed on the cholinergic system, S-adenosylmethionine, S-

adenosylhomocysteine, lactic acid, tryptophan, kynurenic acid, and alpha hydroxyglutaricα-

hydroxyglutaric acid levels. Neurite outgrowth was perturbed by CPF/CPO exposure. 

Heterozygous knockout of CHD8 in BrainSpheres led to an imbalance of excitatory/inhibitory 

neurotransmitters and lower levels of dopamine. 

Discussion: This study pioneered (G×E) interaction in iPSC-derived organoids. The 

experimental strategy enables biomonitoring and environmental risk assessment for ASD. Our 
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findings reflected some metabolic perturbations and disruption of neurotransmitter systems 

involved in ASD. The increased susceptibility of CHD8+/− BrainSpheres to chemical insult 

establishes a possibly broader role of (G×E) interaction in ASD. 

 

2.2 Introduction 

Autism spectrum disorder (ASD) includes a cluster of neurodevelopmental conditions 

characterized by variable deficits in social communication and interaction, as well as restricted, 

stereotyped, and repetitive interests and behaviors (Lai et al. 2014; Mandy and Lai 2016). 

Individuals with ASD may show a broad range of comorbidities: epilepsy, attention deficits, 

intellectual disability, gastrointestinal problems, and diverse motor cognitive and mood 

impairments—all of which contribute to clinical heterogeneity (Courchesne et al. 2019). ASD 

is a major public health concern given that its prevalence is currently estimated at ∼1.5% in 

developed countries (Baxter et al. 2015; Lyall et al. 2017). 

Recent developments in imaging and genetic techniques have led to significant advances in the 

understanding of ASD and paved the way for new approaches to study its pathophysiology. For 

instance, genome-wide association and large-scale sequencing studies have identified 

hundreds of ASD risk loci with common and rare risk variants, highlighting the heterogeneity 

of ASD genetic contribution (De Rubeis et al. 2014; Sanders 2015; Sanders et al. 2015; 

Satterstrom et al. 2020; Vorstman et al. 2017; Willsey et al. 2013). High-confidence genes were 

identified and predicted to be involved in pathways affected in ASD (Ayhan and Konopka 

2019). Overall genetic effects, however, account for ∼59% of the etiological contribution to 

ASD, leaving a substantial role for environment-mediated effects (Gaugler et al. 2014). It is 

now generally believed that diverse (epi)genetic factors, environmental factors, and gene–

environment (G×E) interactions increase autism risk (Chaste and Leboyer 2012; Dietert et al. 

2011; Karimi et al. 2017; Kim et al. 2019; Koufaris and Sismani 2015; LaSalle 2013; Lyall et al. 

2017; Modabbernia et al. 2017; Peter et al. 2015; Rossignol et al. 2014). How environmental 

factors and genetic susceptibilities interact to increase ASD risk remains mostly unknown. 

For many years, autism research relied largely on animal models (Halladay et al. 2009). 

Rodent and human brain development, however, differ significantly (Lancaster et al. 2013; 

Rice and Barone 2000). Although useful for morphological/phenotypical and behavioral 

studies, animal-based models for neurological disorders have shown limitations in modeling 

human disease and efficacy of interventions. One example is Alzheimer’s disease, with a failure 

rate of 99.6% in drug discovery (Mohs and Greig 2017; Pistollato et al. 2016). In general clinical 

trials, success rates for neurological disorders were half the rate of other indications (Butlen-

Ducuing et al. 2016). For ASD, in the absence of drug trials, no such direct comparisons are 

possible. A human-relevant model promises to find (G×E) interactions, particularly for the 

study of molecular mechanisms of those interactions and biomarkers of disease and to 
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complement animal behavioral studies. Advantages of stem cell-derived test systems, whether 

two- (2D) or three-dimensional (3D), over traditional animal models include a) enabling the 

generation of human disease-relevant cell types; b) leveraging the genetic background of 

interest, either from patients or introduced by gene editing; and c) employing those cell types 

for medium- to high-throughput screening for toxicants and drugs because cellular models 

require less time and costs. Simple monolayer in vitro models, however, do not represent 

human organ function, have limited shelf-lives, and lack the complexity of in vivo structure 

and physiology. Therefore, more complex systems that better mimic human brain architecture 

and function are needed (Astashkina and Grainger 2014; Marx et al. 2016, 2020; Pamies and 

Hartung 2017). Emerging 3D human organoid-based culture systems (especially those derived 

from iPSCs), promise the possibility of (G×E) interaction testing at the cellular and molecular 

levels in human-relevant models (Yang and Shcheglovitov 2020). 3D iPSC-derived neural 

cultures better recapitulate key events of neural development (neural and glial differentiation, 

migration, myelination, and synaptogenesis) than monolayer models do (Limongi et al. 2013). 

3D neural cultures show increased survival and enhanced neural differentiation compared 

with traditional 2D cultures (Peretz et al. 2007; Brännvall et al. 2007), allowing them to reach 

the later stages of neurodevelopment, where they can be differentiated into astrocytes and 

oligodendrocytes. Thus, the 3D systems have more heterogeneous in vivo-relevant cellular 

composition compared with the more homogeneous single-cell–type 2D cultures. A prolonged 

shelf-life is also beneficial in studies of the long-term and delayed effects of toxicants. The 

clustered regularly interspaced short palindromic repeats and CRISPR-associated protein 9 

(CRISPR/Cas9) genome-editing of iPSCs further strengthens these models by enabling the 

generation of gain- and loss-of-function mutations in genes of interest, greatly facilitating the 

interpretation of risk allele effects on neuronal function (Wang et al. 2017). 

ASD susceptibility genes converge during certain periods in development and on specific 

biological pathways, including those for transcription/chromatin remodeling complexes and 

synaptic function (Modabbernia et al. 2017). Data are accumulating on environmental 

chemicals that potentially interact with these signaling pathways (Stamou et al. 2013). Loss-

of-function mutations in regulator genes can initiate developmental network dysregulations 

and cause ASD (Ayhan and Konopka 2019). The CHD8 gene is an example of a high-risk ASD 

gene (Cotney et al. 2015; Neale et al. 2012; Stolerman et al. 2016). CHD8 is an ATP-dependent 

protein that represses transcription by altering nucleosome positioning and regulates a 

network of genes critical for early neurodevelopment (Bernier et al. 2014). Studies in human 

samples (Bernier et al. 2014), as well as in cellular (Wang et al. 2015; Cotney et al. 2015; 

Sugathan et al. 2014) and animal (Cotney et al. 2015) models, demonstrated that CHD8 

mutations modulate other genes involved in ASD, affecting global development, neural 

differentiation, and brain volume. Results with cerebral organoids derived from iPSCs with a 
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CHD8 null mutation, for example, showed that CHD8 can affect GABAergic interneuron 

development consistent with abnormalities in cortical gamma-aminobutyric acid (GABA) 

interneuron function found in a subgroup of ASD (Wang et al. 2017). 

Organophosphorus pesticides (OPs), such as chlorpyrifos (CPF), are widely used in agriculture, 

with consequent exposures of workers and residents of agricultural communities, as well as 

the general population through consumption of OP-treated agricultural products (Rauh et al. 

2012). However, there is a vast literature reporting their adverse effects on the developing 

nervous system (Juberg et al. 2019; Mie et al. 2018; Rauh et al. 2006; Stamou et al. 2013). 

Several epidemiological (Rauh et al. 2011, 2012; Eaton et al. 2008) and animal studies (De 

Felice et al. 2016; Eaton et al. 2008) have showed that developmental exposure to CPF, even 

at subtoxic levels, has adverse effects on brain maturation—targeting pathways involved in 

ASD etiology—and may induce various neurobehavioral deficits as well as structural 

abnormalities (such as thinning of the cerebral cortex) (Grandjean and Landrigan 2014). In 

addition, exposure of mothers to CPF during the second trimester of pregnancy has been 

associated with a higher risk of ASD in their children (Shelton et al. 2014). 

Although the mechanism underlying the risk of ASD from OP exposure is unknown, it has been 

suggested that OPs could affect the expression and function of ASD risk genes and derail 

normal neurodevelopment. Whether there exists a particularly vulnerable subpopulation at 

greater risk for pesticide exposure remains to be clarified using (G×E) interaction studies 

(Stamou et al. 2013). Establishing clear associations between environmental and genetic ASD 

risk factors, however, could be particularly challenging, considering the extremely 

heterogeneous genetics of ASD and the susceptibility of the developing brain to multiple 

environmental insults. Our approach, therefore, aimed to identify and study 

interactions/synergies between one specific environmental factor and ASD risk gene. 

Identified synergies may point out the signaling pathways relevant for ASD, which can be 

potentially dysregulated by both. This might establish a role for (G×E) interaction in ASD that 

could be expanded to other developmental neurotoxicants and risk genes. 

In the present study, we aimed to address the (G×E) interaction hypothesis in ASD by using 

an iPSC-derived brain organoid model with CRISPR/Cas9-engineered CHD8 heterozygous 

knockout (CHD8+/− BrainSpheres) and exposure to CPF. To account for limiting xenobiotic 

metabolism in vitro, the active metabolite chlorpyrifos-oxon (CPO), which actively inhibits 

acetylcholinesterase (AChE) (Koshlukova and Reed 2014)—a primary acute mode of action 

among OPs—was also included. A literature survey identified adverse outcome pathways 

(AOPs) and an array of putative biomarkers of metabolic perturbation in individuals with ASD, 

which were then analyzed in BrainSpheres, with or without an ASD genetic background, 

exposed to CPF and CPO. The present study demonstrates the usefulness of an approach 
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comparing human data with data obtained in vitro to identify possible biomarkers of exposure, 

as well as to identify ASD-relevant molecular networks perturbed by chemical exposure. 

 

2.3 Methods 

 

BrainSphere Differentiation 

CHD8+/+ and CHD8+/− neural progenitor cells (NPCs) were generated earlier from the iPS-

2C1 and iPS-2C4G1C4 lines, respectively, authenticated and characterized by H.L.’s group 

(Wang et al. 2015, 2017). Frozen stocks of the NPCs were transferred to Johns Hopkins, where 

the main experiments were conducted. Upon receipt, NPCs were tested for mycoplasma 

contamination by the polymerase chain reaction (PCR)-based MycoDtect kit (Greiner Bio-

One) at Johns Hopkins Genetics Resources Core Facility (tests were reported as negative). 

NPCs were expanded in poly l-ornithine and laminin-coated 175-cm2 flasks in NPC medium 

[KnockOut Dulbecco’s Modified Essential Medium/Ham’s F-12 Medium, 5% penicillin-

streptomycin (Pen/Strep), 1× Stempro, 2×glutamax, 0.02μg/mL human basic fibroblast 

growth factor, and 0.02μg/mL human epidermal growth factor]—all reagents were from 

Thermo Fisher Scientific. Cells were maintained at 37°C, 5% carbon dioxide. Half of the 

medium was changed daily. 

CHD8+/+ and CHD8+/− BrainSphere differentiation followed our previously published 

protocol without any modifications (Pamies et al. 2017). Briefly, 2×106 NPCs were plated per 

well in noncoated 6-well plates and cultured under constant gyratory shaking (88 rpm, 19mm 

orbit) in NPC medium. After 48 h, the medium was changed to differentiation medium 

[Neurobasal electro Medium (Thermo Fisher Scientific), 5% Pen/Strep, 2×glutamax, 1×B-27 

electro (Gibco; Thermo Fisher Scientific), 0.01μg/mL human glial cell line-derived 

neurotrophic factor (GeminiBio), and 0.01μg/mL human brain-derived neurotrophic factor 

(GeminiBio)]. Cultures were maintained under constant gyratory shaking for up to 8 wk. 

Differentiation medium was exchanged every second day. The neural differentiation efficiency 

was assessed by immunocytochemistry (Figure 1B; Figure S1) and real-time PCR (RT-PCR). 
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Figure 1. 

CHD8+/+ and CHD8+/− NPC characterization. Scheme of BrainSphere differentiation. Prior differentiation to 

BrainSpheres, NPCs were expanded in monolayers and characterized. (A) CHD8 protein levels in CHD8+/− vs. 

CHD8+/+ NPCs analyzed by western blot. (B) Representative images showing expression of the NPC markers Sox2 

(green) and Nestin (red) in CHD8+/+ and CHD8+/− NPC cultures prior to induction of differentiation into 

BrainSpheres. The nuclei were visualized with Hoechst 33342. Scale bar: 50μm. (C) Differentiation and toxicant 

treatment scheme. Note: CPF, chlorpyrifos; CPO, oxon-metabolite of chlorpyrifos; EB, embryoid bodies; NPC, 

neural progenitor cell; 3D, three dimensional. 

 

 

CPF and CPO Treatment, Cytotoxicity Assay 

100 mM stocks of CPF and CPO (Sigma-Aldrich) were made in dimethyl sulfoxide (DMSO), 

aliquoted, and stored at −20°C. For all experiments, BrainSpheres were exposed to 100μM CPF 

or CPO for 24 h at 4 wk of differentiation. The high concentrations and short-term exposures 

employed do not suggest a risk to humans in the real world, but were rather used as a model 

exposure, making use of the substance’s well-established developmental neurotoxic (DNT) 

hazard (as described above in the “Introduction” section). For viability testing, an 8-wk time 

point was included, as well as a CPF/CPO concentration of 47μM. DMSO (<0.01%) was used 

as vehicle control. Four weeks was selected as the intermediate, immature stage of 

differentiation, during which the main types of neurons are present but are still further 

maturating, the first astroglia and oligodendrocytes are emerging (as demonstrated by Pamies 

et al. 2017). Between 4 and 8 wk, expression of mature neural markers further increased. At 8 
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wk, BrainSpheres represented cultures of more mature neurons and glial cells with a low 

percentage of NPCs (Figures S1 and S2). For viability measurements, BrainSpheres were 

equally distributed in a 24-well plate for 24-h exposure without shaking (one 6-well into four 

wells of a 24-well plate, which is around 30 BrainSpheres per well). Four- and 8-wk spheroids 

were exposed to vehicle, 47 and 100μM CPF, or its oxon (i.e., CPO). After 24-h exposure, the 

resazurin reduction assay was performed (Harris et al. 2017). Viability was measured using a 

multiwell fluorometric reader CytoFluor series 4000 (Perspective Biosystems) in three 

independent experiments (two for CPO-treated spheroids at 8-wk time point), with six to nine 

technical replicates in total. 

 

Measurement of Mitochondria Membrane Potential and Reactive Oxygen Species 

Mitochondrial membrane potential (MMP) was assessed using MitoTracker Red CMXROX 

(Thermo Fisher Scientific) and images were taken with an ECHO laboratories Revolve 

microscope with 4/0.13 magnification objective and quantified with ImageJ (Schneider et al. 

2012) as previously described in detail (Harris et al. 2017). MMP was assessed in at least seven 

spheroids per condition/per experiment in three independent experiments. Production of 

reactive oxygen species (ROS) was assessed by CellROX Green Reagent (Thermo Fisher 

Scientific) and quantified by flow cytometry. Briefly, BrainSpheres were treated with 5μM 

CellROX Green reagent for 45 min. Spheroids were washed three times with Hibernate E 

medium (Gibco) and dissociated with Collagenase IV/Papain/DNAse to a single-cell 

suspension as described in (Fan et al. 2018). Levels of ROS were measured on a BD LSRII flow 

cytometer using Diva software. Unstained cells were used for gating. Data from three 

independent experiments were analyzed with FlowJo (version 10.4.2; FlowJo LLC, Becton 

Dickinson, https://www.flowjo.com/solutions/flowjo) and presented as means±standard 

errors of the mean (SEMs). 

 

RNA Extraction and RT-PCR 

Total RNA was extracted using Trizol (Thermo Fisher Scientific) and concentrated using an 

RNA clean and concentrator kit (Zymo Research). RNA quantity and purity were determined 

using NanoDrop 2000c. Five hundred nanograms of RNA was reverse-transcribed using M-

MLV Reverse Transcriptase and Random Hexamer primers (Promega) according to the 

manufacturer’s instructions. The expression of genes was evaluated using the TaqMan gene 

expression assay (Applied Biosystems) or SYBRGreen assay (listed in Tables S1 and S2). Real-

time quantitative PCR (RT-qPCR) was performed using a 7500 Fast Real-Time system 

machine (Applied Biosystems). The genes for glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) or 18S were used as housekeeping genes. To demonstrate gene expression levels 
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during differentiation, RT-PCR results were presented as 2−ΔCt. Fold changes were calculated 

using the 2−ΔΔCt method if gene expression was compared between treated and control 

samples and between cell lines. All 2−ΔΔCt values were normalized to vehicle-treated controls 

of the CHD8+/+ cell line and underwent log2 transformation. Means±SEMs from at least four 

independent experiments (with 5 to 16 technical replicates in total) were calculated. 

 

Immunofluorescence Staining of the BrainSpheres 

BrainSpheres were fixed with 2% paraformaldehyde solution for 45 min and blocked for 2 h 

with 0.15% saponin (Millipore), 5% normal goat serum and 1% bovine serum albumin at room 

temperature. The spheres were then stained with primary antibodies (Table S3) for 48 h and 

with secondary antibodies (Table S4) for 24 h in blocking solution at 4°C, as described by 

Harris et al. (2017). Nuclei were stained with Hoechst 33342. BrainSpheres were mounted on 

glass slides. Images were taken using a Zeiss UV-LSM 700 confocal microscope with 

20×and 63× magnification objectives and Zeiss Zen software 

(https://www.zeiss.com/microscopy/us/products/microscope-software/zen-lite.html). 

 

Measurement of Acetylcholinesterase E Activity 

The acetylcholinesterase (AChE) assay (Abcam; ab138873) was performed according to the 

manufacturer’s instructions. Briefly, spheroids were lysed in lysis buffer (0.3g sodium 

chloride; 1mL of 1M Tris, pH 7.5; 1mL 10% NP-40; 0.2mL of 0.5M ethylenediaminetetraacetic 

acid, pH 8.0; 17.8mL double-distilled water) and centrifuged at 600×g for 5 min. Fifty 

microliters of supernatant was combined with 50μL of assay buffer in a 96-well plate and 

incubated for 20 min in the dark. The reaction was stopped with stop buffer. The fluorescence 

was measured at 540 nm using a multiwell fluorometric reader CytoFluor series 4000 

(Perspective Biosystems). AChE activity was measured in three independent experiments. 

 

Neurite Outgrowth 

The detailed protocol of neurite outgrowth was published previously (Harris et al. 2018, 2017; 

Zhong et al. 2020). Briefly, after exposure to CPF/CPO, spheroids were plated in Matrigel-

coated 24-well black glass-bottom plates (Cellvis) and incubated without shaking for 24–48 h 

to allow outgrowth of neurites. Spheroids were then immunostained with β-III-tubulin 

antibody as described above. Spheroids were imaged with a Zeiss LSM 500 confocal 

microscope with a 10× magnification objective (Figure 3; Figures S5 and S6) or with an ECHO 

laboratories Revolve microscope with 4/0.13 magnification objective (Figures S5–S7). Neurite 

density and length were quantified using the ImageJ Sholl plug-in for each individual spheroid. 
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The ratio was calculated for each shell (number of intersections/distance from the edge of the 

spheroid) and plotted. The area under the curve (AUC) was calculated for each spheroid and 

then averaged. The experiment was repeated three times. To attenuate the CPF effect on 

neurite outgrowth, the BrainSpheres were pretreated with 100μM tocopherol 2 h prior to CPF 

exposure. 

 

 

Figure 3. 

Neurite outgrowth upon 100μM CPF treatment and co-treatment with 100μM tocopherol. (A) Sholl analysis of 

neurite outgrowth in CHD8+/+ and CHD8+/− showing number of intersections (neurite density) starting from the 

edge of the spheroid. Each curve represents the mean±SEM from 8 to 12 spheroids. (B) Area under the curve (AUC), 

calculated for each condition shown in (A). **p<0.01 and *** p<0.001, one-way ANOVA with Holm-Sidak’s posttest. 

(C) Representative images for each treatment. Scale bar: 200μm. Note: ANOVA, analysis of variance; CPF, 

chlorpyrifos; DMSO, dimethyl sulfoxide; SD, standard deviation; SEM, standard error of the mean; Vit. E, 

tocopherol. 

 

Western Blot Analysis 

Western blots were performed as described by Zhong et al. (2020). Briefly, spheroids were 

lysed with radioimmunoprecipitation assay lysis buffer (Sigma-Aldrich). Protein 

concentration was quantified with NanoDrop 2000c and the bicinchoninic acid (BCA) kit (both 

from Thermo Fisher Scientific). Lysates were separated on 4–15% gradient sodium dodecyl 
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sulfate–polyacrylamide gels at 100 V for 120 min and transferred to a polyvinylidene difluoride 

membrane by electroblotting for 120 min at 200 mA and 4°C. After 1 h of blocking with 

blocking solution (phosphate-buffered saline; 0.5% Tween-20, pH 7.4, containing 5% nonfat 

dry milk), the membranes were incubated with primary antibodies [CHD8 (Cell Signaling; 

7656S, 1:1,000); GAPDH (Cell Signaling; 2118S, 1:1,000)] overnight at 4°C, followed by 

washing and secondary antibody incubation for 1 h (horseradish peroxidase-conjugated 

antimouse, 1:3,000, antirabbit 1:2,000; BIO-RAD). The protein of interest was detected by 

chemiluminescence reagent (BIO-RAD; Clarity Western ECL Substrate) and exposed to film. 

Quantification was performed using Image-J (Schneider et al. 2012) software. Data was 

normalized to vehicle-treated CHD8+/+ BrainSpheres and presented as means±SEMs from 

five independent experiments. 

 

Liquid Chromatography/Tandem Mass Spectrometry 

For liquid chromatography/tandem mass spectrometry (LC-MS/MS) analysis, the 

BrainSpheres were lysed in 100% methanol/0.1% formic acid/3,4-dihydroxybenzylamine 

(Sigma-Aldrich) as spike-in, and subsequently sonicated twice for 2 min. Lysates were 

centrifuged at 25,000×g for 30 min at 4°C. The supernatant was transferred to a new tube and 

10-μL aliquots were taken for protein quantification using the BCA kit (Thermo Fisher 

Scientific). Samples were dried for at least 6 h in a SpeedVac at 35°C and reconstituted in 0.1% 

formic acid in water/acetonitrile (50:50). 

LC–MS/MS was run on an Agilent 6490A triple-stage quadrupole MS equipped with a Jet 

Stream electrospray ionization ion source and a 1260 high-performance LC system. The 

analytes were separated at 35°C on a Sigma Discovery HS F5 column in reverse phase 

(150×2.1mm, 3μm) or an Agilent Poroshell 120 hydrophilic interaction liquid 

chromatography-zwitterionic (HILIC-Z), PEEK-lined (150×2.1mm, 2.7μm) in normal phase, 

depending on retention time of the metabolite. The mobile phase [0.1% formic acid in water 

(Solvent A) and 98% acetonitrile plus 0.1% formic acid (Solvent B)] was used with a gradient 

elution. For reverse phase, Solvent B was used at a flowrate of 0.3mL/min. First, 0% Solvent B 

was used for 0–3 min, then 100% Solvent B for 23 min. For normal-phase HILIC, 92% Solvent 

B was used for 0–3 min, followed by 61% Solvent B for 23 min at a flowrate of 0.25mL/min. It 

was necessary to use benzoyl chloride derivatization for some of the metabolites to increase 

sensitivity and stability of metabolite detection. Briefly, samples were dried and resuspended 

in freshly prepared reaction buffer consisting of 1 vol% benzoyl chloride, 50 vol% sodium 

tetraborate buffer, and 49 vol% acetonitrile. After incubation at 50°C for 30 min, the reaction 

was stopped by adding formic acid to a final concentration of 0.7 vol%. Metabolomics quality 

assurance followed recommendations by Beger et al. (2019) and Bouhifd et al. (2015). In brief, 
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all metabolites were identified, transitions and retention times established, and the 

measurements optimized as a spike-in (3,4-dihydroxybenzylamine) reference metabolites in a 

quality control (QC) mixture of various samples from the same study. Each measurement run 

also consisted of blank cell culture media extractions to measure background levels (if 

appropriate) and two samples with spike-in reference metabolites in a QC-mixture of all 

samples of the corresponding run to address possible retention time drifts. MS transmission 

and quadruple tuning were checked before and after each run, and LC-MS/MS was regularly 

maintained following the recommendations of the manufacturer. 

Peaks were integrated with the Agilent MassHunter WorkStation Quantitative Analysis 

software (version 10.1). All peaks were manually checked and integration was corrected if 

necessary. The AUC for each peak was normalized on the protein content in each sample and 

spike-in control (when included). The glutamate/GABA and S-adenosylmethionine/S-

adenosylhomocysteine (SAM/SAH) ratios were calculated as follows: 

AUC(glutamate)/AUC(GABA) and AUC(SAM)/AUC(SAH), respectively. All metabolites were 

measured in two batches (Neuro1 and Neuro2; Table S5). In total, 1,536 measurements were 

conducted, in which 65 (4%) failed, and those outliers were replaced by an average of the 

technical replicates from the same experiment. The following outliers were identified: a) in 

Neuro1 and Neuro2 batches, two samples [CHD8+/− CPO2 (run 2) and CHD8+/+ CPO2 (run 

3) were excluded due to the error in protein quantification]; b) no peak was detected for all 

tested metabolites in two samples CHD8+/+ DMSO1 and CHD8+/− CPO1 (run 3) due to a 

technical error during the derivatization experiment of Neuro1 batch; c) two DMSO controls 

in CHD8+/+ Neuro2 batch measurement had significant lower peaks than the rest of the 

samples due to the sample being dried out; d) no peak was detected for cysteine in one sample 

[CHD8+/+ CPF2 (run 2)]; and e) CHD8+/− CPF2 and CHD8+/− CPO 2 (run 3) were identified 

as outliers for folic acid and sample CHD8+/− CPF5 (run 2)—for the cysteine/cystine ratio by 

visual inspection of Tukey’s box-and-whiskers plots and robust regression and outlier removal 

function in GraphPad (version 9.1) software. The LC-MS/MS experiment was repeated three 

times, with 12 technical replicates in total. Kynurenic acid and L-Cysteine, where measured in 

two experiments (8 technical replicates). All metabolites were then normalized to vehicle-

treated CHD8+/+ samples. 

 

Literature Search of ASD-Relevant Metabolites in Human Blood, Urine, and 

Brain Samples 

A literature review of the articles published before 1 May 2020 was conducted in PubMed and 

Google Scholar. The search terms used were “metabolites” OR “amino acids” OR 

“neurotransmitters” OR “metabolomics” OR “metabolomic analysis” AND “autism” OR 

“autism spectrum disorder.” In addition, for each metabolite included in our metabolomic 
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analysis, a search with “name of the metabolite” AND “autism” OR “autism spectrum disorder” 

was performed. Only population studies looking for metabolites in blood/serum, urine, or 

brain tissue and published in peer-reviewed journals were included. 

 

Statistical Analysis 

A detailed description of the statistical analysis is provided in each corresponding figure 

legend. Briefly, all assays were conducted in at least three independent experiments. If not 

specified otherwise, the data are presented as Tukey’s box-and-whiskers plots showing 

quartiles with outliers. Numeric data (mean, SD, SEM, and N) were included either in the 

figures or in supplemental tables corresponding to the graphs. In order to compare different 

treatment groups between the cell lines in viability, AChE activity, Western blot, Mitotracker, 

CellRox, gene expression, and metabolomics experiments, a two-way analysis of variance 

(ANOVA) with posttest for multiple comparisons by the two-stage linear step-up procedure of 

Benjamini, Krieger, and Yekutieli and a desired false discovery rate of 0.01 (metabolomics and 

AChE activity) and 0.05 for the rest of the assays was used (Benjamini et al. 2006). To avoid 

further loss of statistical power, only the following post hoc tests were conducted for pairwise 

comparison between the groups: a) all samples were compared with CHD8+/+ DMSO; b) CPF 

and CPO exposures were compared with corresponding vehicle controls within the genetic 

groups; c) vehicle controls and CPF/CPO exposures were compared between the CHD8+/+ 

and CHD8+/− (DMSO vs. DMSO, CPF vs. CPF, and CPO vs. CPO). Statistical significance in 

neurite outgrowth experiment within the CHD8+/+ and CHD8+/− groups was analyzed with 

a one-way ANOVA employing Holm-Sidak’s multiple comparison test. A level of p<0.05 was 

considered significant. 

 

2.4 Results 

 

Efficiency of BrainSphere Differentiation from CHD8+/+ and CHD8+/– NPC 

The control iPSC line (CHD8+/+) and the iPSC line carrying a CRISPR/Cas9-induced 

heterozygous knockout mutation in the CHD8 gene (CHD8+/−) used in this study were 

generated from the same donor, differentiated into NPCs, and fully characterized previously 

(Wang et al. 2015, 2017). The CHD8+/− line is heterozygous for a two-base pair deletion, which 

leads to a frameshift mutation and premature stop signal in Exon 1. A lower level of CHD8 

protein in CHD8+/− neuroprogenitors vs. CHD8+/+ was confirmed and is shown in Figure 

1A. Figure 1B shows immunostaining of control and CHD8+/− NPCs with the neuroprogenitor 

markers Sox2 and Nestin. Both NPC cell lines were differentiated to generate 3D BrainSphere 
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cultures, as described in Figure 1C. We were not able to generate BrainSpheres from a 

homozygous CHD8 knockout line (CHD8−/−). The differentiation efficiency was compared 

between the two cell lines by immunostaining (Figure S1) and RT-PCR (Figure S2; Table S6). 

The BrainSpheres from both cell lines contained NPCs (Nestin+, Ki-67+), neurons (β-III-

tubulin+), neurofilament 200-positive (NF-200+), microtubule-associated protein-2-positive 

(MAP2+), astrocytes [glial fibrillary acidic protein-positive (GFAP+)], and oligodendrocytes 

[Olig1+, myelin basic protein (MPB+)]. Co-immunostaining of neurons (β-III-tubulin+, 

MAP2+) with neuroprogenitors (Nestin+, Ki-67+) at 2, 4, and 8 wk of differentiation showed 

a progressive increase of β-III-tubulin+ and MAP2+ as well as a decrease of Nestin+ and Ki-

67+ cells (Figure S1A,B), demonstrating neuronal maturation. GFAP+ astroglia, as well as 

Olig1+ and MBP+ oligodendroglia, were identified. Oligodendrocyte-specific markers were 

first expressed at high levels at 8 wk of differentiation (Figure S1C). Notably, CHD8+/− 

spheroids were slightly larger in diameter than CHD8+/+ spheroids (Figure S1D). 

At the gene expression level, a panel of neural genes—along with a set of autism risk genes and 

CHD8 targets—were analyzed by RT-PCR, which confirmed the similar efficiency of neural 

differentiation in both cell lines. Strong reduction in expression of progenitor marker genes 

(Pax6, Sox2, and Ki-67) and induction of neuronal (β-III-Tubulin, NeuN, Synapsin1, AChE, 

GABRA1, RNXN2, SHANK3) and glial (GFAP) genes were observed in the course of 

differentiation of both cell lines (Figure S2; Table S6). 

Several genes, however, showed different expression levels between CHD8+/− and CHD8+/+ 

BrainSpheres. In agreement with previous studies (Wang et al. 2015, 2017), we observed higher 

expression of genes involved in GABAergic neuronal fate. DLX1, a transcription factor known 

to regulate GABAergic interneuron development, had higher expression in CHD8+/− 

BrainSpheres. Glutamate decarboxilase 1 (GAD1), a catalizer of GABA producation form 

glutamic acid, was higher in CHD8+/− NPC cultures (not significant). Expression of GABRA1, 

a marker for GABAergic neurons, was low in 2- and 4-wk BrainSpheres, but it was strongly up-

regulated at 8 wk of differentiation, with higher expression in CHD8+/− BrainSpheres in 

comparison with the control cell line. FOXG1, another transcription factor responsible for 

GABAergic neuronal differentiation and telencephalon development, was, however, expressed 

at a similar level in both cell lines. 

Postsynaptic Neuroligin 3 (NLGN3) was expressed at higher levels at 8 wk in CHD8+/− 

BrainSpheres, whereas SHANK3 did not show significant differences. Two other CHD8 targets 

and autism risk genes, AUTS2 and POGZ, showed differing expression in CHD8+/− 

BrainSpheres. Compared with CHD8+/+, AUTS2 level was lower in NPCs but higher in 

BrainSpheres. We did not observe any statistically significant differences in expression of the 

autism risk genes TC4, RELN, and PTEN at any stage of neural differentiation. Thus, these 

results demonstrate similar efficiency of differentiation in both cell systems, with differences 
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in expression of some autism and/or CHD8 targets [as previously reported by Wang et al. 

(2015, 2017)]. These results allowed further comparison of the response of both lines to 

treatment with CPF and CPO. 

 

AChE Activity and ROS Levels in CHD8+/+ and CHD8+/– BrainSpheres 

We tested the sensitivity of both control and CHD8+/− BrainSpheres to CPF and its active 

metabolite, CPO. We treated the spheroids at 4 and 8 wk of differentiation with 47 and 100μM 

CPF or CPO, respectively, for 24 h. The treatment scheme is not a human relevant exposure 

scenario, but was rather used to model neurotoxic effects of the substances. Both 

concentrations were subtoxic, as measured by the resazurin reduction assay. CHD8+/− 

BrainSpheres, however, were slightly more sensitive to CPF and CPO at 8 wk (Figure 2A,B). 

For the next experiments, we selected 100μM CPF and CPO concentrations and 4 wk of 

differentiation as an intermediate and immature stage of the differentiation process. 

 

 

Figure 2. 

Cell viability and AChE activity after exposure to CPF or CPO. Resazurin reduction assay in 47 and 100μM (A) CPF- 

and (B) CPO-treated CHD8+/+ (gray) and CHD8+/− (white) BrainSpheres for 24 h at 4 and 8 wk of differentiation. 

The data represents three independent experiments with three technical replicates each (9 replicates in total, and 6 

for 8-wk CPO treatment) normalized to DMSO vehicle-treated controls. Corresponding summary data are shown 

in Table S7. Asterisks after E, G, and I denote discovery of two-way ANOVA with posttest multiple comparisons for 
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exposure effect between CHD8+/+ and CHD8+/− BrainSpheres by the two-stage linear step-up procedure of 

Benjamini, Krieger, and Yekutieli and a desired false discovery rate (FDR) of 0.05. *p<0.05, **p<0.01, ***p<0.001. 

(C) AChE activity: the data represent the AChE activity normalized to the protein amount in each sample 

(mean±SEM, three independent experiments, *p<0.01, ****p<0.0001); (D) mRNA expression (five independent 

experiments, with 7 technical replicates in total, *p<0.05, **p<0.01); intracellular levels of (E) acetylcholine and 

(F) choline measured at 4 wk of differentiation in CHD8+/+ and CHD8+/− spheroids after exposure to 100μM CPF 

(dark gray) and 100μM CPO (light gray). DMSO vehicle-treated controls are depicted in white. Acetylcholine and 

choline were measured by LC-MS/MS in three independent experiments (12 technical replicates in total). Data were 

normalized to DMSO vehicle-treated CHD8+/+ controls. Discovery of effect by genetics or by exposure or by (G×E) 

interaction on the metabolite levels was based on a two-way ANOVA with posttest multiple comparisons to 

*CHD8+/+ DMSO or #CHD8+/− DMSO by the two-stage linear step-up procedure of Benjamini, Krieger, and 

Yekutieli and a desired FDR of 0.01. *p<0.01, ****p<0.0001. Corresponding summary data are shown in Tables S8 

and S10. Note: AChE, acetylcholinesterase; ANOVA, analysis of variance; CPF, chlorpyrifos; CPO, oxon-metabolite 

of chlorpyrifos; DMSO, dimethyl sulfoxide; E, discovery of effect by exposure; G, discovery of effect by genetics; 

G×E, gene–environment; I, discovery of effects by G×E; n.s., not significant; SEM, standard error of the mean. 

 

Previously, Slotkin and Seidler (2010) have shown that CPF induces oxidative stress in 

neuronal cultures. We analyzed the level of ROS and MMP. There were no significant 

differences in MMP aside from slightly lower levels of MMP upon treatment of CHD8+/+ 

spheroids with CPO (Figure S3A). We observed higher levels of ROS in CHD8+/− than in 

CHD8+/+ spheroids. No differences in ROS levels upon CPF/CPO treatment were found 

(Figure S3B), which may be attributed to assay limitations and the selected 24-h exposure. 

Because AChE is the main target of CPF acutely, we quantified its enzymatic activity (Figure 

2C). AChE gene expression was also assessed. As expected, CPO had a stronger inhibitory effect 

on AChE than CPF in both cell lines. Upon exposure to 100μM CPF, AChE activity was lower 

by 41% and 37% in CHD8+/+ and CHD8+/− BrainSpheres, respectively. Exposure to 100μM 

CPO reduced AChE activity by 64% and 55% in CHD8+/+ and CHD8+/− BrainSpheres, 

respectively. No significant difference was observed between the two cell lines. Interestingly, 

genetics affected AChE mRNA. CHD8+/− BrainSpheres had significantly lower levels of AChE 

mRNA (Figure 2D) when compared with CHD8+/+ BrainSpheres. The level of AChE 

substrate—acetylcholine, measured intracellularly by MS—was higher after CPO treatment in 

both cell lines (Figure 2E). Based on two-way ANOVA analysis, genetics, exposure, and the 

interplay of both had significant impacts on acetylcholine levels. The basal level of 

acetylcholine was higher in CHD8+/+ than in CHD8+/− samples. Although the peak of 

acetylcholine in CHD8+/+ BrainSpheres treated with CPO was higher than in CHD8+/−, the 

magnitude of induction was greater in CHD8+/− BrainSpheres: an 18-fold vs. a 9-fold change 

difference in the CHD8+/+ group of samples. We observed a slightly, but not significantly, 

higher level of acetylcholine in CPF-treated samples in both cell lines. This finding is supported 

by significantly lower AChE activity [possibly due to the presence of low levels of CPO in CPF-

treated samples (Figure S4)], suggesting that BrainSpheres have the capacity to metabolize 

CPF to CPO. In accordance with these results, the level of choline was already lower by 26% in 

the mutant cell line than in the control, and was further reduced (59%) by CPO treatment 

(Figure 2F). 



36 
 

 

Neurite Outgrowth in CHD8+/+ and CHD8+/– BrainSpheres Exposed to CPF or 

CPO 

Because AChE is an essential factor regulating neurite outgrowth, we analyzed this process as 

a functional end point. BrainSpheres exposed to CPF/CPO had significantly shorter neurite 

length in both cell lines (Figure 3; Figures S5–S7). Pretreatment of spheroids with an 

antioxidant—tocopherol—attenuated the CPF effect. Although, in one of three experiments, 

there was a difference in neurite outgrowth between the untreated cell lines, the data was 

difficult to interpret owing to differences in spheroid size between the two cell lines. The 

magnitude of CPF and CPO effect was, however, similar in both cell lines, as indicated by AUC 

measurements (percentage differences are indicated in each figure; Figure 3; Figures S5–S7). 

 

CHD8 mRNA and Protein Levels in CHD8+/+ and CHD8+/– BrainSpheres 

Exposed to CPF or CPO 

The next question addressed was whether CPF/CPO exposure could influence the level of 

CHD8 in BrainSpheres. In agreement with previous studies (Wang et al. 2017), we did not 

observe significant differences in CHD8 mRNA expression between CHD8+/+ and CHD8+/− 

BrainSpheres (Figure 4A). The expression pattern of CHD8 reached its peak at 4 wk of 

differentiation and was reduced thereafter. CPF/CPO treatment did not significantly alter 

CHD8 mRNA expression at 4 wk of differentiation (Figure 4B). We observed, however, 

significantly lower levels of CHD8 protein in BrainSpheres with the CHD8 mutation (67% of 

CHD8+/+), which were even lower (by 90%) after exposure (Figure 4C,D). CHD8+/+ 

BrainSpheres treated with CPF had 80% lower CHD8 protein levels (Figure 4C). 
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Figure 4. 

CHD8 expression upon CPF/CPO treatment. (A) CHD8 gene expression in course of differentiation (four 

independent experiments). (B) CHD8 gene expression in CHD8+/+ and CHD8+/− BrainSpheres exposed to 

CPF/CPO (four independent experiments). (C) Western Blot quantification of CHD8 protein in CHD8+/+ and 

CHD8+/− BrainSpheres treated with CPF. CHD8 protein level was normalized to GAPDH and is expressed as a 

percentage of CHD8+/+ DMSO vehicle-treated control BrainSpheres. Dendrogram is shown as means±SEMs (five 

independent experiments). Statistical significance was calculated by two-way ANOVA with posttest multiple 

comparisons to *CHD8+/+ DMSO or #CHD8+/− DMSO by the two-stage linear step-up procedure of Benjamini, 

Krieger, and Yekutieli and a desired false discovery rate of 0.05. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. A 

representative blot is shown on the right side of (C). (D) Immunostaining of CHD8+/+ and CHD8+/− BrainSpheres 

with CHD8 antibody (red) after CPF or CPO exposure. Representative images from three experiments are shown. 

Nuclei are stained with Hoechst 33342 (blue). Scale bar: 100μm. Summary data (mean, SEM, N) are shown in Table 

S9. Note: ANOVA, analysis of variance; CPF, chlorpyrifos; CPO, oxon-metabolite of chlorpyrifos; DMSO, dimethyl 

sulfoxide; E, discovery of effect by exposure; G, discovery of effect by genetics; G×E, gene–environment; GADPH, 

glyceraldehyde-3-phosphate dehydrogenase; I, discovery of effect by (G×E) interaction; MS, mass spectrometry; 

NPC, neural progenitor cell; ns, not significant; SEM, standard error of the mean. 

 

Identification of ASD Metabolic Biomarkers from Literature 

The key question was how to possibly validate in vitro data with clinical findings. We decided 

to use an exposomics approach (Sillé et al. 2020) in which population findings of biomarkers 
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in biofluids are compared with differences in the mechanistic model (i.e., BrainSpheres). A 

comprehensive review of the literature identified a panel of pathways and metabolites 

perturbed in patients with ASD (e.g., amino acids, fatty acid metabolism, one-carbon 

metabolism, energy metabolism, oxidative stress, neurotransmitters). We selected a list of 

representative metabolites and neurotransmitters and compared the levels of those in the 

CPF/CPO-treated CHD8+/+ and CHD8+/− BrainSpheres with human data (Table 1 and 

references therein*). Notably, metabolite levels were sometimes contradictory, with some 

studies reporting higher and others lower levels in ASD vs. typically developed (TD) 

individuals. This might be due to the biological compartment for sampling, such as tissue or 

blood/urine or stage of the disease. We were therefore primarily interested in whether we could 

observe perturbations in these biomarkers as an indication of a perturbation of the linked 

pathways and not necessarily in the direction of the differences.  

* Table 1 is not in the original format and was adapted to be included within the text, therefore 

references are missing in the table. The full format can be found at: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8278985/table/t1/?report=objectonly. 
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BrainSpheres Literature 

Metabolite/KEGG 

ID 

CHD8+/- 

(genetics) 

CPF/CPO 

(exposure) 

CHD8+/-  

CPF/CPO 

(interactio

n) 

brain blood urine 

L-Glutamic acid, 

C00025 

 -  ↑  -  -  - ↓ 

      ↑ ↑   

      ↓ ↓   

GABA, C00025 
↓  -  -  -  - ↑ 

      ↓ ↑   

L-Tyrosine, C00025 
  -  ↑ ↑b    - ↑ 

        ↑ ↓ 

          ↓   

L-Dopa, C00355 ↑  -  -       

Dopamine, C03758 ↓  -  - ↓ ↑ ↓ 

Choline, C00114 ↓ ↓    ↓  -   

Acetylcholine, 

C01996 
↓ ↑ ↑a, d       

L-Tryptophan, 

C00078 

 ↑ ↑  ↑ b,c  -  - ↑ 

        ↓   

Kynurenic acid, 

C01717 
↑  ↑ ↑b, c, d   ↓   

Kynurenine, 

C00328 
 - ↑ ↑b     ↓ 

L-Alanine, C00041 
 - ↑  -    - ↑ 

        ↑ ↓ 

D-Lactic acid, 

C00256 

         - ↓ 

↑ ↑ ↑b,c   ↑   

        ↓   

Creatine, C00300 
↓  -  - ↓   ↑ 

          ↓ 

L-Arginine, C00062 
 - ↑  -    - ↑ 

        ↑   

Ornithine, C01602 
↓ ↑  -    -   

        ↑   

a-Hydroxyglutaric 

acid, C01087 
 - ↑ ↑b,c     ↑ 
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Folic acid, C00504  - ↑  -    -   

SAM, C00019 ↑ ↑ ↑b, c, d   ↓ ↓ 

SAH, C00021 ↑  - ↑c,d   ↑ ↑ 

L-Cysteine, C00097 
 ↑  - 

↑a 

(p=0.03), c, 

d 

   - ↓ 

        ↓   

Cystathionine, 

C02291 

  ↓ 
↓a 

(p=0.02) 
  ↑ ↓ 

        ↓   

Cystine, C00491 
 - ↑  -   ↑   

        ↓   

N-Acetylaspartate, 

C01042 

↓ ↓   ↓     

  

 

        

Glutamate/GABA ↑ 

 

↓a 

(p=0.0109), 

b 

      

SAM/SAH ↑ ↑         

Cysteine/Cystine ↑           

 
Table 1. Metabolites, significantly (p < 0.01) perturbed by (i) CHD8 mutation (genetic factor), (ii) 

CPF/CPO treatment (exposure factor) or by (iii) CHD8 mutation and CPF/CPO treatment 

(interaction) and existing knowledge on association of those metabolites with ASD  

CHD8+/- (genetics): significant changes in metabolites affected by genetics, based on two-way ANOVA. CPF/CPO 

(exposure): metabolites, which were changed due to exposure, based on two-way ANOVA. CHD8+/- and CPF/CPO 

(interaction): (a) Interaction of both variables (genetics and exposure) identified by two-way ANOVA; (b) suggested 

interaction based on post-test multiple comparisons for exposures withing the control and mutant groups by two-

stage linear step-up procedure of Benjamini, Krieger and Yekutieli and a desired false discovery rate of 0.01. 

Interaction was considered valid, if changes due to exposure were observed only in CHD8+/- but not in CHD8+/+ 

BrainSpheres. (c) suggested interaction based on post-test multiple comparisons for exposures when comparing all 

conditions to CHD8+/+ DMSO by two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli and a 

desired false discovery rate of 0.01. Interaction was considered valid, when metabolites, which were not different 

between CHD8+/+ and CHD8+/- DMSO-treated samples, but were significantly altered due to CPF/CPO treatment 

in CHD8+/- BrainSpheres compared to control BrainSpheres (CHD8+/+ DMSO) or the effects of CHD8 mutation 

were enhanced with the treatment, when compared to CHD8+/+ DMSO. (d)  suggested interaction based on post-

test multiple pairwise comparisons across the groups (DMSO+/+ vs. DMSO+/-, CPF+/+ vs. CPF+/- and CPO+/+ vs. 

CPO+/-) by two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli and a desired false discovery rate 

of 0.01. Interaction was considered valid, when the significant changes were observed between treatment groups 

but not between DMSO controls. Arrows indicate up- or down-regulation vs. control. 

 

 

 

Effects of the CHD8 Mutation and CPF/CPO on Energy Metabolism, One-Carbon 

Metabolism, and Selected Neurotransmitters 
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We analyzed the intracellular levels of the 29 selected metabolites by MS and compared them 

between CHD8+/+ and CHD8+/− BrainSpheres, with and without CPF and CPO treatment 

(Table S5). Twenty-three metabolites, which were significantly different (p<0.01) in at least 

one condition, are shown in Table 1 and Table S10. We found perturbations in ASD metabolic 

biomarkers under either genetic alteration (14 metabolites), chemical treatment (17), or their 

combination (10). 

Folate-dependent, one-carbon metabolism is a central hub in the cellular pathways and is 

essential for producing methyl groups for all methylation reactions. One-carbon metabolism 

plays a critical role in autism (James 2013; Orozco et al. 2019; Schaevitz and Berger-Sweeney 

2012). SAM was affected by both genetics and exposure and its levels were higher in CHD8+/− 

BrainSpheres treated with CPF (+65%) and CPO (+134%) when compared with CHD8+/+ 

DMSO samples. The basal level of SAH was 64% higher in CHD8+/− and further increased by 

CPF (+93%)- and CPO (+104%)-treated BrainSpheres, when compared with CHD8+/+ DMSO 

samples. The SAM/SAH ratio was higher in CPO-treated samples in both cell lines (79% for 

CHD8+/+ and 62% in CHD8+/−) compared with corresponding DMSO-treated controls 

(Figure 5A). Although SAH levels were elevated in the urine and blood of patients with ASD, 

SAM levels were reduced (Table 1). Folic acid levels were higher in samples treated with CPF 

and CPO in both cell lines (Figure 5A); no effect of genetics was observed. No differences in 

methionine, reduced glutathione, and oxidized glutathione levels were detected. Cystathionine 

levels were significantly lower (−45%) only in CHD8+/+ samples treated with CPO (Table 1). 
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Figure 5. 

Effects of CHD8  mutation and CPF/CPO exposure on key adverse outcome pathways of ASD. (A) Methyl donor 
system: SAM, SAH, SAM/SAH ratio, and folic acid. (B) l-alanine and lactic acid, (C) tryptophan and KA, and (D) α-
hydroxyglutaric acid levels were measured by LC-MS/MS. DMSO vehicle-treated controls are depicted in white, 
CPF-treated in dark gray, and CPO in light gray. Data are normalized to DMSO vehicle-treated CHD8+/+ control 
and represent results from three independent experiments (12 technical replicates in total, 8 for KA). Discovery of 
effect by genetics or by exposure was based on a two-way ANOVA with posttest multiple comparisons to *CHD8+/+ 
DMSO or #CHD8+/− DMSO by the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli and a 
desired false discovery rate of 0.01. *,#p<0.01, ***p<0.001, ****p<0.0001. Summary data (mean, SD, SEM, N) are 
shown in Table S10. Note: ANOVA, analysis of variance; ASD, autism spectrum disorder; CPF, chlorpyrifos; CPO, 
oxon-metabolite of chlorpyrifos; DMSO, dimethyl sulfoxide; E, discovery of effect by exposure; G, discovery of effect 

by genetics; KA, kynurenic acid; LC, liquid chromatography; MS/MS, tandem mass spectrometry; SAM, S-

adenosylmethionine; SAH, S-adenosylhomocysteine; SD, standard deviation; SEM, standard error of the mean. 
 
 

Energy cycle (i.e., the citric acid cycle) metabolites were perturbed in patients with ASD 

(Orozco et al. 2019). In our experimental setup, creatine levels were slightly affected by the 

genetic factor, whereas lactic acid levels were found to be higher only in CHD8+/− 

BrainSpheres by 119% (CPF) and by 158% (CPO) when compared with DMSO-treated 

CHD8+/+ BrainSpheres, and by 81% (CPF) and 113% (CPO) when compared with DMSO-

treated CHD8+/− BrainSpheres. Similarly, l-tryptophan and its metabolite kynurenic acid 

(KA) had both significant genetic and exposure effects as assessed by two-way ANOVA, and 

their levels were elevated following CPF/CPO treatment only in the mutant cell line. 
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Tryptophan levels were 58% higher in CPF- and 61% higher in CPO-treated CHD8+/− 

BrainSpheres, when compared with DMSO-treated CHD8+/+ control BrainSpheres. When 

compared with DMSO-treated CHD8+/− BrainSpheres, levels were 43% and 46% higher for 

CPF and CPO, respectively. KA levels were higher after CPF and CPO treatment by 62% and 

90%, respectively, when compared with DMSO-treated CHD8+/+ control BrainSpheres 

(Figure 5C; Table 1). Levels of α-hydroxyglutaric acid were 433% higher in CHD8+/− spheres 

treated with CPO compared with DMSO-treated CHD8+/+ control BrainSpheres, and 418% 

when compared with DMSO-treated CHD8+/− BrainSphere samples (Figure 5D). 

 

Glutamate/GABA Ratio in CHD8+/+ and CHD8+/– BrainSpheres 

The imbalance of excitatory/inhibitory neuronal systems is known from population studies to 

be associated with ASD (reviewed by Gao and Penzes 2015). Consequently, we measured the 

levels of intracellular GABA and glutamate neurotransmitters. CHD8+/− BrainSpheres had 

70% lower basal levels of GABA in comparison with CHD8+/+ BrainSpheres, and a 255% 

higher ratio of glutamate vs. GABA (Figure 6). Exposure to CPF and CPO did not alter the 

glutamate/GABA ratio, but BrainSpheres treated with CPO had glutamate levels 67% and 75% 

higher in CHD8+/+ and CHD8+/− BrainSpheres, respectively. Metabolites of 

arginine/ornithine/aspartate (urea) cycle were assessed. Arginine levels were significantly 

higher (+35%) in CHD8+/+ BrainSpheres treated with CPF vs. corresponding controls. 

Although arginine had only exposure effects, both genetics and exposure affected ornithine—

its levels were 55% lower in mutant BrainSpheres compared with CHD8+/+ BrainSpheres and 

increased following CPF/CPO treatment by 66%/69% in the latter (Table 1). Higher ornithine 

and arginine levels were reported in the blood and urine in patients with ASD (Table 1). 

 

 

Figure 6. 

Excitatory/inhibitory neurotransmitters detection in CHD8+/+ and CHD8+/− BrainSpheres after CPF/CPO 
exposure. (A) Glutamate and (B) GABA levels and (C) their ratio in CHD8+/− vs. CHD8+/+ BrainSpheres treated 
with CPF (dark gray), CPO (light gray), or vehicle (white) were assessed by LC-MS/MS. Data from three 
independent experiments (12 technical replicates in total) normalized to DMSO vehicle-treated CHD8+/+ controls 
is shown. Discovery of effect by genetics or by exposure was based on a two-way ANOVA with posttest multiple 
comparisons to *CHD8+/+ DMSO or #CHD8+/− DMSO by the two-stage linear step-up procedure of Benjamini, 
Krieger, and Yekutieli and a desired false discovery rate of 0.01. *,#p<0.01, ****p<0.0001. Summary data (mean, 
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SD, SEM, N) are shown in Table S10. Note: ANOVA, analysis of variance; CPF, chlorpyrifos; CPO, oxon-metabolite 
of chlorpyrifos; DMSO, dimethyl sulfoxide; E, discovery of effect by exposure; G, discovery of effect by genetics; 
GABA, gamma-aminobutyric acid; Glu, Glutamate; Gly, glycine; LC, liquid chromatography; MS/MS, tandem mass 
spectrometry; SD, standard deviation; SEM, standard error of the mean. 

 

CHD8 KO and CPF/CPO Effects on Dopaminergic System 

We analyzed several parameters of the dopaminergic metabolism in our system. We observed 

no statistically significant differences in the levels of phenylalanine, exposure effects on 

tyrosine, higher levels of 1-3,4-dihydroxypyhenylalanine (levodopa; l-DOPA) due to the genetic 

factors, and 44% lower dopamine levels in CHD8+/− BrainSpheres with no differences due to 

treatment (Figure 7A). Gene expression of tyrosine hydroxylase (TH), an enzyme responsible 

for conversion of tyrosine to l-DOPA, was higher in BrainSpheres treated with CPF (Figure 7B). 

COMT (catechol-O-methyltransferase) expression was higher in CHD8+/− samples compared 

with CHD8+/+ BrainSpheres (Figure 7B). Similarly, levels of SAM were also higher in the 

CHD8+/− group than in the control group (Figure 5A). Finally, we assessed the presence of 

TH+ dopaminergic neurons in the cultures and observed higher numbers of dopaminergic 

neurons in CHD8+/− and in CHD8+/+ BrainSpheres exposed to CPO compared with 

CHD8+/+ BrainSpheres (Figure 7C). Two different morphologies of the TH+ signal were 

observed: flat, nonneuronal-like cells were predominantly found in CHD8+/+ BrainSpheres 

(marked with blue arrows in Figure 7C), and TH+ cells with distinctive neuronal morphology 

(marked with white arrowheads in Figure 7C) were predominantly found in CHD8+/− 

BrainSpheres. 
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Figure 7. 

Perturbations of the dopaminergic system in CHD8+/+ vs. CHD8+/– BrainSpheres after CPF/CPO treatment. (A) 
Levels of phenylalanine, tyrosine, l-DOPA, and dopamine were measured by LC-MS/MS. Data from three 
independent experiments (12 technical replicates in total) normalized to DMSO vehicle-treated CHD8+/+ controls 
is shown. Discovery of effect by genetics or by exposure was based on a two-way ANOVA with posttest multiple 
comparisons to CHD8+/+ DMSO by the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli 
and a desired false discovery rate (FDR) of 0.01. *p<0.01, ****p<0.0001. (B) RT-PCR of tyrosine hydroxylase (TH) 

and catechol-O-methyltransferase (COMT) in both cell lines treated with CPF. Data represent log2(2−ΔΔCt) of at 
least three independent experiments with 11 to 16 technical replicates in total. Discovery of effect by genetics or by 
exposure was based on a two-way ANOVA with posttest multiple comparisons to CHD8+/+ DMSO by the two-stage 
linear step-up procedure of Benjamini, Krieger, and Yekutieli and a desired FDR of 0.05. *p<0.05, ***p<0.001, 
****p<0.0001. (C) Immunohistochemistry with anti-TH–specific antibody (green) of CHD8+/+ and CHD8+/− 
BrainSpheres treated with CPF/CPO. White arrowheads indicate neuronal-shaped cells, blue arrows indicate flat 
clusters of cells. Nuclei were stained with Hoechst 33342 (blue). Scale bar: 100μm. Summary data (mean, SD, SEM, 
N) are shown in Tables S9 and S10. Note: ANOVA, analysis of variance; CPF, chlorpyrifos; CPO, oxon-metabolite 
of chlorpyrifos; DMSO, dimethyl sulfoxide; E, discovery of effect by exposure; G, discovery of effect by genetics; LC, 
liquid chromatography; l-DOPA, 1-3,4-dihydroxypyhenylalanine (or levodopa); MS/MS, tandem mass 
spectroscopy; ns, not significant; RT-PCR, real-time polymerase chain reaction; SD, standard deviation; SEM, 
standard error of the mean. 
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2.5 Discussion 

ASD is a genetically and phenotypically heterogeneous condition, making it difficult to identify 

factors that trigger the disease and influence the severity of symptoms. Although genetics has 

a substantial impact (Persico and Napolioni 2013), environmental factors also appear to play 

a role (Landrigan et al. 2012; Rylaarsdam and Guemez-Gamboa 2019; Sandin et al. 2014). 

Earlier studies showed that valproic acid, thalidomide, misoprostol, lead, and 

organophosphates contribute to ASD risk (Geier et al. 2009; Kuwagata et al. 2009; Landrigan 

2010). We follow the hypothesis that exposures synergize with an individual’s increased 

susceptibility, which would explain why genetic and environmental factors are so difficult to 

identify in isolation. Accordingly, understanding of the mechanisms by which environment 

contributes is limited. One possibility is that environmental chemicals and susceptibility genes 

act on common targets. Assessing whether and how (G×E) interaction contributes to the 

etiology and severity of ASD could help rationalize prevention measures and drug development 

strategies. We suggest that a strong genetic background (e.g., mutation in a high-risk autism 

gene that alone can trigger the disease) can still synergize with environmental cofactors, 

thereby worsening symptoms and severity. Individuals with similar genetic variants can have 

significantly different symptoms and degrees of disease progression, including being on 

different levels of the ASD spectrum, leaving substantial room for the contribution of 

environmental factors (Rylaarsdam and Guemez-Gamboa 2019). A cellular test with genetic 

susceptibility might be advantageous for identifying hazardous chemicals. 

Approximately 65 high-autism-risk genes caused by de novo mutations were identified and can 

be clustered into two large groups: genes expressed early in development (during the first and 

second trimesters of pregnancy) and genes expressed later in pregnancy and after birth 

(Sanders 2015; Sanders et al. 2015). The first group includes transcription factors and 

chromatin remodelers, whereas the second group consists mainly of genes involved in 

synaptogenesis (Sanders 2015; Sanders et al. 2015). CHD8—a focus of this proof-of-principle 

study—belongs to the first group and is one of the nine high-confidence autism genes (Willsey 

et al. 2013) that can also regulate the expression of other autism-related genes (Cotney et al. 

2015). It is therefore an attractive candidate for synergies with exposures at early embryonic 

stages as reflected in the BrainSphere model. Notably, the model without genetic alteration 

was sensitive to the pesticide rotenone (Pamies et al. 2018) and the drug paroxetine (Zhong et 

al. 2020), demonstrating its utility as a developmental toxicity model. The model is also 

supported by the U.S. Environmental Protection Agency for developing an animal-free method 

for this purpose (Wheeler 2019). 

Traditional validation of the findings with animal studies is not only cost prohibitive [at 

$1.4 million per chemical (Smirnova et al. 2014)], but animal findings on the effects of CPF are 
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also controversial (Mie et al. 2018). The rat is the standard species used for neurotoxicity and 

developmental neurotoxicity tests [according to Organisation for Economic Co-operation and 

Development test guidelines 424 (OECD 1997), 426 (OECD 2007), and 443 (OECD 2018)]. 

Chd8 KO rats are not available, and although there is a Chd8 KO mouse model (Platt et al. 

2017; Suetterlin et al. 2018) that shows ASD features, the mouse is not a standard model 

organism for neurotoxicity testing. Although autism is unique for humans, animal models can 

provide some insight into the behavioral biology, whereas complex in vitro models—as used 

here—allow mechanistic studies with the focus on biomarkers and molecular signatures. (G×E) 

interaction analyses focusing on neurotoxicity and carried out using brain organotypic cultures 

specifically will provide more complex cellular architecture and interactions than traditional 

monolayer cultures. In addition, using human brain models provides an opportunity to 

compare in vitro findings with clinical data from patients. Finally, the established AOPs for 

developmental neurotoxicity (Bal-Price et al. 2015, 2017; Li et al. 2019) allow us to focus on 

specific key events associated with neurotoxicity and developmental neurotoxicity AOPs. The 

current in vitro models, however, including the one described here, still have some limitations, 

including, for example, the lack of interorgan communication, the absence of hormonal factors 

and the immune system, limited metabolism, and inability to predict behavioral outcomes. The 

combination of in vitro, in vivo, nonmammalian models, and human clinical data are most 

promising (Halladay et al. 2009) until the in vitro approach is mature enough to replace the 

animal and translate to the human situation. 

A key use of our model is for regulatory testing of chemicals for possible effects on 

neurodevelopment by using a cell system susceptible to developmental neurotoxicants. This 

regulatory use requires formal validation (Hartung et al. 2004; Leist et al. 2012) of the model. 

However, an insufficient number of chemicals have been tested in the respective animal 

guideline tests. We suggested earlier mechanistic validation of a model (Hartung et al. 2013), 

that is, by demonstrating that relevant mechanisms are reflected instead of the mere 

correlation with findings from animal studies. This would ideally be done on the basis of an 

agreed AOP, but, in this case, the AOP of DNTs have not been sufficiently developed and 

accepted. Nevertheless, there is a substantial body of clinical and epidemiological findings on 

autism pathophysiology, metabolic biomarkers, and associations with the environment. These 

lend themselves to validation by correlation with findings obtained with the model system. 

This was suggested as a human exposome approach (Sillé et al. 2020). 

Here, we attempted to correlate the metabolic perturbations observed in our human brain 

model carrying a high-risk autism mutation in the CHD8 gene, exposed to a model 

environmental toxicant—CPF—with findings in epidemiological and clinical studies. We 

established a synergy between the risk gene and the risk exposure. Our results demonstrate 

that, based on the resazurin assay, CHD8+/− was slightly more sensitive to CPO insult in 
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general. A key finding of our study was that CHD8+/− cells exposed to CPF had lower levels of 

the CHD8 protein compared with those exposed to the control condition, showing potential 

synergy of CPF and CPO with the CHD8 mutation and possible further interactions on 

downstream targets that may be crucial for neural development and disease progression. In 

addition, the fact that lower levels of CHD8 were observed at the protein level, but not at the 

mRNA level, suggests a posttranscriptional interaction. However, further research is needed 

to address the effects of CPF and CPO on CHD8 molecular networks during development. 

Further potential synergy between the CHD8 mutation and CPF/CPO exposure emerged from 

our metabolomics analysis where we were able to demonstrate the potential of comparing in 

vitro findings with human clinical data. Alterations of some metabolites associated with ASD 

were also affected by the combination of the CHD8 mutation and CPF and/or CPO treatment. 

Dysfunction of cholinergic activity in individuals with ASD has been linked to social and 

behavioral abnormalities, including sensory processing and attention reorienting behavior 

(Ford and Crewther 2016; Orekhova and Stroganova 2014). The supposed primary acute mode 

of action of OPs is via AChE—the main target of CPO. Choline levels were lower in patients 

with ASD (Table 1), as mirrored by the CHD8 mutation in our model. Synergistically, CPO 

exposure led to a greater accumulation of acetylcholine in CHD8+/− BrainSpheres—

demonstrating an increased susceptibility of mutant BrainSpheres to CPF/CPO toxic effects 

with respect to cholinergic dysfunction (Figure 2C–F). 

Folate-dependent, one-carbon metabolism, and transsulfuration pathways can be perturbed 

in ASD (Orozco et al. 2019), showing alterations of methyl donor SAM in patients with ASD. 

Although lower levels of SAM and higher levels of SAH were reported in the biofluids of 

patients with ASD (Table 1), in our system, we detected elevated levels of both SAM and SAH 

only in mutant BrainSpheres, suggesting additive effects of genetics and exposure (Figure 5A). 

Higher expression of the methyltransferase COMT (Figure 7B) and elevated SAM would 

suggest hypermethylation in CHD8+/− BrainSpheres, but in this case, lower SAH levels would 

be expected—which is not what we observed. More detailed analyses are required to clarify 

mechanisms, but the findings indicate a perturbation of this pathway by both mutation and 

exposure. 

Elevated plasma alanine and lactate in patients with ASD suggest peripheral mitochondrial 

dysfunction associated with this disorder (Aldred et al. 2003; El-Ansary et al. 2017; Orozco et 

al. 2019). Although we were not able to see any significant differences in MMP in our system, 

lactic acid levels were higher after treatment with both CPF and CPO in CHD8+/− 

BrainSpheres only (Figure 5B)—an indication of additive effects from exposure and genetics. 

Plasma levels of tryptophan and its metabolite KA were reported to be attenuated in ASD 

(Table 1), whereas higher brain levels of KA were found in animal models of ASD and attention 
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deficit hyperactivity disorder (Murakami et al. 2019; McTighe SM et al. 2013) and in the 

postmortem brains of patients with schizophrenia (Iaccarino et al. 2013). This was associated 

with the cognitive, behavioral, and learning impairments characterizing these disorders 

(Iaccarino et al. 2013; Murakami et al. 2019; Scharfman et al. 2000; Vohra et al. 2018; Yerys 

et al. 2009). In agreement with those findings, we found higher levels of tryptophan and KA in 

our CHD8+/− BrainSpheres exposed to CPF/CPO (Figure 5C). Tryptophan is known as the 

precursor of serotonin, but it was suggested that the great majority of tryptophan enters the 

kynurenine pathway, leading to the production of several neuroactive compounds, including 

KA (Kałużna-Czaplińska et al. 2017). KA can interact with N-methyl-d-aspartate, nicotinic, and 

G-protein coupled receptor 35 receptors, affecting cognition, neural plasticity, and brain 

development through the modulation of glutamate, dopamine, acetylcholine, and GABA 

release (Iaccarino et al. 2013; Kałużna-Czaplińska et al. 2017). Furthermore, KA functions as a 

ROS scavenger, thereby playing a role in redox homeostasis (Ramos-Chávez et al. 2018). A 

higher level of oxidative stress is a known feature of ASD (Chauhan and Chauhan 2006). Thus, 

compensatory elevated KA may be a result of the higher oxidative stress observed in CHD8+/− 

BrainSpheres (Figure S3B). 

The physiological functions of α-hydroxyglutaric acid remain widely unknown, but its 

accumulation was found to be toxic to the mammalian brain (van Schaftingen et al. 2009). α-

Hydroxyglutaric aciduria in the urine, plasma, and cerebrospinal fluid were associated with 

diverse neurologic deficits (Zafeiriou et al. 2008). Interestingly, α-hydroxyglutaric aciduria 

was observed in a few ASD case reports (Zafeiriou et al. 2008; Kiykim E et al. 2016). 

Furthermore, α-hydroxyglutaric acid has been shown to inhibit mitochondrial creatine kinase 

and to induce oxidative stress in the cerebellum (van Schaftingen et al. 2009). Our 

metabolomic analysis revealed higher levels of α-hydroxyglutaric acid in CHD8+/− 

BrainSpheres exposed to CPO when compared with both CHD8+/+ and CHD8+/− DMSO-

treated controls (Figure 5D), suggesting that the CHD8 mutant BrainSpheres are more 

sensitive to CPO and the higher 2-hydroxyglutaric acid levels might be due to the synergistic 

effect of the CHD8 mutation and exposure to CPO. It is difficult, however, to speculate about 

the mechanism behind this finding. Further analysis is needed to distinguish between α and β 

forms. 

We also observed one of the main ASD features: an imbalance in excitatory and inhibitory 

neurotransmitters in CHD8+/− BrainSpheres (Figure 6). About 80% of the neurons in the 

cerebral cortex are excitatory, and the remaining 20% are inhibitory (represented primarily by 

GABAergic interneurons). In some studies, lower levels of GABA and numbers of GABAergic 

interneurons were found in mouse models of ASD (Gogolla et al. 2009; Rippon et al. 2007; 

Rubenstein and Merzenich 2003), which was also consistent with a higher incidence of 

epilepsy in humans with ASD (Lewine et al. 1999) and in ASD mouse models (Belmonte et al. 
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2004; Rubenstein and Merzenich 2003). The lower level of GABA neurotransmission in sound 

processing and motor control regions may be the cause of hypersensitivity of autistic patients 

to loud sounds and motor impairment (Gaetz et al. 2014). In other studies involving iPSCs 

(Mariani et al. 2015) and postmortem samples of five individuals with autism and five without 

(Lawrence et al. 2010), a higher number of GABAergic interneurons was associated with the 

ASD phenotype. This discrepancy may be due to the genetic heterogeneity of autistic patients, 

changes occurring during the life span, or different brain regions analyzed in reported studies. 

In our system, the CHD8 heterozygous KO condition resulted in lower levels of GABA, which 

were not significantly altered with CPF/CPO treatment. Interestingly, expression of the 

GABAergic transcription factor DLX1, which regulates glutamic acid decarboxylase 1 (GAD1) 

expression (among many other genes), was higher in CHD8+/− BrainSpheres, such that an 

elevated level of GABA might be expected. But neither GAD1 nor GABA levels were higher. 

Here, more experiments are needed to understand and validate the exact mechanism of this 

circuit. Excessive and unbalanced excitatory glutamatergic signaling was associated with the 

high epilepsy rates in ASD (Zheng et al. 2016). Glutamate levels were significantly higher in 

both CHD8+/+ and CHD8+/− BrainSpheres exposed to CPO. In a recent meta-analysis, Zheng 

et al. (2016) established overall higher blood glutamate levels in ASD than in typically 

developing individuals, with a positive correlation between glutamate levels in ASD blood and 

brain samples. Thus, further investigations are needed to elucidate whether CPO is specifically 

correlated with an increased risk of developing forms of ASD associated with epilepsy, which 

is present in about 20% of patients with ASD (Besag 2017). Abnormalities in the 

arginine/ornithine/aspartate (urea) cycle in patients with ASD has also been reported (Liu et 

al. 2019). Given that glutamate and ornithine are linked, alterations in the urea cycle can play 

a role in the excitatory/inhibitory imbalance. 

CPF has been found to affect dopaminergic neurons in vivo (Aldridge et al. 2005; Torres‐Altoro 

et al. 2011; Zhang et al. 2015). Imbalanced levels of dopamine have been reported in ASD (Pavăl 

2017; Marotta et al. 2020), but the observations were not consistent. The dopamine synthesis 

pathway was perturbed in our experimental model system by both exposure to CPF/CPO and 

CHD8 mutation (Figure 7). Interestingly, we observed slightly higher levels of l-DOPA along 

with lower level of dopamine in CHD8+/− BrainSpheres, but no changes due to CPF/CPO 

treatment. Moreover, TH expression was higher due to exposure, whereas COMT expression 

was higher due to genetics. Although there is some controversy in the literature reporting both 

higher and lower levels of dopamine in ASD vs. TD individuals, the perturbation of 

catecholamine synthesis in ASD has been established (Ernst et al. 1997; Kałużna-Czaplińska et 

al. 2010). COMT gene variations have been associated with ASD, anxiety, and bipolar disorders 

(James et al. 2006; Lachman 2008; Lachman et al. 1996; Schmidt et al. 2011). Elevated COMT 

activity due to functional polymorphism (Val158) has been associated with lower levels of 
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dopamine, poorer cognitive performance, and greater predisposition for psychiatric disorders 

(Kamath et al. 2012; Simpson et al. 2014). Given that COMT initiates catecholamine 

degradation by transferring a methyl group from SAM to catecholamines, the higher 

expression of COMT and lower levels of dopamine, in our analysis, suggests that dopamine is 

metabolized more rapidly in CHD8+/− BrainSpheres. 

Overall, our targeted metabolomics findings are consistent with a dysregulation in glutamate, 

GABA, catecholamines, and acetylcholine neurotransmitter systems, as previously reported in 

ASD and summarized by Cetin et al. (2015) and Marotta et al.(2020). Here, we recapitulated 

some of the key findings from the literature and demonstrated the potential contribution of a 

(G×E) interaction to an imbalance in neurotransmission. Although the changes in biofluids 

and in our model, as well as in the aforementioned animal models, were sometimes 

contradictory (such as those in tryptophan and SAM/SAH), we interpret them as perturbations 

in the same pathway. Alternatively, the differences could be due to analysis of intracellular 

metabolites in vitro, whereas the clinical findings are mainly in blood and urine. Additional 

quantification of these metabolites and neurotransmitters in the medium supernatant to 

model clinical biofluid findings could contribute to a better understanding of the perturbation 

of these pathways. 

As a direct outcome of perturbations in energy metabolism and acetylcholine degradation, the 

highly energy-dependent process of neurite outgrowth was assessed (Figure 3; Figure S7). As 

expected, both CPF and CPO significantly impaired neurite outgrowth. This effect could be 

rescued by pretreatment with tocopherol, confirming perturbation in energy metabolism and 

oxidative stress. We have not directly observed higher ROS levels in response to CPF or CPO 

exposure (Figure S3B), likely due to the 24-h exposure selected. Because of the different 

spheroid sizes, we were unable to draw a conclusion about synergistic effects on neurite 

outgrowth between exposure and CHD8 mutation, but based on our data the magnitude of the 

alterations were similar in the two cell lines. Axonal growth was shown to be perturbed by OPs 

in the developing nervous system. In neural cell lines, CPF has been shown to inhibit neurite 

outgrowth, whereas axonal growth has been shown to be perturbed by CPF in rat primary 

neurons (Howard et al. 2005; Yang et al. 2008). Taken together, the data indicate that 

CHD8+/− and CPF/CPO can both impair neurodevelopment, given that increased ROS 

production and impaired neurite outgrowth are key events of the DNT AOP. 

 

In conclusion, this study demonstrated how an iPSC-derived 3D brain model can be used in 

studying a known genetic ASD risk factor and the exposure to an environmental chemical and 

to address whether and how these two factors can synergize. Remarkably, common metabolic 

targets for both the CHD8 mutation and CPF/CPO exposure suggest that CPF can mimic some 

effects of CHD8+/− and vice versa, especially because cells treated with CPF had lower CHD8 
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protein levels than those treated with vehicle. This suggests that in patients with CHD8 

mutations, severity of symptoms might be exacerbated if they are exposed to this toxicant. 

Although only two cell lines were used in this study (control and selectively mutated), the 

findings point to potential targets and adverse outcomes to evaluate when performing (G×E) 

interaction studies. Extension of these findings to more human-relevant exposure scenarios, 

different developmental neurotoxicants, and more cell lines (including patient-derived iPSCs), 

is needed to validate the findings presented here. The identification of defined (G×E) 

interaction factors converging on common metabolic pathways could then foster the 

development of treatments tailored to specific clusters of patients. 

These types of (G×E) interaction in organotypic models (Marx et al. 2016, 2020) represent a 

way forward to study the interplay of genetic and environmental components of autism and 

other neurodevelopmental disorders. The mechanistic validation through consensus AOP, and 

especially the corroboration with biomarker identification and correlation between clinical and 

mechanistic studies, opens new approaches for establishing the relevance of such findings. 
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Chapter 3 

 

Blood Extracellular Vesicles Carrying Brain-Specific mRNAs Are 

Potential Biomarkers for Detecting Gene Expression Changes in 

The Female Brain. 

 
3.1 Abstract 

The absence of non-invasive tests that can monitor the status of the brain is a major obstacle 

for psychiatric care. In order to address this need, we assessed the feasibility of using tissue-

specific gene expression to determine the origin of extracellular vesicle (EV) mRNAs in 

peripheral blood. Using the placenta as a model, we discovered that 26 messenger RNAs that 

are specifically expressed in the placenta are present in EVs circulating in maternal blood. 

Twenty-three of these transcripts were either exclusively or highly expressed in maternal blood 

during pregnancy only and not in the postpartum period, verifying the feasibility of using 

tissue-specific gene expression to infer the tissue of origin for EV mRNAs. Using the same 

bioinformatic approach, which provides better specificity than isolating L1 cell-adhesion 

molecule containing EVs, we discovered that 181 mRNAs that are specifically expressed in the 

female brain are also present in EVs circulating in maternal blood. Gene set enrichment 

analysis revealed that these transcripts, which are involved in synaptic functions and 

myelination, are enriched for genes implicated in mood disorders, schizophrenia, and 

substance use disorders. The EV mRNA levels of 13 of these female brain-specific transcripts 

are associated with postpartum depression (adjusted p-vals=3x10-5 to 0.08), raising the 

possibility that they can be used to infer the state of the brain. In order to determine the extent 

to which EV mRNAs reflect transcription in the brain, we compared mRNAs isolated from cells 

and EVs in an iPSC-derived brain microphysiological system differentiated for 3 and 9 weeks. 

We discovered that, although cellular and extracellular mRNA levels are not identical, they do 

correlate, and it is possible to extrapolate cellular RNA expression changes in the brain via EV 

mRNA levels. Our findings bring EV mRNAs to the forefront of peripheral biomarker 

development efforts in psychiatric diseases by demonstrating the feasibility of inferring 

transcriptional changes in the brain via blood EV mRNA levels. 
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3.2 Introduction 

A major obstacle to current psychiatric care is the inability to predict the onset of psychotic, 

manic, and depressive episodes. Since early intervention is not possible, negative outcomes 

from such episodes including self-harm or harm to others is not preventable. Thus, there is a 

critical need to develop minimally invasive biological assays that are capable of monitoring the 

state of the brain in psychiatric patients. 

The discovery of extracellular RNA communication has brought extracellular vesicles (EV) and 

their RNA cargo to the forefront of biomarker discovery efforts. The suggestion has been made 

that EVs originating from neural tissue can be isolated in human blood by immunoaffinity 

purification of vesicles containing L1 Cell Adhesion Molecule (L1CAM) and the Neural Cell 

Adhesion Molecule 1 (NCAM1) proteins (Fiandaca et al. 2015; Jia et al. 2019). However, 

characterizing neural-derived EVs is extremely challenging, as they make up only a very small 

portion of all EVs circulating in the blood. In addition, popular immunoaffinity approaches 

used to isolate neural-derived EVs have come under scrutiny (Norman et al. 2021). 

In our recent work, we demonstrated that EV mRNA levels in euthymic women during 

pregnancy are associated with subsequent postpartum depression (PPD) (Osborne et al. 2022). 

Using bioinformatics analysis (cellular deconvolution), we were able to determine that most of 

the EV mRNAs that differed in women who went on to develop PPD originated from monocytes 

and macrophages. Work by others on cell-free mRNAs discovered that mRNAs from nearly 

every single human tissue are present in circulating blood (Vorperian et al. 2022). Inspired by 

these findings, we investigated whether mRNAs originating from the Central Nervous System 

(CNS) are present in EVs isolated from human blood. Our rationale is that if an mRNA that is 

known to be specifically expressed in a single tissue is also present in EVs isolated from blood, 

then that mRNA must have originated from that tissue. We demonstrate the validity of this 

approach by establishing that placenta-specific mRNAs are present in maternal blood EVs only 

during pregnancy. We then identified the presence of 181 brain-specific mRNAs in blood EVs 

and discovered 13 brain-specific mRNAs that are altered during pregnancy in individuals who 

go on to develop PPD. We establish that our approach is more specific to neural tissue 

compared to immunoaffinity purification of L1CAM and NCAM EVs. Finally, we use the 3D 

organoid model system (brain Microphysiological System, bMPS) to demonstrate that 

intracellular mRNA expression in the brain can be inferred using EV mRNAs. 

Our findings firmly establish the feasibility of using brain-specific mRNAs circulating in blood 

EVs as a proxy for transcriptional activity in the brain and provide exciting opportunities for 

developing much-needed clinical tools for psychiatric disease. 
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3.3 Results 
 
A summary of the study design and the experiments performed in this manuscript is presented 

in Figure 3.1. 

 

Figure 3.1 Summary of experiments. 

 

 Currently, the extent to which EV mRNAs are informative about transcriptional changes in 

the brain remains unknown. This critical question needs to be addressed in order to 

demonstrate the potential utility of EV brain-specific mRNAs as biomarkers for brain health. 

To this end, we used the hiPSC-derived 3D organoid model of human brain development, 

referred to here as the brain Microphysiological System (bMPS), which more closely 

recapitulates brain development than traditional monolayer cultures, consisting of different 

types of neurons, astrocytes, and myelinating oligodendrocytes, and containing functional 

synapses and complex neural networks (Figure 3.2) (Pamies et al. 2017; Huang et al. 2022; 

Romero et al. 2022).  
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Figure 3.2 Brain organoid characterization. A. Expression of neural marker genes over the course of brain 

organoid differentiation. B. Brain organoids stained with neuroprogenitor (Nestin), neuronal (MAP2 and β-III-

Tubulin), astrocyte (GFAP), presynaptic (SYP) and postsynaptic (PSD95) markers at 2, 4, and 8 weeks of 

differentiation. Nuclei are stained with Hoechst 33342. Scale bars are 10 um. 

 

 

The bMPS has been successfully used to study the effects of environmental exposures 

(including an antidepressant paroxetine) during human brain development (Bullen et al. 

2020; Leite et al. 2019; Zhong et al. 2020; Modafferi et al. 2021). bMPS generated following 

our protocol are in general under 500 microns in diameter, which is the main advantage over 

larger brain organoid models, as spheres of size below 500 um lack a necrotic core and will not 

release EVs that are associated with necrosis. We characterized the cellular transcriptome and 

the corresponding EV mRNA levels between organoids differentiated for 3 and 9 weeks, 

reflecting early and later stages of neural development. Principal Components Analysis (PCA) 

revealed that cellular and EV mRNA levels cluster separately, but this might be caused by the 
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fact that cells have higher levels of mRNA than EVs; i.e. global differences between cellular and 

EV mRNA levels. EV and cellular mRNA levels were highly correlated with Spearman’s 

correlation coefficients of 0.90 and 0.86 respectively for 3 and 9-week bMPS (Figure 3.3A). 

To further characterize the differences between mRNAs in the cell (cellular mRNAs) and EV 

mRNAs, we performed differential expression analysis between the cellular transcriptome and 

EV mRNAs. Smooth quantile normalization was performed (Hicks et al. 2018) in order to 

retain global differences between cellular and EV mRNAs. We found extensive differences 

between RNA levels between cells and their corresponding EVs. At 3 weeks of differentiation, 

we discovered that 9631 mRNAs were present at significantly higher levels in the cell compared 

to EVs. At 9 weeks we found 357 mRNAs to be present at significantly higher levels in cells. In 

contrast, 3043 mRNAs at 3 weeks and 753 mRNAs at 9 weeks were present at higher levels in 

EVs compared to cells. The majority of the differences were more than 100-fold, demonstrating 

that these mRNAs were restricted either to the cellular transcriptome or to EVs. Gene set 

enrichment analysis discovered that at 3 weeks genes associated with the nucleoplasm are 

enriched inside the cell. In contrast, mRNAs associated with the ribosome and translation are 

enriched in EVs released from bMPS at 3 weeks of development (p = 0). At 9 weeks mRNAs 

associated with the nucleoplasm (p = 0), protein binding (p = 1.25E-06), membrane (p = 

4.99E- 06), and the mitochondrion (p = 1.71E-05) were enriched in bMPS cells amongst others. 

Similar to week 3, mRNAs associated with cytosolic translation (p = 0), and ribosomes (p = 0), 

were more abundant in EVs from 9-week bMPS. These findings demonstrate that EV mRNA 

levels are not a simple reflection of the cellular transcriptome and we should not expect all 

brain mRNAs to be accessible via EVs.  
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Figure 3.3: Cellular and EV mRNA Levels are Correlated in bMPS Organoids. A. Log2 read counts are plotted for 

RNA sequencing data generated from mRNA isolated from 3 and 9 week bMPS and their corresponding EVs. 

Spearman’s correlation between cellular and EV mRNAs was 0.9 and 0.86 respectively for bMPS differentiated for 

3 and 9 weeks. B. Log2 read counts are plotted for brain specific genes levels in mRNA isolated from 3 and 9 week 

bMPS and their corresponding EVs. Spearman’s correlation between cellular and EV mRNA levels for brain specific 

genes was 0.92 and 0.81 respectively for bMPS differentiated for 3 and 9 weeks. 

 

 

We performed differential expression analysis between 3- and 9-week bMPS, and their 

corresponding EVs in order to determine the extent to which EV mRNAs can be used to infer 

cellular changes in gene expression. Differential expression analysis discovered 2232 

differently expressed intracellular RNAs between 3- and 9-week organoids (1301 

upregulated/931 downregulated at 9 weeks compared to 3 weeks). In contrast, we found the 

level of 3460 EV mRNAs to change (2160 increased /1300 decreased at 9 weeks, compared to 

3 weeks). Out of the 2232 mRNAs that were differentially expressed between 3 and 9 weeks 

intracellularly, 786 mRNAs showed consistent changes in EVs in comparison to cells. The 

remaining 1446 mRNAs either did not reach the threshold for statistical significance or were 

only detected in one compartment (508 cell only, 358 EV only). An additional 26 mRNAs had 

their levels changed in the opposite direction between cells and EVs (i.e. increased in cells but 

decreased in EVs) including GRIA2, DISC1 fusion partner 1, and genes of the major 

histocompatibility pathway. For the 4018 genes that changed either in cells, in EVs, or in both 
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between 3 and 9 weeks of differentiation, we examined the calculated fold change irrespective 

of significance. We discovered that increases or decreases in cellular mRNA levels (log2 fold 

change) usually resulted in a corresponding increase or decrease in the level of the mRNA in 

EVs and vice versa (Spearman’s correlation coefficient of 0.56). For the 812 changes that 

occurred both inside the cells and in EVs, Spearman’s correlation for ‘log 2 fold change’ was 

0.80. These findings again demonstrate that, although EV mRNA levels are not a simple 

reflection of intracellular mRNA levels, it is feasible to use EV mRNA levels to infer changes in 

the cellular transcriptome. 

In addition, we wanted to determine whether we could investigate the activity of the 

brainspecific mRNAs we identified in human blood using the bMPS model. Out of the 181 

brainspecific mRNAs in blood EVs, we detected 140 (77%) of them expressed in both cells and 

EVs of the bMPS in vitro model. An additional 15 and 3 mRNAs were exclusive to the cellular 

and EV compartments respectively. The EV and cellular levels of these transcripts correlated 

highly both at 3 (Spearman’s correlation 0.92) and 9 (Spearman’s correlation 0.81) weeks of 

differentiation (Figure 3.3B). Sixty-two of these 140 transcripts were differentially expressed 

during differentiation from 3 to 9 weeks, 24 changed in both EVs and cells (Figure 3.4), 22 

changed in EVs only, and 16 changed in cells only. Further analysis of the 38 mRNAs that were 

statistically significant exclusively in either the cells or the EVs revealed that the mRNA in the 

other compartment exhibited changes that were consistent but subtle. Specifically, out of the 

22 mRNAs with altered EV levels, 16 showed a non-significant change in means in the same 

direction (ATP6V1G2, CACNA1A, ENHO, KCNA2, RAB3A, SV2C were the exception, Figure 

3.4) whereas 15 out of the 16 mRNA that changed intracellularly showed a change in the same 

direction in EVs (FBXL16 was the exception). Potentially, the discrepancy in differential 

expression between cells and EVs is related to sample size, and increasing our sample size will 

increase the consistency in changes we observe between cells and EVs. 
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Figure 3.4: Brain Specific mRNAs that Exhibit Similar Changes in Cellular and EV Compartments during bMPS 

Differentiation. The y-axis plots log2 read counts. All of the changes in the cellular and the corresponding EV 

compartments are in the same direction. 

 

 
3.4 Discussion 

In order to extensively characterize the biomarker potential of brain EV mRNAs, we performed 

the first comparison of cellular and EV mRNAs in the brain using the brain Microphysiological 

System, bMPS. Although our data establishes that the cellular and EV transcriptomes are not 

simple reflections of each other, we nevertheless demonstrate that EV mRNAs are informative 

about changes that occur in the brain.  

Our findings bring EV mRNAs to the forefront of peripheral biomarker development efforts in 

psychiatric diseases by demonstrating the feasibility of inferring transcriptional changes in the 

brain via blood EV mRNA levels. 

Our work provides the first characterization of the relationship between the cellular and EV 

transcriptomes in the brain. The consensus in the field is that EV mRNA release is largely a 

passive event, and the prevailing notion is that the majority of cell-free RNAs, including EV 

mRNAs, are remnants of apoptotic and necrotic events (Hasselmann et al. 2001; Gupta et al. 

2004; Drag et al. 2021). We find that, although cellular and EV mRNA levels are correlated, 

they are not identical. Our analysis discovered that a number of mRNAs are restricted to the 

cell and not released into EVs. Accordingly, we will not be able to infer the expression of these 

transcripts via the use of EV mRNAs. In contrast, the levels of some EV-enriched RNAs were 
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100 times lower in the cells. mRNAs that are confined to EVs may be useful as biomarkers in 

circumstances where disease pathology alters EV release by the brain. As the number of 

transcripts that are confined either to the cell or to EVs decreased with differentiation, this 

might be less of a concern for adult brain disorders. Our analysis also discovered that the level 

of many mRNAs changed either in the cell or EVs during differentiation. As the majority of the 

non-significant mRNA changes overwhelmingly exhibited a change in the same direction as 

the statistically significant compartment, using a larger sample size may result in more 

consistent findings. We also recognize that the bMPS model lacks many of the complexities of 

the brain and that EV mRNA levels may be affected by factors such as the bloodbrain barrier 

and presence of microglia that are not being modeled by our study. Despite these limitations, 

our data support the notion that EV mRNAs cross the blood-brain barrier, and we demonstrate 

the feasibility of using brain-specific EV mRNAs to infer cellular changes in bMPS. However, 

the extent to which EV changes in the central nervous system are reflected in blood is not clear. 

Potentially, EV isolated from the cerebrospinal fluid may be a better proxy for transcriptional 

changes in the brain, but the blood remains a more accessible source of the mRNAbased 

biomarkers, even if the amount of brain-specific EVs in the blood is limited. 

Finally, our work establishes the bMPS as an ideal in vitro model to study the activity of brain-

specific blood EV mRNAs. This model recapitulates embryonic brain development in vitro and 

has been successfully used to study the effects of environmental exposures during neural 

differentiation and maturation (Bullen et al. 2020; Leite et al. 2019; Zhong et al. 2020; 

Modafferi et al. 2021). Although this bMPS lacks lamination, it consists of a wide array of 

neural and glial cells, which are self-organized, form myelin sheaths, and contain functional 

synapses with complex neural networks (Huang et al. 2022). The main advantage of bMPS 

described here over larger brain organoid models is their standardized shape and size, which 

is maintained below 500 um, the suggested size for avoiding the formation of a necrotic core 

(Gilazieva et al. 2020). Since bMPS are sustained in isolation and grown in serum-free media, 

extracellular vesicles specifically associated with the brain can be conveniently collected. In 

this work, we demonstrate that 140 out of the 181 brain-specific EV mRNAs we identified in 

human blood are expressed in both cells and EVs of bMPS. Various paradigms can be 

developed in bMPS to mimic environmental insults associated with psychiatric disease, i.e., 

exposure to inflammatory cytokines, heavy metals, glucocorticoids, infectious agents, and 

others. We can then identify brain-specific EV mRNAs that are altered in cells and EVs of bMPS 

in response to the paradigm and specifically target these EV mRNAs in blood collections from 

relevant human cohorts. For example, bMPS can be exposed to environmental chemicals 

associated with neurodevelopmental disorders, such as autism (Modabbernia et al. 2017; 

Maleki et al.2022; Lin et al. 2021), and brain-specific EV mRNAs altered in these organoids 

can be further studied in human blood samples collected from cohorts with evidence for these 
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exposures. Our previous work has already demonstrated that antidepressant exposure induces 

changes in the bMPS model related to synaptogenesis (Zhong et al. 2020). Therefore, a similar 

approach can be taken to identify bMPS EV mRNAs that are altered in response to psychiatric 

medications potentially leading to the development of biomarkers for drug response. In 

addition, functional studies can be conducted in bMPS to elucidate the role of EV brain mRNAs 

and understand why they are released into the bloodstream. . Our future plans include 

investigating how EV mRNA levels in blood are altered in both sexes in multiple psychiatric 

disorders and studying sex differences in neural extracellular communication using bMPS 

models. 

 

3.5 Methods 
 

bMPS differentiation 

bMPS organoids were derived from the NIBSC8 iPSC line (NIBSC, UK) and differentiated as 

previously described (Bullen et al. 2020). NIBSC8 iPSC is mycoplasma free and have a normal 

female karyotype. The cells were authenticated by short tandem repeat (STR) analysis, 

Promega PowerPlex 18D Kit) and 100% matched the MRC-9 donor cell line from ATCC. iPSC 

were then differentiated into neuroprogenitor cells (NPC) using a dual SMAD inhibition 

method in monolayer with a Neural induction kit (ThermoFisher Scientific). Single-cell 

suspension of NPS was distributed in uncoated 6-well plates and cultured under constant 

gyratory shaking (88 rpm, 19 mm orbit) differentiation medium (Neurobasal electro medium 

(Gibco, Thermo Fisher Scientific) supplemented with 1xB27-electro (Gibco, Thermo Fisher 

Scientific), 2x glutamax, 10 ng/mL GDNF (Gemini), and 10 ng/mL BDNF (Gemini) and 5% 

PenStrep. The half medium was exchanged every 2nd or 3rd day. Differentiation was 

characterized by RT-PCR and Immunocytochemistry at 2, 4, and 8 weeks of differentiation. 

NPC stage included as the initial undifferentiated stage for normalization. 18S was used as a 

reference control gene. 

 

bMPS Cellular and EV mRNA sequencing 

We used the bMPS model to determine the relationship between the cellular transcriptome in 

nervous tissue and EV mRNA levels. Specifically, we investigated whether 1) differences 

existed between cellular and EV mRNA levels and 2) mRNA expression changes in cells 

associated with neural differentiation were reflected in EV mRNA levels. bMPS cultured in 

triplicate for each time point were harvested at 3 and 9 weeks. At weeks 2 and 8 of 

differentiation, one-week prior sample collection, the medium was not changed, but the fresh 

medium was added after 3 and 5 days. At weeks 3 and 9 medium was collected, filtered through 

the cell strainer, and centrifuged for 5 min at 300 x g. the supernatant was snap frozen in liquid 
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nitrogen and stored at -80 °C. Organoids were washed twice with 1xPBS and snap frozen at 

liquid nitrogen and stored at -80 °C. EV mRNA was amplified from 500 microliters of 

supernatant with the exoRNeasy Serum/Plasma Midi Kit (Qiagen cat# 7714) using the 

manufacturers recommended protocol. The mRNA from the organoids was isolated using the 

miRNeasy Serum/Plasma Kit (Qiagen cat#217184). mRNA sequencing libraries were 

generated for both EV and cellular mRNAs using the NEBNext Single Cell/Low Input RNA 

Library Prep Kit (NEB cat# E6420) following the manufacturer’s recommended protocol. 

Paired end RNA sequencing was performed on an Illumina NovaSeq instrument. 

 

RT-PCR 

Zymo RNA microExtraction kit was used to extract RNA from the NPC, 2 ,4 , and 8 week 

organoids. 500 ng RNA was reverse transcribed with Random Hexamer primers and M-MLV 

Reverse Transcriptase (Promega) as described in (Smirnova et al. 2016). TaqMan gene 

expression assay and FAST advanced MAster Mix were used to quantify expression of neural 

markers, Nestin, MAP2, SYN1, GFAP, and MBP.  

 

Immunostaining 

iPSC, NPC or brain organoids were stained as previously described (Harris et al. 2017). Briefly, 

cells were fixed with 2% PFA, blocked with 5% goat serum, 0.15% saponin, 1% BSA in 1xPSC 

for 2 hours and stained with primary antibodies (iPSC and NPC overnight, BrainSpheres - for 

48 hours). After three washes, cultures were stained with secondary antibodies: iPSC and NPC 

were incubated for one hour at room temperature, organoids - for 24 hours. Nuclei were 

stained with Hoechst 33342. Samples were fixed on the glass slides with immomount and 

imaged using Zeiss 700 confocal microscope using Zen software. Images were processed in 

ImageJ (https://imagej.net). 

 

Differential Expression Analysis of bMPS 

Flexbar software was used to remove adapter sequences in the reads (Roehr et al. 2017). The 

filtered reads were aligned to the human genome build GRCh 38 using Hisat2 (Kim et al. 2015). 

Only uniquely aligning reads, with a mapping quality of greater than 59, were considered for 

downstream analysis (Darby et al. 2016). Count tables were constructed using the ensembl 

gene annotations. Principal component analysis and boxplots were used to determine whether 

outliers were present in the data. In order to identify mRNAs that were enriched inside the cell 

or in EVs, the count tables were normalized using smooth quantile normalization (qsmooth 

package in Bioconductor(Hicks et al. 2018)), which preserves global expression differences 

between samples. Significance was calculated by using the Bioconductor limma package 

(Ritchie et al. 2015) and multiple testing was corrected for with the Benjamini Hochberg 
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method. In order to identify mRNA changes between 3- and 9-week bMPS differential 

expression analysis was performed separately on cellular and EV mRNAs separately using the 

DESeq 2 package as described previously (Osborne et al. 2022; Love et al. 2014). 
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Chapter 4 

 

Potential of hormetic nutrition for neurodegenerative and 

neurodevelopmental disorders: from animal models to in vitro 3D 

organoid platforms. 

 

4.1 Natural Compounds Such as Hericium erinaceus and Coriolus 
versicolor Modulate Neuroinflammation, Oxidative Stress and Lipoxin A4 
Expression in Rotenone-Induced Parkinson’s Disease in Mice 
 

4.1.1 Abstract 

Background: A growing body of research suggests that oxidative stress and neuroinflammation 

are early pathogenic features of neurodegenerative disorders. In recent years, the vitagene 

system has emerged as a potential target, as it has been shown to have a high neuroprotective 

power. Therefore, the discovery of molecules capable of activating this system may represent a 

new therapeutic target to limit the deleterious consequences induced by oxidative stress and 

neuroinflammation, such as neurodegeneration. Lipoxins are derived from arachidonic acid, 

and their role in the resolution of systemic inflammation is well established; however, they 

have become increasingly involved in the regulation of neuroinflammatory and 

neurodegenerative processes. Our study aimed at activating the NF-E2-related factor 2 

(Nrf2)/heme oxygenase 1 (HO-1) redox system and increasing lipoxin A4 for the modulation 

of antioxidant stress and neuroinflammation through the action of two fungi in a rotenone-

induced Parkinson’s model. Methods: During the experiment, mice received Hericium 

erinaceus, Coriolus versicolor or a combination of the two (200 mg/kg, orally) concomitantly 

with rotenone (5 mg/kg, orally) for 28 days. Results: The results obtained highlighted the 

ability of these two fungi and, in particular, their ability through their association to act on 

neuroinflammation through the nuclear factor-kB pathway and on oxidative stress through the 

Nrf2 pathway. This prevented dopaminergic neurons from undergoing apoptosis and 

prevented the alteration of typical Parkinson’s disease (PD) markers and α-synuclein 

accumulation. The action of Hericium erinaceus and Coriolus versicolor was also able to limit 

the motor and non-motor alterations characteristic of PD. Conclusions: Since these two 

mushrooms are subject to fewer regulations than traditional drugs, they could represent a 

promising nutraceutical choice for preventing PD.  
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4.1.2 Introduction 

Diseases that impact the central and peripheral nervous systems are referred to as neurological 

disorders. Such disorders can be caused by nervous system lesions, oxidative stress, 

inflammation, aberrant protein deposition in neural tissue, autoimmune-mediated neuronal 

cell death and viral contaminations [1,2]. The latest statistics reported in the literature show 

that following the increase in the life span of the world population, about 80 million people 

will suffer from dementia by 2040 [3]. Therefore, aging, immune decline and the onset of 

chronic inflammatory processes are all potential risk factors associated with 

neurodegenerative diseases including dementia, Alzheimer’s disease (AD) and Parkinson’s 

disease (PD) [4–7]. Currently, available treatments for neurological disorders focus essentially 

on symptomatic relief. Therefore, there is a strong need to discover new therapies and 

neuroprotective agents that can prevent and delay the progression of neurodegenerative 

diseases [8–11]. Furthermore, given the undesirable side effects induced by current 

pharmacological approaches, it is necessary to create alternative therapies that have greater 

efficacy and bioavailability, and rarer side effects [12–14]. In this regard, natural products from 

plants or foods can represent a real source of new compounds with therapeutic value for 

neurodegenerative diseases. For many years, mushrooms have been used not only as food, but 

also in traditional medicine for their anticancer, antiviral, antibacterial, antioxidant and 

immunomodulatory effects [15–17]. Mushrooms have a diverse spectrum of bioactive 

substances that support their use in the preservation of human health or in the prevention of 

nervous disorders [18]. Hericium erinaceus is one of the most well-studied medicinal 

mushrooms, with an emphasis on the neurological system [19,20]. This mushroom’s anti-

neuroinflammatory properties have been revealed in an increasing number of studies in recent 

years. A high-fat, high-sucrose diet improves spatial learning ability and decreases the 

synthesis of tumor necrosis factor-α (TNF-α) and interleukin-1 (IL-1) mRNA in the 

hippocampus, resulting in an anti-inflammatory effect in 15-month-old mice [21,22]. Another 

study discovered that administering Hericium erinaceus for 30 days reduced astrocyte and 

microglia activation in the cerebral cortex and hippocampus of AD APPswe/PS1dE9 transgenic 

mice. Furthermore, in an AD mice model, the anti-inflammatory action of Hericium erinaceus 

was found to diminish Aβ deposition, and enhance nerve growth factor (NGF) expression and 

hippocampal neurogenesis [23]. Hericium erinaceus has been shown to have antioxidant 

activity in addition to anti-inflammatory activity by working on the NF-E2-related factor 2 

(Nrf2)/heme oxygenase 1 (HO-1) pathway [24,25]. As a result, Hericium erinaceus could be 

deemed an excellent neuroprotectant. Our latest research has demonstrated that by reducing 

oxidative stress and activating the NLRP3 inflammasome, this fungus can manage the typical 

abnormalities of AD, such as behavioral changes, phosphorylated Tau levels, aberrant 

overexpression of APP,  β-amyloid formation and neuronal degeneration [26]. Coriolus 



78 
 

versicolor is another fungus that has been intensively investigated in recent years and has been 

demonstrated to have a neuroprotective effect. According to recent research, this mushroom 

may have anticancer, anti-inflammatory, antioxidant, antibacterial and immunomodulatory 

effects [27–30].  

Coriolus versicolor, like Hericium erinaceus, has been demonstrated to improve spatial 

memory in a mouse model of AD by enhancing antioxidant activity and inhibiting pro-

inflammatory cytokines [28,31]. Furthermore, Coriolus versicolor treatment has been 

demonstrated to raise the levels of the proteins involved in the cellular stress response, such 

as HO-1, thioredoxin (Trx) and Nrf2 in the brain [32]. Another important aspect of Coriolus 

versicolor and Hericium erinaceus to consider is their ability to increase levels of the anti-

inflammatory mediator lipoxin A4 (LXA4). According to our previous studies, this may be 

associated with the increased expression of the proteins involved in redox balancing [25,32]. 

Therefore, we hypothesize that the administration of Coriolus versicolor and Hericium 

erinaceus is able to prevent the neurodegenerative process in an animal model of PD induced 

by rotenone, a widely used fat-soluble insecticide. 

 

4.1.3 Materials and Methods 

Animals 

We utilized CD1 male mice weighing approximately 25–30 g (Envigo, Milan, Italy). They were 

first acclimated to their surroundings for a week before being placed in a precise environment 

(22 +/- 1 °C with a 12 h dark, 12 h light cycle) with access to water and rodent food. Prior to the 

study’s execution, we obtained approval from the University of Messina’s Review Board for 

animal care. All animal tests were carried out in accordance with the latest Italian procedures 

(D.Lgs 2014/26), EU rules (EU Directive 2010/63) and the ARRIVE recommendations. 

Hericium Erinaceus and Coriolus Versicolor Biomass Preparation 

Hericium erinaceus (H) and Coriolus versicolor (C) biomasses, containing mycelium and 

primordia of the respective mushroom, were generously donated by Mycology Research 

Laboratories Ltd. (MRL, Luton, UK) as a commercially available product and were used for 

research. The preparation of the two mushrooms is described in the previous research of 

Trovato et al. [25,32]. The optimal dose (200 mg/kg) was chosen based on the dose used in 

human trials with cancer or HPV patients (3 g/day) [37], a regimen also verified by rat 

investigations. The characterization of the two fungi was performed via chromatography–

Orbitrap–mass spectrometry (LC-Orbitrap-MS) and via gas chromatography–tandem mass 

spectrometry (GC-MS/MS) as earlier described, and the results of the characterization are 

visible in the work of D’Amico R. et al. [38]. 
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Rotenone-Induced PD and Treatment 

PDwas induced by rotenone (Rot) (5mg/kg in 4%carboxymethylcellulose (CMC); Sigma, USA) 

as previously described [39]. Hericium erinaceus (H) and Coriolus versicolor (C) were 

administrated orally at the dose of 200 mg/kg for 28 days and 1 h after Rot administration. 

Experimental Group 

Animals were casually distributed into the following groups (n = 15mice for each group): 

Group 1: Sham = vehicle solution (saline) was administrated quotidianly by oral gavage, as per 

Rot protocol.  

Group 2: Sham+H = H (200 mg/kg) solution was administrated by oral gavage for 28 days 

(data not shown). 

Group 3: Sham+C = C (200 mg/kg) solution was administrated by oral gavage for 28 days (data 

not shown). 

Group 4: Sham+(H+C) = H+C (200 mg/kg) solution was administrated by oral gavage for 28 

days (data not shown). 

Group 5: Rot+vehicle = Rot solution was administrated quotidianly by oral gavage and vehicle 

solution (saline) was administrated orally for 28 days. 

Group 6: Rot+H = Rot solution was given orally every day by gavage, whereas H solution was 

given orally for 28 days and 1 h after Rot administration. 

Group 7: Rot+C = Rot solution was given orally every day by gavage, whereas C solution was 

given orally for 28 days and 1 h after Rot administration. 

Group 8: Rot+(H+C) = Rot solution was administrated daily by oral gavage and H+C solution 

was administrated orally for 28 days and 1 h after Rot administration. 

On the 28th day the mice were anesthetized, and the brains were taken for molecular and 

biochemical analyses. 

Behavioral Testing 

Behavioral assessments were performed on animals (n = 5 for each group) 1 day before and 28 

days after the Rot injection. 

Open Field (OF) 

The OF test was used to measure spontaneous locomotor activity. The device was a 50 x 50 cm 

Plexiglas box with a floor divided into sixteen squares (four quadrangles were defined as the 

center and twelve quadrangles along the walls as the periphery). We executed the test as 

previously described [40]. Briefly, each mouse was positioned in the center of the box, and 

movement was filmed as a line crossing when the animal withdrew all four paws from one 

square to another. For 5 min, the number of crossings and time spent in the center were valued 

and recorded. 
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Rotarod Test (RT) 

The rotarod system was used to measure mice’s motor performance on a moving rod following 

the protocol described in our other studies [41]. In short, the mice were placed on a revolving 

rod (1 cm diameter for mice), and the rotation speed was gradually increased from 0 to 12,000 

x g in 60 s. The latency (the time a mouse spends on the rod) was measured. This was 

performed up to 5 times in one session (with a rest period that increased by 5 s with each fall). 

Catalepsy Test (CT) 

Catalepsy was measured as previously described, with a diminished ability to initiate 

movement and a failure to modify posture [42]. Mice were placed with their hindquarters on 

the bench and their forelimbs on a horizontal bar 4 cm above the bench to study catalepsy. The 

mice’s time in this position was recorded using a timer set to 180 s. Cataleptic mice were those 

who remained in this position for 30 s or longer. 

Elevated Plus Maze (EPM) 

As previously explained, the EPM test was used to assess anxiety-like behavior [43]. The 

apparatus was made up of two open arms (30 x 5 x 0.25 cm) and two enclosed arms (30 x 5 x 

15 cm) in black Plexiglas with a light gray floor that extended from a central platform (5 x 5 

cm); the complete apparatus was elevated to a height of 60 cm above the floor level by a single 

central support. Concisely, the mouse was placed on the central platform and allowed to 

discover the maze for 5 min; the number of entries in each arm and the number of crossings 

were documented. Anxiety was indicated by a decrease in both the amount of time spent in the 

open arms and the proportion of admissions into the open arms. 

Tail Suspension Test (TST) 

The TST was conducted to value depression-related behavior in mice. This behavioural test 

was carried out exactly as previously reported [44]. Briefly, the mice were suspended from their 

tails 50 cm above the surface using adhesive tape wrapped around the tail 2 cm from the tip. 

For 6 min, immobility (defined as the absence of any limb or body movements other than those 

caused by respiration or gravity) was measured. 

Sucrose Preference Test (SPT) 

The SPT is used to measure anhedonia in mice. Two bottles were used for the test, one with 

water and one containing a 2% sucrose solution. Both bottles were weighed at the start of the 

test and were, subsequently, placed randomly. After 12 h, the position of the bottles was 

changed, and they were removed and reweighed after another 12 h (total test time of 24 h). To 

calculate the sucrose preference ratio, the following equation was performed:  

Sucrose preference ratio (%) = [Sucrose intake (g)/(Sucrose intake (g) + Water intake (g))] x 

100% 
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Histology 

The brains of five mice in every group were fixed, sliced, and stained with hematoxylin and 

eosin (H&E, Bio-Optica, Milan, Italy), and the sections were evaluated using an optical 

microscope linked to an imaging system (Leica Microsystems SpA), as earlier described 

[34,45]. Histopathological valuation was carried out blindly using a semiquantitative five point 

rating: 0 for a normal condition (no death neurons observed); 1 for an irrelevant condition 

(substantia nigra (SN) contained 1 to 5 death neurons); 2 for a modest condition (SN contained 

5 to 10 death neurons); 3 for a severe condition (SN contained more than 10 death neurons); 

and 4 for a more severe condition (SN contained only death neurons) [46]. The scores from all 

slides were averaged to give a concluding score for each individual mouse. Images are 

demonstrative of all animals in every group. 

Stereology 

Unbiased numbering of TH+ dopaminergic neurons inside the SN was carried out as 

previously described [47]. To summarize, mice were killed and their brains were extracted and 

post-fixed in 4% paraformaldehyde at 4 °C overnight. A vibratome was used to cut serial slides 

(40 x mthick) through the SN in the coronal plane from each block. Every fourth free-floating 

section was incubated overnight with anti-tyrosine hydroxylase (TH) (1:400, Millipore, 

Burlington, MA, USA) before being processed using the ABC technique (Vector Laboratories, 

Burlingame, CA, USA). Sections were cover-slipped and counterstained with cresyl violet, a 

Nissl stain. TH+ cells were TH immunoreactive, whereas TH- cells were not TH 

immunoreactive but were Nissl stained. The stereologist was completely unaware of the 

treatment received. Stereo Investigator software was used to evaluate five typical SNpc slices 

from each mouse brain (Microbrightfield, Williston, VT, USA). 

Quantification of LXA4, IL-1b and TNF-a 

The supernatant of the brain tissue homogenate was centrifuged and used [32,48,49]. LXA4, 

IL-1 and TNF-α  were analyzed using an ELISA kit (Cloud-Clone Corp, Wuhan, China). The 

assay was performed following the instructions of the manufacturer and measured by a 

microplate reader at 450 nm.  

Immunohistochemical Investigation for TH 

The immunohistochemical techniques used have been previously described [50]. Sections of 

the midbrain were incubated overnight with the primary antibody: anti-TH (Millipore, 1:500 

in PBS, v/v, AB152). The sections were then washed with PBS and treated with the secondary 

antibody the next day. A biotin-conjugated goat anti-rabbit IgG and an avidin–biotin–

peroxidase complex were used to identify specific labeling (Vector). To test the antibodies’ 

specificity, brain slices from 5 mice in each group were treated with either a primary or 

secondary antibody. The photos were captured with a Leica DM6 camera (Leica Microsystems 

SpA, Milan, Italy) [51]. Densitometric analysis was performed using the ImageJ IHC profiler 
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plug-in. When this option is chosen, it automatically creates a histogram profile of the analyzed 

DAB image and displays a score log [52]. The histogram 

profile matches to the computer program’s positive pixel intensity value [53]. 

Immunohistochemical 

analyses were carried out by experienced individuals who were unaware of the treatment. 

Western Blot Analysis 

Western blot analysis was carried out as previously described [54,55]. Primary antibodies used 

were: anti-dopamine transporter (DAT) (1:500; Santa Cruz Biotechnology, Dallas, TX, USA; 

(sc)), anti- 

-syn (1:500; (sc)), anti-Nrf2 (1:500; (sc)), anti-HO-1 (1:500; (sc)), anti-Hsp-70 (1:500; (sc)), 

anti-IkB-α (1:500; (sc)), anti-nuclear factor-kB (NF-kB) p65 (1:1000; (sc)), anti-glial fibrillar 

acid protein (GFAP) (1:1000; (sc)), anti-ionized calcium-binding adaptor molecule 1 (Iba-1) 

(1:1000; (sc)), anti-Bax (1:500; (sc)), anti-Bcl-2 (1:1000; (sc)). The membranes were then 

incubated with IgG peroxidase-conjugated secondary antibodyconjugated bovine mouse or 

IgG peroxidase-conjugated goat anti-rabbit (1:2000, Jackson ImmunoResearch,West Grove, 

PA, USA). Probing the membranes with a  β-actin or laminin antibody revealed the protein 

content. The manufacturer’s advanced chemiluminescence detection system reagent was used 

to detect the target antibody signals (SuperSignal West Pico Chemiluminescent Substrate, 

Pierce). The expression of the protein bands was determined by densitometry and adjusted to 

β-actin levels using BIO-RAD ChemiDocTM XRS 

Plus software. Blot signal images (8-bit resolution/600 dpi) were imported into the analysis 

application (ImageQuant TL, v2003) [56].  

Statistical Analysis 

The values in the figures and text are expressed as the average +/- SD and are typical of at least 

three experiments performed at separate times. Unless otherwise stated, each experiment 

utilized 15 mice per group. A one-way analysis of variance was used to review the data, followed 

by a Bonferroni post hoc test for multiple comparisons. A p-value of less than 0.05 was 

considered statistically significant.  

 

4.1.4 Results 

Effects of H+C on Oxidative Stress 

Oxidative stress in the brain is associated with an increased expression of genes that 

contributes to free radical detoxification. In this regard, we wanted to evaluate, by way of 

Western blot analysis, the expression of proteins responsible for redox balance such as Nrf2 

and HO-1, and, in addition, the expression of the chaperone Hsp-70, which ensures the 

stabilization of other protein molecules under various stresses. The results obtained showed a 

slight activation of the three proteins following the treatment with rotenone (Figure 
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1A,A’,B,B’,C,C’, respectively). The H+C treatment was able to further raise the levels of Nrf2 

and HO-1 by regulating the redox imbalance, and also raise that of Hsp-70 (Figure 

1A,A’,B,B’,C,C’, respectively). 

 

 

Figure 1. Effects of H+C on Nrf2, HO-1 and Hsp-70 after Rot intoxication. Western blot analysis compared with 

Sham group, a slight elevation of Nrf2 (A), HO-1 (B) and Hsp-70 (C) in Rot-treated mice. Animals subjected to 

treatment with H+C revealed a significant increase in these proteins. See the respective  densitometric graphs 

(A’,B’,C’). Values are expressed as mean _ SD of three independent analyses on 5 animals/group. ## p < 0.01 

compared to Rot; ### p < 0.001 compared to Rot. 

 

Effects of H+C on LXA4 Levels and Glial Cell Activation 

LXA4 expression was studied in the brain taken from mice of the Sham, Rot and Rot+(H+C) 

groups. As shown in Figure 2A, the control animals showed baseline LXA4 levels, whereas a 

reduction was observed following rotenone intoxication. Administration of H+C for 28 days 

induced a significant increase in the LXA4 protein level (Figure 2A). Since LXA4 is important 

for the response to inflammatory processes, we wanted to evaluate the effect of H+C also on 

the activation of glial cells, such as astrocytes and microglia. The levels of GFAP and Iba-1 were 

very low in the Sham group, but significantly higher in the Rot-treated mice. The H+C 

treatment effectively reduced the elevated expression of GFAP and Iba-1 under these 

conditions (Figure 2B,B’,C,C’, respectively). 
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Figure 2. Effects of H+C on LXA4 levels and on astrocytes and microglia after Rot intoxication. LXA4 protein 

levels in midbrain were evaluated via ELISA kit in Sham, Rot and Rot+(H+C) groups (A). Western blot analysis 

revealed, compared with Sham group, an evident increase in GFAP (B) and Iba-1 (C) in Rot-treated mice. Animals 

subjected to treatment with H+C revealed a significant decrease in astrocytes (B) and microglia (C). See the 

respective densitometric graphs (B’,C’). Values are expressed as mean _ SD of three independent analyses on 5 

animals/group. *** p < 0.001 compared to Sham; ## p < 0.01 compared to Rot; ### p < 0.001 compared to Rot. 

 
 

Effects of H+C on NF-kB Pathway and Pro-Inflammatory Cytokines 

We used the Western blot analysis to look at the expression of NF-kB and IkB-α 

to see if H+C had an anti-inflammatory effect on the NF-kB pathway. Our findings showed 

increased IkB-α degradation in Rot-injured mice compared to Sham mice, whereas the 

treatment with H+C increased IkB-α cytosolic activity (Figure 3A,A’). As for NF-kB, an increase 

in nuclear translocation was observed in the rotenone group, but treatment with H+C 

attenuated the nuclear expression of this protein (Figure 3B,B’). Since cytokines are also 

downstream gene targets of NF-kB, we used ELISA kits to look at IL-1  and TNF-α levels 

(Figure 3C). When Rot-treated animals were compared to control mice, there was a significant 

increase in IL-1 levels, but H+C-treated mice had low levels of this cytokine. The cytokine TNF-

α  produced similar results (Figure 3D). 

 

Effect of H+C Treatment on Apoptosis 

To assess the effect of the H+C treatment on Rot-induced apoptosis, we used the Western blot 

technique to examine the expression of Bax and Bcl-2. Tissues from Rottreated mice had 

higher levels of Bax expression than control mice. This expression was lowered by the H+C 

treatment (Figure 4A,A’). Samples removed from Sham mice exhibited baseline levels of Bcl-

2, whereas the administration of Rot reduced this expression. The H+C treatment restored Bcl-

2 expression to baseline levels (Figure 4B,B’). 
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Figure 3. Effects of H+C on IkB-α, NF-kB, IL-1β and TNF-α after Rot intoxication. Western blot analysis revealed, 

compared with Sham group, an evident degradation of IkB-α (A) and nuclear translocation of NF-kB (B) in Rot-

treated mice. Animals subjected to treatment with H+C revealed a significant restoration of these two proteins. See 

the respective densitometric graphs (A’,B’). IL-1β (C) and TNF-α (D) protein levels in midbrain were evaluated via 

ELISA kit in Sham, Rot and Rot+(H+C) groups. Values are expressed as mean ± SD of three independent analyses 

on 5 animals/group. *** p < 0.001 compared to Sham; ### p < 0.001 compared to Rot. 

 

 
 
Figure 4. Effects of H+C on Bax and Bcl-2 expression after Rot intoxication. Western blot analysis demonstrated 

Bax expression to be significantly increased in the Rot group, whereas treatment with H+C significantly limited the 

rise in Bax expression (A). Bcl-2 expression was reduced after Rot intoxication; however, treatment with H+C 

restored the basal levels (B). See the respective densitometric graphs (A’,B’). Values are expressed as mean ± SD of 

three independent analyses on 5 animals/group. *** p < 0.001 compared to Sham; ### p < 0.001 compared to Rot. 
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Effects of H+C Treatment on Specific Markers of PD 

To demonstrate the effect of H+C treatment on the DA pathway, the expression of TH and DAT 

was measured. When compared to the control group (Figure 5A,D), the mice given only 

rotenone had a considerable reduction of TH-positive cells in the midbrain (Figure 5B,D). The 

H+C treatment, on the other hand, has been demonstrated to drastically inhibit the loss of TH-

positive neurons in the midbrain (Figure 5C,D). Unbiased stereology of nigral TH+ neurons 

performed 28 days after Rot intoxication showed significant neuroprotection by the H+C 

treatment. When compared to the Sham group, the number of TH+ neurons in mice decreased 

considerably following Rot injection. Following the H+C treatment, this loss diminished 

(Figure 5E,F). Similarly, Rot lesioning drastically decreased Nissl-stained neurons, but not in 

mice treated with H+C. (Figure 5E,G). Furthermore, through Western blot analysis we found 

a significant decrease in DAT in Rot-injected animals compared to the Sham group, but the 

H+C treatment significantly restored DAT levels (Figure 5H,H’). α-syn is the most abundant 

component of Lewy bodies, which are intraneuronal protein aggregates. Because α-syn 

accumulation is a hallmark of PD, we wanted to assess its expression to establish H+C’s ability 

to prevent the neurodegenerative process. This protein was found to be much higher in Rot-

injured animals than in the Sham group. Instead, after rotenone intoxication, the H+C 

treatment significantly reduced α-syn expression in the midbrain (Figure 5I,I’). 

 

 

Figure 5. Effects of H+C on TH, DAT and α-syn expression in Rot-treated mice. The immunohistochemical 

analysis has shown, compared with the Sham mice (A), a noticeable loss of TH-positive cells in mice of the Rot 

group (B). Animals treated with H+C revealed an increase in TH expression (C). Data are expressed as % of TH-
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positive pixels and are the SD means of n = 5 mice/group (D). *** p < 0.001 compared to Sham; ### p < 0.001 

compared to Rot. Stereological counting of TH+ and cresyl-violet-positive neurons in substantia nigra slices from 

one hemisphere (F,G). Images of TH immunohistochemistry in midbrain slices counterstained with cresyl violet 

(E). Each data point is expressed as the number of TH+ and Nissl+ neurons and is the mean SD from n = 5 mice 

per group. *** p < 0.001 when compared to Sham; ### p < 0.001 when compared to Rot. Western blot analysis 

revealed, compared with Sham group, an evident decrease in DAT in Rot-treated mice. Animals subjected to 

treatment with H+C revealed a significant rise in DAT (H). See densitometric graph (H’). In addition, this analysis 

revealed a significant increase in α-syn in the Rot group compared to Sham animals. The H+C treatment 

significantly reduced the increase in this protein (I). See densitometric graph (I’). The data are representative of at 

least three independent experiments and are expressed as the mean ± SD of n = 5 mice for each group. (I) *** p < 

0.001 compared to Sham; ## p < 0.01 compared to Rot; ### p < 0.001 compared to Rot. 

 

Effects of H or C or H+C on Histological and Behavioral Rot-Induced Alteration 

H&E staining was conducted on brain sections to assess the histopathological changes caused 

by Rot treatment. Mice given saline for 28 days had a regular brain architecture and a usual 

number of neurons in the midbrain (Figure 6A,F). Instead, the Rot treatment caused 

cytoplasmic vacuolization and nigrostriatal neuronal cell death in mice. When Rot mice were 

compared to control mice, the brain architecture was altered (Figure 6B,F). In contrast, mice 

treated with H, C and, especially, H+C showed an evident reduction in cytoplasmic 

vacuolization and cell loss in the midbrain (Figure 6C–F). 

 

 

Figure 6. Effect of H or C or H+C on histological parameters in Rot-lesioned mice. Rot-injured mice had 

nigrostriatal dopaminergic degeneration, which translated into neuronal cell loss in the midbrain (B) in comparison 

to the normal neuronal cell structure seen in control mice (A); H (C), C (D) and, especially, H+C (E) treatment 

reduced alteration of the dopaminergic tract, mitigating neuronal cell loss. See histological score (F). The data are 

representative of at least three independent experiments and are expressed as the mean ± SD of n = 5 mice for each 
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group. (F) *** p < 0.001 compared to Sham; # p < 0.05 compared to Rot; ## p < 0.01 compared to Rot; ### p < 

0.001 compared to Rot. 

 
 

To evaluate the link between rotenone-induced dopaminergic neurodegeneration and recovery 

pathways, we examined motor action 1 day before and 28 days after rotenone induction. The 

data at time point 1 are not shown because there were no important differences between the 

groups (Figure 7 and Figure 8A,A’,B,C). The OFT was performed to evaluate locomotor activity. 

We found that the number of crosses was lower in Rot-treated mice than in control mice 

(Figure 7D). Similarly, Rot-treated mice showed a reduction in the time spent in the center 

compared to Sham mice (Figure 7D’). On the other hand, the mice treated with the single fungi 

and mostly those treated with the combination showed a restoration of motor activity with an 

increase in both the crossings and the time spent in the center of the square (Figure 7D,D’). 

The RT was used to test motor coordination. After 28 days of PD induction, Rot-treated mice 

showed severe motor incoordination, as evidenced by a decrease in time spent on the rotarod 

and an increase in the frequency of falls. Motor deficits in mice treated with H, C and, 

especially, H+C, on the other hand, were dramatically decreased (Figure 7E). Furthermore, 

Rot had a significant cataleptic effect in mice. In fact, the mice showed a considerable rise in 

cataleptic symptoms 28 days following Rot injection. Otherwise, daily H or C and, especially, 

H+C treatment considerably shortened the length of catalepsy caused by Rot (Figure 7F). After 

28 days of Rot intoxication, the mice show not only motor alterations, but also signs of non-

motor PD. 

 

 
 
Figure 7. Effect of H or C or H+C on behavioral motor alterations in Rot-lesioned mice. Motor function was 

assessed using OF (A,A’ for T1 and D,D’ for T28), RT (B for T1 and E for T28) and CT (C for T1 and F for T28). 
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The data are expressed as the mean ± SD of 5 mice for each group. *** p < 0.001 compared to Sham; # p < 0.05 

compared to Rot; ## p < 0.01 compared to Rot; ### p < 0.001 compared to Rot. 

 

 
 
 
Figure 8. Effect of H or C or H+C on behavioral non-motor alterations in Rot-lesioned mice. The behavioral 

analysis of non-motor symptoms was assessed using EPM (A,A’ for T1 and D,D’ for T28), TST (B for T1 and E for 

T28) and SPT (C for T1 and F for T28). The data are expressed as the mean ± SD of 5 mice for each group. *** p < 

0.001 compared to Sham; # p < 0.05 compared to Rot; ## p < 0.01 compared to Rot; ### p < 0.001 compared to 

Rot. 

 

In the EPM test, mice were observed for anxious behavior. The behavioral test we conducted 

revealed a significant increase in time spent in open arms and the number of entries in open 

arms after treatment with H, C and, especially, H+C compared to the Rot group (Figure 8D,D’). 

The depression that often accompanies anxiety is another important non-motor feature of PD. 

The TST was used to measure depression-like behavior on day 28 after Rot intoxication. 

Compared to the Sham mice, these mice were much more immobile during the 6 min interval. 

Treatment with the single compounds and, even more, with the H+C association reduced the 

immobility time, leading to values comparable to the Sham group (Figure 8E). Furthermore, 

we assessed the sucrose preference, an essential test used to assess anhedonia, which is the 

primary symptom of depression. When compared to control mice, the Rot group consumed 

considerably less sugar. On the contrary, the sucrose consumption in mice treated with C, H 

and, especially, with H+C was significantly increased compared to the Rot group (Figure 8F). 

The histological and behavioral results were performed on all groups and the results obtained 

showed a greater effect of the association between H and C compared to the single compounds; 

for this reason, the other analyses report only the data relating to the association. 
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4.1.5 Discussion and Conclusions 

Infections, toxins, metabolic stress, invasive injury and autoimmunity are all examples of 

stresses that can cause redox imbalances and neuroinflammation that promote the progression 

of PD [57,58]. Although the identification of mechanisms capable of resolving oxidative stress 

and the pro-inflammatory environment induced by PD pathology remains an active research 

topic, brain cells are known to have created response networks that detect and control different 

types of stress to adapt to environmental changes and survive different types of damage 

[59,60]. 

Consistent with this idea, there are integrated survival responses in the brain that are regulated 

by redox-dependent genes known as vitagens, which include sirtuins, thioredoxin, Nrf2 and 

HO-1. These proteins actively detect and control various types of stress and neuronal damage 

[61,62]. 

The vitagenic system is, therefore, emerging as a potential neurohormetic target for new 

cytoprotective interventions, such as for the prevention of neurodegenerative diseases [63]. In 

particular, emerging interest is focusing on the search for molecules capable of activating this 

system to minimize the devastating consequences associated with cell damage induced by free 

radicals, such as in neurodegeneration. 

The antioxidant action of H. erinaceus and C. versicolor, two widely studied mushrooms, has 

been highlighted in numerous studies on pathologies affecting the nervous system. In 

particular, their beneficial effect was observed in AD [25,26,32]. 

Moreover, thanks to the action on antioxidant defense systems, such as Nrf2/HO-1, these two 

mushrooms seem to be able to act indirectly also on LXA4, a metabolic product of arachidonic 

acid, which is considered an endogenous “stop signal” for inflammation and which has been 

shown to have significant anti-inflammatory abilities in a variety of diseases such as nephritis, 

periodontitis, arthritis and inflammatory bowel disease [64]. Studies conducted in our 

laboratories have described, for the first time, the distribution of the LXA4 protein in the brain. 

In particular, it has been shown that regions of the brain such as the substantia nigra and the 

septum are those with the lowest content of this neuroprotective agent. This finding is relevant 

for the pathogenesis of AD and PD. An even more remarkable finding is the ability of both C. 

versicolor and H. erinaceus to increase LXA4 levels in most regions examined [25,32]. 

Therefore, our study aimed to demonstrate that the association between C. versicolor and H. 

erinaceus acting on the Nrf2/HO-1 pathway is able to prevent oxidative stress induced by 

rotenone and, in this way, is able to resolve also the neuroinflammatory processes, probably 

through indirect action on LXA4 levels. According to our predictions, this action by the H+C 

compound will limit the accumulation of α-syn, the death of dopaminergic neurons and the 

behavioral disturbances associated with PD. 
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Nrf2, a transcription factor that activates many genes with cytoprotective functions, is involved 

in antioxidant and anti-inflammatory reactions [14,65,66,67]. These cytoprotective genes 

encode a wide variety of phase II detoxification enzymes, such as HO-1, glutathione S-

transferase (GST), glutamate cysteine ligase, thioredoxin, thioredoxin reductase and many 

more [68,69,70]. Our results showed an increase, albeit insignificant compared to the controls, 

in the expression of important vitagens such as Nrf2 and HO-1 in rotenone-treated mice. The 

same trend was observed for Hsp-70, a protein important for the stabilization of other protein 

molecules in response to various stressors. Oral treatment with H+C has, instead, further 

increased the levels of these proteins, allowing for a more effective response to oxidative stress 

induced by rotenone. 

Furthermore, in line with the results obtained previously, we showed that the control animals 

had basal levels of LXA4, whereas the treatment with the combination of the two mushrooms 

led to an increase in these levels, which were significantly decreased in the animals treated with 

rotenone, probably due to neuronal degeneration induced by oxidative stress. 

At this point, knowing that the increase in LXA4 is important for the resolution of 

neuroinflammation, we evaluated the effect of H+C on the activation of glial cells such as 

astrocytes and microglia, which play important homeostatic roles in the central nervous system 

(CNS) by maintaining balancing neurotransmitters and extracellular ions and by providing 

nourishment [71,72,73]. However, the chronic malfunction or activation of these important 

cells can have negative consequences, culminating in neuroinflammatory cascades that initiate 

or worsen the pathogenic pathways that lead to neurodegeneration [74,75,76,77]. Our results 

demonstrated a significant increase in GFAP and Iba-1 in rotenone-treated mice, whereas 

those treated with the combination showed significantly less activation of both cell types. 

The activation of astrocytes and microglia is linked to the release of a series of proinflammatory 

and neurotoxic proteins such as TNF-α and IL-1β, and with the activation of the NF-kB 

pathway [78,79]. Here, we have shown that the H+C association is able to prevent the nuclear 

translocation of NF-kB, a transcription factor responsible for the inflammatory response, and 

the degradation of IkB-α, thus limiting the release of pro-inflammatory cytokines, mediators 

and immunoregulators such as IL-1α and TNF-α. 

Once it was demonstrated that the H+C association acted on oxidative stress and on the 

neuroinflammatory processes induced by rotenone, we wanted to evaluate the effect of H+C 

on apoptosis. In this regard, our results suggest that H+C protects neuronal cells from 

apoptosis as it drastically reduces the levels of the pro-apoptotic marker Bax by increasing the 

levels of the anti-apoptotic protein Bcl-2. 

Furthermore, by evaluating two specific markers for dopaminergic neurons such as TH and 

DAT, we demonstrated how the administration of H+C during the entire duration of the 

experiment limited the death of these neurons, which is typical of PD. 
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Another important result that we have found following the administration of H+C is the 

reduction of α-syn, which generally aggregates and accumulates in dopaminergic neurons in 

subjects with PD. The combination of all these beneficial actions of H+C on oxidative stress, 

neuroinflammation and apoptosis of dopaminergic neurons has managed to reduce the motor 

and non-motor disorders induced by rotenone. 

In conclusion, our results have shown that the H+C association is a very effective antioxidant 

and a powerful anti-inflammatory agent. Consequently, H+C is a beneficial nutritional 

supplement that could be employed as a preventive agent in the neurodegenerative process 

associated with PD. However, further studies are needed to clarify how Nrf2 is activated and 

how this pathway relates to LXA4. 
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4.2 Antioxidants, Hormetic Nutrition, and Autism 
 
4.2.1 Abstract 

Autism spectrum disorder (ASD) includes a heterogeneous group of complex 

neurodevelopmental disorders characterized by atypical behaviors with two core pathological 

manifestations: deficits in social interaction/communication and repetitive behaviors, which 

are associated with disturbed redox homeostasis. Modulation of cellular resilience 

mechanisms induced by low levels of stressors represents a novel approach for the 

development of therapeutic strategies, and in this context, neuroprotective effects of a wide 

range of polyphenol compounds have been demonstrated in several in vitro and in vivo studies 

and thoroughly reviewed by (Singla et al. 2019; Rudrapal et al. 2022). Mushrooms have been 

used in traditional medicine for many years and have been associated with a long list of 

therapeutic properties, including antitumor, immunomodulatory, antioxidant, antiviral, 

antibacterial, and hepatoprotective effects (Chugh et al. 2022). Our recent studies have 

strikingly indicated the presence of polyphenols in nutritional mushrooms and demonstrated 

their protective effects in different models of neurodegenerative disorders in humans and rats 

(D’amico et al. 2021; Scuto et al. 2019). Although their therapeutic effects are exerted through 

multiple mechanisms, increasing attention is focusing on their capacity to induce endogenous 

defense systems by modulating cellular signaling processes, such as nuclear factor erythroid 2 

related factor 2 (Nrf2) and nuclear factor-kappa B (NF-κB) pathways. Here we discuss the 

protective role of hormesis and its modulation by hormetic nutrients in ASD. 

 

Graphical abstract 
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4.2.2 Introduction 

Autism Spectrum Disorder (ASD), as heterogeneous group of neurodevelopmental disorders, 

is characterized by persistent impairments in social communication and limited and repetitive 

behaviour in children (Bonomini et al. 2022). ASD results from an interplay of factors affecting 

certain neural circuits, oxidative stress, neuroinflammation, and mitochondrial dysfunction 

(Rose et al. 2018). Epidemiological studies show a high comorbidity between ASD and 

mitochondrial disorders (MD) (Nabi et al. 2022). Almost 80% of patients with ASD suffer from 

mitochondrial dysfunction (Friedman et al. 2003) and, deficiencies in adenosine triphosphate 

(ATP), N-acetylaspartate (NAA), together with abnormal levels of reactive oxygen species 

(ROS), have been found associated to mitochondrial dysfunction in ASD (Naviaux et al. 2018). 

Disruption in mitochondrial bioenergetics correlates with low energy metabolism in the brain, 

impaired synaptic plasticity and immune response (Minshew et al. 1993; Chugani et al. 1999). 

Mitochondria of children with ASD have electron transport chain activity significantly 

increased compared to the mitochondria of typically developing children, predisposing them 

to higher levels of oxidative insult. Impaired expression of proteins and activity of 

mitochondrial respiratory complexes has been found associated with decreased activity of 

pyruvate dehydrogenase, representing strong evidence of mitochondrial dysfunction occurring 

in ASD brain (Filipek et al. 2003). A decrease in pyruvate dehydrogenase activity causes 

insufficient pyruvate and lactate utilization by the TCA cycle, which causes insufficient ATP 

production in the brain, which generally, in a vicious circle, leads to severe metabolic 

consequences, such as oxidative stress (Rossignol et al. 2012). Consistently, high levels of ROS 

and low concentrations of mitochondrial glutathione are found in brain mitochondria of 

children with ASD (Chauhan et al. 2012; Pacheva et al. 2019). In addition, mutations in the 

WDFY3, Ambra1, and PARK2 genes are associated with autism symptoms, mitophagy 

dysfunction, and reduced synaptic brain plasticity (Crespi et al. 2019). Ambra1 (rs3802890-

AA/GG) and PARK2 genes are mitophagy receptors, thus, deficiency of Ambra1 leads to severe 

dysfunction of neuronal mitophagy (Mitjans et al. 2017). Furthermore, an increase in mtDNA 

deletions, point mutations, or copy number have been detected in patients with autism 

(Glessner et al. 2009). All these markers of mitochondrial dysfunction correlate with 

unfavourable dynamics of speech functions, behavioral regression and the severity of autism 

(Koch et al. 2015). Notably, epidemiological studies indicated that perinatal exposure to 

endocrine disruptors might cause neurodevelopmental disorders in children. Environmental 

toxicants including phthalates, polychlorinated biphenyls, polyaromatic hydrocarbons, 

dioxins, heavy metals and other major groups distributed in different pesticides, are potent 

inducers of oxidative damage to proteins, lipids, and DNA, and are generally associated to 

neuroinflammation, which may contribute to secondary mitochondrial dysfunction occurring 
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in children with ASD (Modabbernia et al. 2017; Frye et al. 2015). In this context, nutritional 

antioxidants targeting neuroinflammation may be beneficial in children with ASD (Siracusa et 

al. 2020). The link between nutrition and autism spectrum disorder (ASD), has provided a 

fresh point of view and signals that nutrition may play a role in the etiology of ASD, as well as 

playing an effective role in treatment by improving symptoms. Even though the therapeutic 

evidence of dietary interventions and their mechanisms of actions are very new, they provide 

a promising platform for designing future treatments for alleviating ASD symptoms. Studies 

show a positive effect on the behaviour of children with ASD with brain dysfunction and 

biomarkers of mitochondrial dysfunction when administered with antioxidants, carnitine, 

coenzyme Q10, and high doses of B vitamins (thiamine or riboflavin). The intake of 

antioxidants, methylcobalamin and folic acid resulted in increased GSH levels and potentially 

improved mitochondrial function (Adams et al. 2021). Sulforaphane (SFN) is a dietary 

phytochemical extracted from cruciferous vegetables. It is an effective activator of the 

transcription factor Nrf2 (nuclear erythroid-2 like factor-2), which can upregulate multiple 

antioxidants and protect neurons against various oxidative damages. It can also significantly 

reduce inflammatory response and decrease the damage caused by the immune response via 

the nuclear factor-κB pathway and other pathways (Sun et al. 2017). In addition, a positive 

effect of hormesis on mitochondrial dysfunction in ASD has been suggested. Empirical 

experience shows improvement in febrile ASD patients, leading to upregulation of heat shock 

proteins (Hsps), which mediate positive changes in synaptic function. Calabrese et al. 

(Calabrese et al. 2016) have indicated the hormetic dose–response concept and putative 

mechanisms by which hormetic dose responses may be applicable to the induction of 

endogenous neuroprotective processes that may be of value in the treatment of ASD. The use 

of small redox-active molecules (sulforaphane, resveratrol, hydroxytyrosol) regulates the 

cellular stress response, modulates the vitagen network, helps restore redox imbalance, 

improves mitochondrial function, modulates the immune response, and thus prevents 

neuroinflammation (Calabrese et al. 2016). Hormetic adaptations have been widely reported 

in C. elegans with external stressors, such as heat, hyperbaric oxygen or chemicals that 

generate reactive oxygen species.  Such treatments in preconditioning protocols have 

significantly increased resistance not only to the same challenge but also to other stressors, 

displaying a form of cross-tolerance (Cypser et al. 2002). Since these adaptations to stressors 

depend on increased expression of stress response genes, such as FOXO target genes, including 

genes encoding antioxidant proteins (Krafczyk et al. 2022), these mechanistic-based 

adaptations are saturable, inevitably leading to premature death once the dose of the stressor 

exceeds the protective adaptive capacities. It is assumed, moreover, that the generation of 

reactive oxygen species inside mitochondria, as derived from increased mitochondrial oxygen 

consumption, is fundamental to activate the hormetic response. This response at the level of 
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mitochondria has been widely referred to as mitochondrial hormesis or mitohormesis. 

Mitohormesis appears to be triggered especially by the β-oxidation of fatty acids (Schulz et al. 

2007), a metabolic condition induced by caloric restriction. However, although many hormetic 

adaptations observed as a consequence of caloric restriction are dependent on sirtuins, in C. 

elegans sir-2.1 (Lee et al. 2006), hormesis as a consequence of glucose restriction and increased 

β-oxidation was shown to be independent of sir2.1 but dependent on AMP-kinase (Wang et al. 

2006). Overall, genetic analyses have revealed that sir-2.1 and the FOXO--orthologue DAF-16 

possess overlapping but also distinct functions regarding the regulation of lifespan in response 

to caloric restriction (Govindan et al. 2018). Finally, similar to the stimulation of stress 

response pathways by metabolic interventions, phytochemicals also activate hormetic 

mechanisms as evidenced by increased protection versus oxidative and thermal stress and the 

extension of lifespan of wildtype nematodes in association with an HSF-1 and SKN-1/Nrf2 

dependent increased expression of stress protective genes such as Hsp-16.2, Hsp-6, Hsp-60 

and Gst-4 (Atkuri et al. 2009). 

 

4.2.3 Hormetic nutrition 

Cellular stress response is the ability of a cell to counteract stressful conditions. This 

phenomenon, which includes heat shock response (HSR), represents an ancient and highly 

conserved cytoprotective mechanism. Cellular stress response requires the activation of pro-

survival pathways, which produce molecules endowed with anti-oxidant and anti-apoptotic 

activities. Among the cellular pathways conferring protection against oxidative stress, a key 

role is played by the products of vitagenes (Calabrese et al. 2010). These include members of 

the heat shock protein (Hsp) family, such as heme oxygenase-1 and Hsp72, sirtuins and the 

thioredoxin/thioredoxin reductase system 48 (Calabrese et al. 2008). Cellular stress response 

is regulated at the transcriptional, translational and post-translational levels by a family of heat 

shock transcription factors (HSFs) that are expressed and maintained in an inactive state 

under non-stress conditions. HSFs, essential for all organisms to survive to acute or chronic 

stress, are also important for normal development and lifespan-enhancing pathways, and the 

repertoire of HSF targets has thus expanded well beyond the heat shock genes. Post-

translational regulation of HSFs is emerging to integrate the metabolic state of the cell with 

stress biology, whereby controlling fundamental aspects of the health of the proteome and 

ageing (Cornelius et al. 2013).  

The vast majority of evidence demonstrating “hormetic nutrition” is based on cell culture 

studies where detailed concentration responses relationships showing hormetic dose 

responses have been widely and reproducibly reported for a large number of agents. Many of 

these studies have been critically assessed in  agent-specific critical reviews.  These studies 

have also included detailed assessments  of underlying molecular mechanisms and detailed 
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cell signaling pathway involvments (e.g. resveratrol (Calabrese et al. 2008), curcumin (Scuto 

et al. 2019), ginko biloba (Calabrese et al. 2020a), green tea  (Calabrese et al. 2020b), ginseng 

(Calabrese et al. 2020c), melatonin (Calabrese et al. 2022), alpha lipoic acid (Calabrese et al. 

2012), luteolin (Calabrese et al. 2021)).  It should be emphasized that the maximum hormetic 

response in typically in the 30-60% range above the control group.  It is believed that this 

represents the limits of biological plasticity in essentially all cell types for all endpoint 

demonstrating hormetic dose responses.  These observations have important implications 

since clinical trials and other epidemiological investigations find it difficult to detect responses 

less than about 2-3 fold greater than the control group.  Thus, hormetic dose responses with 

excellent mechanistics understandings are well known and established in the experimental 

literature but are very challenging to study and prove within epidemiological settings. This is 

a critical issue that confronts the biomedical communitys and results in many very promising 

drugs and other interventions being rejected, most likely as false negative findings.  This 

situation has very important implications for translational medicine, including the possible 

treatment of autism that is based on the outcomes of clinical trial studies (Calabrese et al. 

2015). 

Nutritional interventions are the linkage between hormesis and ASD  as noted above as  

“hormetic nutrition”. Despite the above challenging perspective, emerging preclinical and 

clinical evidence suggests that moderate dosage and/or concentration of antioxidant 

supplements in the diet have the potential to improve clinical symptoms of ASD by the 

induction of antioxidant signaling pathways (Nrf2 and related genes such as Hsp70, GSH, HO-

1) in the brain of both children with ASD (Castejon et al. 2021) and in a rodent model of ASD-

like disorders (Erten et al. 2021). Of relevance, a recent clinical trial demonstrated that 

sulforaphane supplement induces a change in urinary metabolites in particular N-

methylglutamate, glutamine, hypoxanthine, serotonin, and homovanillate (HMV) and above 

all sphingolipid/sphingomyelin group and amino acid metabolism/gut microbiome 

metabolites highly associated with clinical improvements in children and young adults with 

ASD through an increase in antioxidant capacity including Nrf2-mediated induction of phase 

2 detoxification enzymes (Bent et al. 2018). 

Several phytochemicals act through the activation of transcription factor Nrf2, which after 

binding to the ARE (antioxidant responsive element) in the HO-1 gene, up-regulates both HO-

1 and TrxR, thus counteracting pro-oxidant conditions (Figure 1). Nrf2 activity is regulated by 

the binding action of its agonist and inhibitor, Keap1. Under basal conditions, transcription 

factor Nrf2 is bound to a cytoplasmic repressor Keap1, which targets Nrf2 for ubiquitination 

and proteasomal degradation via association with the cullin 3-based E3 ubiquitin ligase 

complex. Small-molecule inducers modify highly reactive (sensor) cysteine residues of Keap1, 

which loses its ability to target Nrf2 for degradation. This results in stabilization of Nrf2, 
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binding to the ARE (in heterodimeric combinations with a small Maf transcription factor), and 

activation of the transcription of cytoprotective vitagenes (Trovato-Salinaro et al. 2014). Under 

basal conditions, these protective systems do not operate at maximum capacity but can be 

induced to higher activity levels by redox active compounds such as antioxidants thus reducing 

the risks of developing malignancies and multiple chronic diseases. 

Another key transcription factor is NF-κB complex that mediates a crucial role in 

inflammation, immunity, cell proliferation, development, survival and apoptosis. In via 

canonical, NF- kB binds to IkB and is retained in the cytoplasm. While the stimulus triggers a 

cascade of events leading to IκB phosphorylation from the B kinase inhibitor complex (IKK), 

NF-kB is released from I kB and translocated to nucleus a regulate gene expression. The 

activity of IKK complex and NF-kB is subject to be regulated through redox modification on 

cysteine. Consequently, NF-kB dysregulation has been implicated in diverse human 

pathologies ranging from autoimmune diseases, cancers and neurodegenerative diseases. In 

particular, the transcription factor NFkB is activated in neurons in response to oxidative stress 

and plays a pivotal role in the adaptive response that protects the neurons against more severe 

oxidative stress. Notably, multiple evidence demonstrated a functional cross-talk between Nrf2 

and NF-κB pathways. A first evidence of the interplay between Nrf2 and NF-κB pathways came 

from Nrf2 knockout (KO) mice, which exhibited a neurodegenerative phenotype The lack in 

Nrf2 lead to increased NF-κB activity and consequential overproduction of cytokines. The 

increased cytokine production induced astrogliosis, neuronal death and demyelination of 

neuronal axons. On another hand, Nrf2 transcription and activity can be regulated by NF-κB, 

with both positive and negative effects on the target gene expression. Therefore, since both 

Nrf2 and NF-κB are sensitive to changes in redox homeostasis, the lack of Nrf2 led to increased 

oxidative and nitrosative stress, which activated NF-κB leading ultimately to amplification of 

cytokine production (Wardyn et al. 2015). Beside this, several studies suggested that the brain's 

energy metabolism, mitochondrial functions and redox balance are altered to varying degrees 

in brain disorders including ASD (Yang et al. 2020; Kim et al. 2018; Calabrese et al. 2016). 
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Figure 1. Nrf2 regulation through KEAP1 under basal and stress conditions. Under basal conditions, 

NRF2 localizes in the cytosol and interacts with the Cul3-Rbx1 E3 ubiquitin-ligase substrate KEAP1 that constantly 

primes NRF2 for ubiquitination and proteasomal degradation. Oxidative/electrophilic stress causes conformational 

changes of KEAP1 through the modification of cysteine residues in IVR and BTB domains leading to NRF2 

dissociation. Free NRF2 enters into the nucleus where it forms dimers with small MAF proteins or other interactors 

and binds to the antioxidant responsive elements (AREs) regulatory sequences of target genes, inducing their 

expression. 

 

4.2.4 Medical mushrooms as Nrf-2 activators with potential therapeutic potential 

in Autism 

Mushrooms are also emerging as strong nutritional supplements for human health. Since 

ancient times have been a food constituent in different diet cultures and have been used as 

traditional medicine for thousands of years (Elsayed et al. 2021). Mushrooms contains a wide 

range of bioactive substances such as carbohydrates (chitosans, β-glucans/lentinan, trehalose) 

proteins (ribosome inactivating proteins, antifungal proteins, ubiquitin-like proteins, protease 

inhibitors lectins), fatty acids (linoleic acid, oleic acid and palmitic) vitamins, terpenoids 

(carotenoids such as β-carotene and lycopene) phenolic compounds (caffeic acid, gallic acid, 

cinnamic acid, melatonin, p-hydroxybenzoic acid, p-coumaric acid, and protcatechuic acid) 

and other molecules (such as ergothioneine and glutathione) (Martinez-Medina et al. 2021). 

These bioactive compounds demonstrated to exert immunomodulatory, antimicrobial, 

antioxidant and antinflammatory actions (Islam et al. 2019). Due to their phenolic and 

antioxidant contents mushrooms have been proposed for potential treatments in a wide range 

of pathological conditions including neurodegenerative disorders (Friedman et al. 2016; 

Trovato et al. 2017). 
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Hericium erinaceus.  

Hericium erinaceus (HE) is among the most characterized medicinal mushrooms and has been 

studied for its beneficial effects in human health. In particular, HE induced several antioxidant 

and antinflammatory effects in neurodegenerative disorders. Erinacines, constituents of H. 

erinaceus mycelium can pass the blood-brain barrier and exert neuroprotective functions (Li 

et al. 2018). In a mouse model of AD, HE induced a reduction of the deposition of Aβ and 

reduced the levels of reactive astrocytes and microglia (Tsai-Teng et al. 2016). In addition, HE 

can stimulate the production of nerve growth factor which modulates the activity of 

cholineacetyltransferase and acetylcholinesterase, responsible of the dysfunction of 

cholinergic neurons in Alzheimer’s disease (Li et al. 2018). Notably, HE could exert a protective 

effect against oxidative stress and apoptosis induced by di(2-ethylhexyl)phthalate (DEHP), a 

plasticizer known to cause neurotoxicity, in pheochromocytoma 12 (PC12) cells. The protective 

effect was attributed to its ability to reduce intracellular levels of reactive oxygen species, 

preserving the activity of respiratory complexes and stabilizing mitochondrial membrane 

potential (Amara et al. 2020). Furthermore, the anti-neuroinflammatory and antioxidant 

activity of Hericium erinaceus has been demonstrated in models of neuropsychiatric disorders 

(Li et al. 2021; Chong et al. 2019; Chiu et al. 2018; Ryu et al. 2018). In a mouse model of anxiety 

and sleep disruption, Hericium erinaceus mycelium induced an antidepressant-like effect 

modulating BDNF/TrkB/PI3K/Akt/GSK-3β pathways and ameliorated the rodent anxiety and 

sleep disturbance (Li et al. 2021). A number of studies focused on the behavioral and 

physiological effects of different H. erinaceus extracts in the depression disorder. Amycenone, 

a HE extract derived from the fruiting body, demonstrated the antidepressant-like effects in 

an animal model of LPS-induced inflammation-associated depression (Chong et al. 2019 ). 

Antidepressant and anxiolytic effects of H. erinaceus extracts from the fruiting bodies in adult 

mice were demonstrated in a by the reduced time spent in the peripheral region of the open 

field test and the reduced immobility time in both the tail suspension test and forced swim test 

(Chiu et al. 2018). Another study investigating the properties of an extract of HE from the 

mycelium, in a mouse model of depression, confirmed the capacity of HE to prevent 

depression-like behaviors, while an anxiolytic effect was not observed (Ryu et al. 2018). 

Coriolus Versicolor. 

Similarly to HE, Coriolus Versicolor (CV) is a well-known traditional food and medicinal 

mushroom extensively studied for its beneficial properties which include antioxidant, anti-

inflammatory antimicrobial and immunomodulatory effects (Trovato et al. 2016; Fritz et al. 

2015). Recent studies evaluated the potential role of CV in brain disorders. In a mouse model 

of Alzheimer’s disease CV increased the levels of two antioxidant enzymes, SOD and catalase, 
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and reduced pro-inflammatory cytokines such as TNF-a and IL-1b; the modulation of these 

parameters was associated with the improvement in spatial memory (Fang et al. 2017). Further 

evidence of the neuroprotective role of CV in neurodegeneration emerged in recent studies 

conducted in our laboratory (D’amico et al. 2021; Scuto et al. 2019; Trovato et al. 2017; Trovato 

et al. 2016; Scuto et al. 2019). Administration of CV biomass preparation for 30 days induced 

an upregulation of lipoxin A4 (LXA4) predominantly in the cortex and hippocampus regions 

of rat brains. Induction of LXA4 led to increased levels of redox sensitive proteins involved in 

cellular stress response, such as Hsp72, heme oxygenase-1 and thioredoxin, suggesting 

relevant impact of this nutritional intervention on cellular stress response mechanism 

operating in the central nervous system (Trovato et al. 2016). LXA4 may represent a potential 

therapeutic target for AD-related inflammation and neurodegenerative damage, cconsistently 

with the notion that oxidative stress-driven neuroinflammation is an early pathological feature 

in neurodegenerative diseases. Likewise, Meniere’s disease (MD) is characterized by a systemic 

oxidative stress. MD patients treated with CV biomass showed reduced oxidative stress 

markers (protein carbonyls, hydroxynonenals, F2-isoprostanes) in peripheral blood and 

upregulation of vitagenes (HO-1, Hsp70, Trx, sirtuin-1, and γ-GC liase) in lymphocytes, 

indicating a maintained response to counteract intracellular pro-oxidant status (Scuto et al. 

2019). Furthermore, one study evaluated the ability of CV supplementation to stimulate 

neurogenesis in mice hippocampus (Ferreiro et al. 2018). Notably, CV biomass induced a 

significant increase in dendritic volume, length and branching of hippocampus immature 

neurons associated with higher B-catenin levels in the nucleus and cytoplasm of these cells. 

The increased hippocampal dendritic arborization is relevant for brain cognitive reserve and 

plasticity. In addition, Wnt/β-catenin pathway may play an important role in the CV positive 

effect on the differentiation of these cells (Caracci et al. 2021). The results illustrated above 

demonstrate HE and CV are endowed by multiple neuroprotective properties, which might 

counteract some molecular mechanisms underlying ASD pathophysiology. Interestingly a 

recent study highlighted the role of HE mycelium in promoting oligodendrocytes 

differentiation and production of myelin basic protein in vitro and in vivo. In particular, the 

study demonstrated that two bioactive components of HE, HeA and HeS, capable to cross the 

brain barrier, may induce oligodendrocytes maturation and myelination, thus facilitating 

action potential propagation (Huang et al. 2021). Since OL maturation, myelination and brain 

connectivity were reported to be impaired in ASD (Galvez-Contreras et al. 2020; Graciarena et 

al. 2019), future studies should evaluate the potential of HE to regulate such pathological 

mechanisms in ASD. Moreover, HE mycelium enriched with erinacine A was reported to 

enhance nerve growth factor (NGF) activity to promote neurite outgrowth (Chiu et al. 2018). 

The latter is a key process in brain development, which is impaired by both environmental and 

genetic risk factors associated with ASD, as reported in various studies (Huang et al. 2019; 
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Modafferi et al. 2021). Similarly, as mentioned above, CV might have an impact on Wnt/β-

Catenin pathway and dendritic arborisation which are dysregulated in ASD (Caracci et al. 2021; 

Martínez-Cerdeño et al. 2017; Lo et al. 2020). Therefore HE and CV supplementation could 

induce beneficial effects on brain development and neurodevelopmental disorders. Finally, as 

NRF2 activators, these mushrooms may promote resilience during brain development by 

enhancing the redox potential through neurohormetic mechanisms, such as vitagenes 

upregulation (Calabrese et al. 2007; Drake et al. 2003). However, there is a lack of studies that 

investigated HE and CV effects on ASD pathophysiology. In light of the evidence discussed 

above, we hypothesize that these compounds may exert potential therapeutic actions in ASD 

and should be tested using innovative in vitro platforms. 

 

4.2.5 Redoxomics in ASD 

Quantification of diverse lipid species in human urine is of considerable importance in normal 

and pathophysiological conditions to study redox metabolic homeostasis. This identification is 

possible 

 

 

Figure 2. Lipid mediators, highly bioactive compounds synthesized from polyunsaturated fatty acids (PUFAs), 

have a fundamental role in the initiation and signaling of the inflammatory response. Oxylipin biosynthesis cascade 

of pro-inflammatory (red) and antinflammatory (green) stable degradation products are indicated. The 

development of mass spectrometry platforms enabling quantification of diverse lipid species in human urine is of 

crucial importance to understand metabolic redox homeostasis in normal as well as pathophysiological conditions, 

such as in ASD. 

 

by mass spectrometry platforms. Oxidation of polyunsaturated fatty acids allows the synthesis 

of bioactive lipids: linoleic acid, dihomo-γ-linolenic acid, arachidonic acid, eicosapentaenoic 

acid, and docosahexaenoic acid generate bioactive lipids, endowed with powerful 

antiinflammatory effects (Pavan Kumar et al. 2019). The development of mass spectrometry 



108 
 

platforms enabling quantification of diverse lipid species in human urine is of crucial 

importance to understand metabolic redox homeostasis in normal as well as 

pathophysiological conditions, such as in ASD. In addition, in the light of what outlined above 

on the therapeutic potential of mushroom phenolic compounds for this pathology, it follows 

that further studies should be undertaken to evaluate the potential of these compounds in 

regulating pathological mechanisms in ASD (Figure 2). In addition to this, mapping the 

presence of phenol compounds (or their metabolites) in human tissues with redoxomics 

approach, is crucial to understand the degree of absorption, metabolism, conjugation, and 

excretion of polyphenols, since it has been found to present high variability, both within and 

between individuals, as well as polyphenol bioactivities is a also a factor of variability, in itself 

(Gladine et al. 2019). For this reason, it is essential the use of innovative in vitro platforms, 

with high-throughput sensitivity matrix profile. When mass spectrometry is used for the 

identification of the separated analytes, the choice of the analyte ionization mode turns out to 

be crucial to unambiguously identify molecular ions and their fragments. In particular, for the 

characterization of anthocyanin glycosides in the presence of the corresponding flavonol 

glycosides, the acquisition of MS spectra in the negative ionization mode have been shown a 

valuable tool for differentiating anthocyanins from non-anthocyanin polyphenols. Another 

important issue in the UPLC-MS analysis of polyphenols is their quantification. The content of 

these metabolites in a given extract can be determined by UPLC-ESI-MS/MS analysis. In this 

case, the triple quadrupole MS detector is operated in MRM (Multiple Reaction Monitoring) 

scan mode, which ensures high sensitivity and selectivity of the analysis (Wolfer et al. 2015). 

This technique allows you to quickly distinguish compounds that have the same parent ions 

(same molecular weight) but give different fragment ions. Combining a specific mass of a 

precursor ion with the equally specific mass of one of its product ions is generally an 

unambiguous and sensitive method of selectively tracking and quantifying a compound of 

interest. Since two stages of mass selection are utilized, MRM assays are particularly useful for 

the specific analysis of target compounds in complex mixtures and bio-matrices (Wolfer et al. 

2015). A further aspect to consider when tracing polyphenols in human tissues concerns the 

extraction stage from these tissues before their qualitative and/or quantitative analysis. Unlike 

the analysis of polyphenols in plant extracts or foods, standardized procedures for the 

preparation, extraction, and analysis of these compounds in human tissues are not yet 

available (Shi et al. 2022). Of the methods offered in the current literature (Kumar et al. 2023), 

each may have specific advantages toward the extraction and detection of certain polyphenolic 

compounds and this must be accounted for prior to analysis. To this end, iPSCs-derived 3D 

organoids look well to be ideal platforms on which to carry out investigations that can be 

profitably standardized, as well as (see below) the use of alternative experimental platforms, 

such as C. elegans models of ASD.    
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4.2.6 Conclusions and future directions 

While computational biology continues to improve with respect to predictions and molecular 

modeling, the differences between in silico and in vivo analysis remain substantial. 

Invertebrate in vivo model systems represent technically advanced, experimentally mature, 

high-throughput, efficient, and cost-effective resources for investigating disease. Autism 

spectrum disorder (ASD) is a neurodevelopmental disorder characterised by a triad of 

behavioural impairments and includes disruption in social behaviour. Investigations are 

strongly sustained by experimental approaches that permit tractable investigation of the 

underlying genetic basis of circuits that control behaviours related to biological domains that 

are neuro-atypical in autism. The model organism C. elegans provides an experimental 

platform to investigate the effect of genetic mutations on behavioural outputs including those 

that affect social biology C. elegans have a high reproductive capacity and a life cycle of about 

three weeks under standard culture conditions; this limited adult life span makes C. elegans a 

suitable tool for high-throughput compound screening approaches. The C. elegans genome 

presents more than 42% of human disease-related genes and displays about 80% homology to 

human sequences (Lai et al. 2000). Functional studies of relating or corresponding human 

genes can be accomplished by RNA interference (RNAi) or either with various mutants 

available. In the absence of endogenous homologs, moreover, C. elegans can be transgenically 

manipulated to express human disease associated genes in specific cell types, including 

neurons (Dosanjh et al. 2010). Transparency of C. elegans allows the in vivo visualization of 

neuronal function by expression of fluorescent protein reporters in free form, or attached to 

transgenic proteins (Huang et al. 2021). Finally, even the co-expression of pathogenic proteins 

is possible for the co-expression of β-amyloid and tau, involved in the pathogenesis of 

Alzheimer´s disease (Nass et al. 2002) or for α-synuclein and β-amyloid in the pathogenesis 

of Lewy-body dementia (Lin et al. 2021).  

Besides this, nowadays we have the unique opportunity of studying neural cells differentiated 

from human induced pluripotent stem cells (hiPSCs), and test hypotheses previously 

originated in small animals and propose new ones specific for humans. 

New technologies based on induced pluripotent stem cells (iPSC) and three-dimensional 

culture systems as brain organoids, represent ideal platforms for modelling brain 

developmental disorders and offer unprecedented opportunities for drug discovery studies, as 

well gene-environment interactions operating in the mechanistic determinism of complex 

psychiatric diseases (Qian et al. 2019). Human brain organoids are self-organizing three-

dimensional cell aggregates able to recapitulate brain-specific cytoarchitecture (Lee et al. 

2017), summarizing multiple brain processes including neurogenesis, gliogenesis, 
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synaptogenesis, cell migration, gyrification of the cerebral cortex and cell–cell and cell-matrix 

interactions (Fernandes et al. 2021). 

iPSC allows the generation of personalized brain models from ASD patients with specific 

genetic background. In alternative, the genome of iPSC can be modified using gene engineering 

technology to generate isogenic iPSCs with gene correction and genetic disruption (Lim et al. 

2015). Besides minimal patterning brain organoids composed of multiple regional identities, 

the addition of patterning factors, such as modifiers of Smad, Wnt, and Shh signaling, allowed 

to drive organoid differentiation towards specific brain regions. Cortical organoids have been 

suggested to be appropriate for modelling mechanisms underlying ASD including defects in 

cortical connectivity and neural migration to the cerebral cortex (Bhattacharya et al. 2021). 

Telencephalon organoids generated from idiopathic ASD patients have shown deficits in 

neuronal migration, aberrant cell proliferation, abundant synaptogenesis, increased branching 

of neurons, high activity of ion channels and FOXG1-dependent overproduction of GABAergic 

neurons. Notably, the shift towards GABAergic neurons induced by FOXG1 was positively 

correlated with the severity of ASD symptoms (Mariani et al. 2015). Prevailing GABAergic 

interneuron differentiation was also observed in organoids carrying an heterozygous mutation 

in CHD8, a high-risk gene for ASD. CHD8 haploinsufficiency led to a significant enlargement 

of cerebral organoids (in vitro correlate of patients' macrocephaly) and disrupted 

differentiation dynamic of excitatory and inhibitory neurons, with a longer phase of excitatory 

neuron progenitor proliferation and an accelerated production of inhibitory neurons (Jourdon 

et al. 2022). Thus, IPSC-based models can be utilized for the identification and validation of 

candidate pharmacological compounds with high impact on ASD pathogenesis. 

Finally, organ-on-chip technology, consisting in engineered microchips, is a powerful 

innovation able to provide tissue–tissue interfaces, with integration of circulating immune 

cells, connective tissue cells, and a complex microbiome (Tronolone 2021). We suggest that 

iPSCs 3D organoid and organ-on-chip systems represent the ideal platforms for studying ASD 

in human relevant models and testing efficiently the potential beneficial effects of promising 

compounds as those discussed in this review. 
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CONCLUSIONS 

This doctoral thesis has presented and discussed the results of preclinical studies carried out 

both in vitro and in vivo throughout the three-year doctoral research period. Through 

collaborations with Professor Hartung's team at Johns Hopkins University and Professor Di 

Paola's group at the University of Messina, the research focused on diverse significant aspects 

concerning brain disorders. Specifically, one study investigated how a mutation in a gene 

(CHD8) and exposure to an environmental factor (chlorpyrifos) could synergistically induce 

pathological alterations associated with autism spectrum disorder, using an innovative model 

of brain organoids. In this study, we compared brain organoids containing a normal version of 

CHD8, the gene encoding chromodomain helicase DNA binding protein 8, with those 

containing the high-risk ASD mutation. At 4 weeks of differentiation, both types of brain 

organoids were exposed to 100 μM of either the organophosphate pesticide chlorpyrifos (CPF) 

or its metabolite chlorpyrifos-oxon (CPO) for 24 hours. It is important to underline that the 

high concentrations and short-term exposures do not suggest a risk to humans in the 

realworld; however, the goal of our proof-of-principle study was to test if the pesticide perturbs 

similar pathways as the mutation, which might indicate a synergistic interaction. Although the 

CHD8 mutation is highly penetrant, and patients who carry it share certain clinical features, 

the severity of their symptoms can vary. Our hypothesis is that this severity may depend on 

environmental toxicants like CPF, with higher exposure resulting in more severe symptoms. 

We found that CPF or CPO exposure reduced CHD8 protein levels more than the mutation 

alone suggesting the gene and pesticide may have similar molecular targets. The pesticide also 

exacerbated the effect of the mutation on several autism-related metabolites and 

neurotransmitters. 

A key finding from this study is that CPF alone and in combination with the mutation, reduced 

CHD8 protein levels. Exploring the underlying biological mechanisms is crucial, as unravelling 

the molecular pathways involved could reveal novel targets for drug discovery. This is 

especially significant if the same pesticide impacts other high-risk ASD genes in a similar 

manner. Additionally, it is noteworthy that CPF reduced the protein level without affecting the 

mRNA level, indicating a posttranscriptional interaction. Following this result, our future 

efforts will explore the potential role of miRNAs - as posttranscriptional regulators - in this 

interaction. 

Moreover, some evidence suggest that oxidative stress may represent the link between the 

genetic, immunological, and environmental factors contributing to autism (Chauhan et al. 

2006; Menezo et al. 2015). Almost 80% of patients with ASD suffer from mitochondrial 

dysfunction (Friedman et al. 2003), and abnormal levels of reactive oxygen species (ROS) have 

been found associated to mitochondrial dysfunction in ASD (Naviaux et al. 2018). 

Environmental toxicants are potent inducers of oxidative damage and are generally associated 
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to neuroinflammation, which may contribute to secondary mitochondrial dysfunction 

occurring in children with ASD (Modabbernia et al. 2017; Frye et al. 2015). In this context, 

nutritional antioxidants targeting neuroinflammation and oxidative stress could potentially 

benefit autistic patients (Siracusa et al. 2020). Specifically, redox-active compounds, through 

hormetic mechanisms, can regulate the cellular stress response, restore redox imbalance, 

improve mitochondrial function, modulate the immune response, and thus prevent 

neuroinflammation (Calabrese et al. 2016). 

Medicinal mushrooms are emerging as strong nutritional supplements for human health; due 

to their phenolic and antioxidant contents, mushrooms have been proposed for potential 

treatments in a wide range of pathological conditions including neurodegenerative disorders 

(Friedman et al. 2016; Trovato et al. 2017). 

In our study, the association between C. versicolor and H. erinaceus resulted very effective to 

prevent oxidative stress induced by rotenone by acting on the Nrf2/HO-1 pathway, and to 

resolve also the neuroinflammatory processes, probably through indirect action on LXA4 

levels. This prevented α-synuclein accumulation, apoptosis of dopaminergic neurons and 

limited the motor and non-motor alterations characteristic of PD, suggesting that these two 

mushrooms could represent a promising nutritional supplement for preventing PD. 

Finally, we have identified and discussed the putative mechanisms by which these compounds 

could exert beneficial effects on brain development and neurodevelopmental disorders. Our 

future perspective involves testing the effects of hormetic compounds using our human brain 

organoid model.. To this end, improvements to our existing model are required, particularly 

the integration of microglia due to their crucial role in neuroinflammation. Several protocols 

have been developed for microglia integration into organoids. In alternative, brain organoids 

could be incorporated into organ-on-chip platforms. These technologies facilitate the 

integration of circulating immune cells, provide tissue–tissue interfaces (blood-brain-barrier 

modelling) and provide enhanced physiological relevance by recapitulating vascular perfusion. 

 

 

 

 


