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Abstract

Scientific Abstract—The molecular pathogenesis of autism spectrum disorder (ASD), a 

neurodevelopmental disorder, is still elusive. In the present study, we investigated the possible 

roles of endoplasmic reticulum (ER) stress, oxidative stress, and apoptosis as molecular 

mechanisms underlying autism. This study compared the activation of ER stress signals (PERK, 

ATF6, IRE1α) in different brain regions (prefrontal cortex, hippocampus, cerebellum) in subjects 

with autism and in age-matched controls. Our data showed that the activation of three signals of 

ER stress varies in different regions of the autistic brain. Inositol-requiring enzyme 1 alpha 

(IRE1α) was activated in cerebellum and prefrontal cortex but activating transcription factor 6 

(ATF6) was activated in hippocampus. Protein kinase R (PKR)-like endoplasmic reticulum kinase 

(PERK) was not activated in the three regions. Furthermore, the activation of ER stress was 

confirmed because the expression of C/EBP-homologous protein (CHOP), which is the common 

downstream indicators of ER stress signals, and most of ER chaperones were up-regulated in the 

three regions. Consistent with the induction of ER stress, apoptosis was found in the three regions 

by detecting the cleavage of caspase 8 and PARP as well as using the TUNEL assay. Moreover, 

our data showed that oxidative stress was responsible for ER stress and apoptosis because the 

levels of 4-Hydroxynonenal (4-HNE) and nitrotyrosine-modified proteins were significantly 

increased in the three regions. In conclusion, these data indicate that cellular stress and apoptosis 

may play important roles in the pathogenesis of autism.

Lay Abstract—Autism results in significant morbidity and mortality in children. The functional 

and molecular changes in the autistic brains are unclear. The present study utilized autistic brain 

tissues from the National Institute of Child Health and Human Development’s Brain Tissue Bank 

for the analysis of cellular and molecular changes in autistic brains. Three key brain regions, the 

hippocampus, the cerebellum and the frontal cortex, in six cases of autistic brains and six cases of 

non-autistic brains from 6-16 years old deceased children, were analyzed. The current study 
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investigated the possible roles of endoplasmic reticulum (ER) stress, oxidative stress, and 

apoptosis as molecular mechanisms underlying autism. The activation of three signals of ER stress 

(PERK, ATF6, IRE1α) varies in different regions. The occurrence of ER stress leads to apoptosis 

in autistic brains. ER stress may result from oxidative stress because of elevated levels of the 

oxidative stress markers: 4-Hydroxynonenal (4-HNE) and nitrotyrosine-modified proteins in 

autistic brains. These findings suggest that cellular stress and apoptosis may contribute to the 

autistic phenotype. Pharmaceuticals and/or dietary supplements, which can alleviate ER stress, 

oxidative stress and apoptosis, may be effective in ameliorating adverse phenotypes associated 

with autism.
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Introduction

Autism is considered to be a part of broader disorder known as autism spectrum disorder 

(ASD). ASD is characterized by problems in social skills and communication, as well as by 

a restricted range of interests and activities and repetitive behaviors (DSM-IV criteria, 

American Psychiatric Association, 1994). Approximately 1 in 68 children has been 

identified with autism spectrum disorder according to data from the Autism and 

Developmental Disabilities Monitoring (ADDM) Network of the CDC (CDC, USA, 2010). 

Approximately 1 in 6 children in the United States had a developmental disability in 2006–

2008, ranging from mild disabilities (e.g., speech and language impairments) to serious 

developmental disabilities (e.g., intellectual disabilities, cerebral palsy, autism) (CDC, USA, 

2006–2008). The autistic brain has abnormalities, including overgrowth of 

axons(Courchesne et al., 2007) and dendritic spines(Hutsler and Zhang, 2010), loss of 

granule cells(Bauman and Kemper, 2005), decreased Purkinje cell counts in cerebella(Ritvo 

et al., 1986), and Purkinje cell atrophy(Fatemi et al., 2000). Although numerous structural 

and functional neuro-imaging studies have been conducted, the underlying molecular 

etiology of autism is still unknown.

The endoplasmic reticulum (ER) is a membranous network that is primarily recognized as 

the site of synthesis, folding and translocation of secreted, membrane-bound, and some 

organelle-targeted proteins(Braakman and Bulleid, 2011). ER homeostasis is very sensitive 

to perturbations in cellular homeostasis, including nutrient deprivation, hypoxia, Ca+ 

concentration and the redox state(Szegezdi et al., 2006). Perturbations of ER function, 

known as ER stress, trigger the unfolded protein response (UPR)(Logue et al., 2013). There 

are three ER localized transmembrane receptors that act as stress sensors that constantly 

monitor the condition of the ER: inositol-requiring enzyme 1 alpha (IRE1α), protein kinase 

R (PKR)-like endoplasmic reticulum kinase (PERK), and activating transcription factor 6 

(ATF6)(Sano and Reed, 2013). Following ER stress, the activation of PERK, ATF6 and 

IRE1α is a pro-survival response that reduces the accumulation of misfolded or unfolded 

proteins and restores normal ER function(Sano and Reed, 2013). During conditions when 

ER stress is chronically prolonged and cannot be resolved, the UPR signal switches from 
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pro-survival to pro-apoptotic(Sano and Reed, 2013). Although the relations between ER 

stress and neurodegenerative diseases have been well studied(Kaufman, 2002), the 

associations between ER stress and autism have not been sufficiently investigated.

In the present study, we compared the activation of ER stress signals (PERK, ATF6, IRE1α) 

in different brain regions (prefrontal cortex, hippocampus, cerebellum) in subjects with 

autism and in age-matched controls. Our studies showed that the activation of three signals 

of ER stress (PERK, ATF6, IRE1α) varies in different regions. The occurrence of ER stress 

leads to apoptosis in autistic brains because the levels of cleaved caspase 8 and PARP were 

significantly increased in autistic brains. ER stress may result from oxidative stress because 

of elevated levels of 4-Hydroxynonenal (4-HNE) and nitrotyrosine-modified proteins in 

autistic brains. Our results suggest that cellular stress and apoptosis may contribute to the 

autistic phenotype.

Materials and methods

Brain tissue

Brain tissue samples from autistic subjects and non-neurological control cases were obtained 

from the Brain and Tissue Bank at the University of Maryland, Baltimore (a brain and tissue 

repository of the NIH NeuroBioBank). The collection protocol at the University of 

Maryland, Baltimore was reviewed and approved by its Institutional Review Board. All of 

the autistic cases fit the diagnostic criteria established in the Autism Diagnostic Interview-

Revised (ADI-R). The clinical characteristics of all autistic subjects and controls included in 

this study are described in Table 1. The samples of the prefrontal cortex, hippocampus and 

cerebellum were obtained from six autistic subjects and six controls that were matched for 

age, postmortem interval (PMI) and sex. This study was approved by the Institutional 

Review Board at the University of Maryland School of Medicine.

Immunoblotting

Frozen brain tissue samples were homogenized in Neuronal Protein Extraction Reagent 

(Thermo Scientific) supplemented with protease inhibitors (Sigma) and phosphatase 

inhibitors (New England BioLabs). The supernatants were collected and assayed for total 

protein using the DC™ protein assay (Bio-Rad). Samples were aliquoted into labeled vials 

and stored at −80°C until use. Equal amounts of protein (50 µg) were resolved by SDS-

PAGE and transferred onto Immobilon-P membranes (Millipore). Five micrograms of 

Precision Plus Protein Standards (Bio-Rad) were loaded into one lane of the SDS-PAGE gel. 

The Immobilon-P membranes were incubated in 5% nonfat milk for 1 hour and were then 

incubated for overnight at 4°C with the following primary antibodies at dilutions of 1:1000: 

PERK (Cell Signaling Technology), phosphorylated PERK (p-PERK) (Cell Signaling 

Technology), ATF6, and CHOP (Cell Signaling Technology), IRE1α (Cell Signaling 

Technology), phosphorylated IRE1α (p-IRE1α) (Abcam), caspase 8 (Enzo Life Sciences), 

PARP (Cell Signaling Technology), 4-HNE (Millipore) and nitrotyrosine (Millipore). The 

membranes were then exposed to goat anti-rabbit or anti-mouse secondary antibodies 

(Kirkegaard & Perry Laboratories). To ensure that equivalent amounts of protein were 

loaded, the membranes were stripped and probed with a mouse antibody against β-actin 
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(Abcam, 1:5000 dilution). Signals were detected using a SuperSignal West Femto Maximum 

Sensitivity Substrate kit (Thermo Scientific). Quantitative analysis of blots was performed 

using VisionWorksLS software (UVP). Fold changes were calculated by the ratio of interest 

proteins to β-actin.

RNA extraction and Real-time quantitative PCR (RT-qPCR)

Total RNA was isolated from brain tissue using the Trizol reagent (Ambion) and reverse 

transcribed using the QuantiTect Reverse Trancription Kit (Qiagen). RT-qPCR for ER 

chaperone genes and GAPDH was performed using the Maxima SYBR Green/ROX qPCR 

Master Mix assay (Thermo Scientific). The primers for RT-qPCR are listed in Table 2. RT-

qPCR and subsequent calculations were performed by a StepOnePlus™ Real-Time PCR 

System (Applied Biosystem).

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay

The ApopTag Red In Situ Apoptosis Detection Kit (Millipore) was used to detect apoptotic 

cells as previously described(Wang et al., 2017). Briefly, formalin-fixed brain tissues were 

dehydrated by series of 50%–100% ethanol and then embedded in paraffin for sectioning. 

Ten-µm paraffin-embedded sections were rehydrated, washed with PBS, and incubated with 

the TUNEL reaction agents. The percentage of apoptotic cells was obtained by dividing the 

number of TUNEL positive cells with the total number of cells in a microscopic field and 

then multiplying by 100 from six autistic brains and six control brains.

Statistics

Data are presented as the means ± SEM. SPSS 20.0 was used for statistical analysis. The 

Mann-Whitney U test was used to compare group differences because the datasets are not 

normally distributed. P < 0.05 was considered statistical significant.

Results

Activation of ER stress signals in human autistic brain

To investigate the possible role of ER stress in the pathogenesis of autism, we determined 

the activation of UPR signals in autistic brains. The levels of three ER stress signals were 

measured by immunoblotting. In the cerebellum, phosphorylated IRE1α was significantly 

increased in autistic subjects compared with age-matched normal controls (Figure 1.). There 

were no changes in the phosphorylated PERK and cleaved ATF6 levels in the cerebellum 

(Figure 1.). However, the cleaved ATF6 was significantly up-regulated in the hippocampus 

of autistic subjects (Figure 2.). Phosphorylated IRE1α and PERK were comparable in the 

hippocampus between autistic subjects and controls (Figure 2.). Similarly with cerebellum, 

phosphorylated IRE1α was significantly elevated in prefrontal cortex of autistic subjects 

compared to controls (Figure 3.). The levels of phosphorylated PERK and cleaved ATF6 in 

the prefrontal cortex were similar between autistic subjects and controls (Figure 3.). The ER 

stress-induced signals were differentially activated in three main regions of the autistic brain. 

The overall findings indicate that ER stress signals were activated in human autistic brains.
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Induction of ER stress downstream gene CHOP and ER chaperones in human autistic 
brain

CHOP, also known as growth arrest and DNA damage inducible gene 153 (GADD153), is 

up-regulated by ER stress(Szegezdi, et al., 2006). All three signals of ER stress can induce 

the transcription of CHOP through transcription factors: ATF4, ATF6, and XBP-1, 

respectively(Szegezdi, et al., 2006). To further confirm the activation of ER stress signals, 

we examined CHOP mRNA and protein levels in human autistic brain using RT-qPCR and 

immunoblotting. Consistent with the activation of ER stress signals, CHOP mRNA and 

protein levels in all three regions were increased in autistic subjects compared to controls 

(Figure 4.).

The ER contains a number of molecular chaperones physiologically involved in the 

posttranscriptional modifications, disulfide bond formation, folding, assembly and quality-

control of newly synthesized proteins(Ni and Lee, 2007). The transcriptional up-regulation 

of ER chaperones is the hallmark of the ER stress response(Ma and Hendershot, 2004). In 

the present study, we determined the expressions of ER chaperones including GRP78/BiP, 

calnexin, GRP94/gp96, PDIA2, calreticulin, GRP58/ERp57, GRP170/ORP150, SIL1, 

P58IPK, Herp, EDEM, and ERp72(Ni and Lee, 2007). As shown in Figure 5., most of ER 

chaperones were up-regulated in autistic brain compared to controls, whereas there were 

only slight differences among three brain regions. GRP78/BiP, GRP94/gp96, P58IPK, Herp, 

EDEM, and ERp72 were increased in three brain regions of autistic subjects. GRP58/ERp57 

and GRP170/ORP150 had similar levels between autistic brain and controls in three brain 

regions (Figure 5). Calreticulin was increased in both hippocampus and prefrontal cortex of 

autistic subjects, whereas SIL1 was induced in both cerebellum and prefrontal cortex of 

autistic subjects (Figure 5). PDIA2 was induced only in cerebellum of autistic subjects 

(Figure 5.).

The combined data from the CHOP expression and ER chaperones consistently showed that 

ER stress was elevated in human autistic brain. Thus, these findings suggest a possible 

association between the activation of ER stress signals and pathological changes in the 

autistic brain.

Activation of caspase 8 and PARP in human autistic brain

Finding increased levels of CHOP in the autistic brain would suggest a possible increase of 

apoptosis in the autistic brain because CHOP is primarily considered to be a pro-apoptotic 

factor that mediates ER stress-induced cell death(Szegezdi, et al., 2006). To further 

investigate whether there is increased apoptosis in the autistic brain, we determined the 

cleavage of caspase 8, an initiator of caspases for extrinsic pathway of apoptosis(Ichim and 

Tait, 2016), as the marker of apoptosis because it has been shown that ER stress can mediate 

cleavage of caspase 8 via CHOP-death receptor 4 (DR4, also named TRAILR1)/ death 

receptor 5 (DR5, also named TRAILR2) pathway(Iurlaro and Munoz-Pinedo, 2016; Lu et 
al., 2014). At the same time, we measured the cleavage of poly(ADP-ribose) polymerase 

(PARP) as another marker of apoptosis based on that PARP is one of several known cellular 

substrates of caspases and considered to be a hallmark of apoptosis(Boulares et al., 1999; 

Chaitanya et al., 2010). Almost all caspases are known to cleave PARP(Boulares, et al., 
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1999; Chaitanya, et al., 2010). The results of immunoblotting analysis showed that the 

cleavage of caspase 8 and PARP was significantly increased in human autistic brain in all 

three regions with the same pattern of activation of ER stress signals and increased CHOP 

expression was found in every region (Figure 6 and 7.). The TUNEL assay is a direct 

method for detecting in situ apoptotic cells by measuring DNA fragmentation generated 

during apoptosis. Our data revealed the occurrence of apoptosis in the molecular layer of the 

autistic cerebellum (Fig. 8A), cornu ammonis 4 (CA4) of the autistic hippocampus (Fig. 

8B), and both of grey and white matters of the autistic prefrontal cortex (Fig. 8C). In 

contrast, there were none to negligible apoptotic cells presented in the control brains (Fig. 

8A, B, C). Taken together, our results suggest that the activation of ER stress signals and 

increase of CHOP expression lead to apoptosis in human autistic brain.

Elevation of oxidative stress in human autistic brain

To investigate the causal factors that result in the activation of ER stress signals and 

subsequent apoptosis, we examined oxidative stress in human autistic brain. Oxidative stress 

is induced by reactive oxygen species (ROS) and reactive nitrogen species (RNS), such as 

superoxide, hydroxyl, peroxyl and nitric oxide (NO) free radicals(Chauhan and Chauhan, 

2006). 4-Hydroxynonenal (4-HNE) and nitrotyrosine are two important markers for 

oxidative stress. 4-HNE is one of the most studied products of phospholipid peroxidation, 

and it efficiently reacts with sulfhydryl groups or histidine and lysine groups of proteins to 

form stable 4-HNE-protein adducts. Nitrotyrosine is formed by the nitration of tyrosine 

resides of proteins by RNS, such as peroxynitrite, nitrogen dioxide and nitryl chloride. In the 

present study, we determined the levels of 4-HNE- and nitrotyrosine-modified proteins in 

human autistic brain by immunoblotting. We calculated all blots in the membrane and found 

that part of blots had significant differences between autistic and control groups. These data 

suggest that 4-HNE or nitrotyrosine modifies part of proteins in autistic brains and 4-HNE or 

nitrotyrosine-modified proteins were different in different regions of brain (Figure 9.). For 

example, in hippocampus and cerebellum, proteins with the molecular weight (MW) 50kD 

were differentially modified by 4-HNE (Figure 9A and B). However, in prefrontal cortex, 

proteins with the MW 28kD were differentially modified by 4-HNE (Figure 9C). Similarly, 

in cerebellum and prefrontal cortex, proteins with the MW 30kD were differentially 

modified by nitrotyrosine (Figure 9A and C). However, in hippocampus, proteins with the 

MW 25kD were differentially modified by nitrotyrosine (Figure 9B). Because it has been 

shown that oxidative stress induces ER stress(Dong et al., 2016; Gu et al., 2016; Li et al., 
2012; Li et al., 2013), these results suggest that oxidative stress may be responsible for the 

induction of ER stress in human autistic brain.

Discussion

In the current study, we showed that a marked increase in ER stress, characterized by the 

activation of ER stress signals (IRE1α, ATF6 and PERK), occurred in three regions 

(cerebellum, hippocampus and prefrontal cortex) of autistic brains. A common downstream 

gene of ER stress signals CHOP and most of ER chaperones were also up-regulated in three 

regions of autistic brain, which confirmed the activation of ER stress signals. Increased ER 

stress is likely to be associated with oxidative stress in which the levels of 4-HNE and 
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nitrotyrosine-modified proteins significantly increased in three regions of autistic brain. In 

addition, elevated ER stress may lead to apoptosis because the cleavage of caspase 8 and 

PARP was increased in the autistic brain. These results from the present studies support the 

findings of the increase of oxidative stress, ER stress and apoptosis in the autistic brain.

The emerging evidence shows that ER stress is associated with the pathogenesis of 

autism(Fujita-Jimbo et al., 2015; Fujita et al., 2010; Momoi et al., 2010; Ulbrich et al., 
2015). Genetic testing in individuals with autism has identified mutations in several genes 

encoding synaptic cell adhesion molecules, such as neuroligin-3 and -4 (NLGN-3 and -4)

(Jamain et al., 2003) and cell adhesion molecule-1 (CADM-1)(Zhiling et al., 2008). It has 

been shown that mutated NLGN-3 and CADM-1 induce local misfolding and cause partial 

retention of proteins in the ER that lead to ER stress in PC12 and C2C5 cell models(Fujita, 

et al., 2010; Ulbrich, et al., 2015). Overexpression of mutated NLGN-3 leads to the 

activation of three ER stress signals, as well as their downstream genes, such as BiP and 

CHOP in PC12 cells(Ulbrich, et al., 2015). In addition to mutations in genes encoding 

synaptic adhesion molecules, mutations in the GPR85 gene that is located in the AD linkage 

locus 9 (AUTS9) on chromosome 7q31 are associated with autism(Fujita-Jimbo, et al., 
2015). Mutated GPR85 protein is more preferentially accumulated in the ER, causing ER 

stress characterized by induction of CHOP in C2C5 cells(Fujita-Jimbo, et al., 2015). In the 

present study, we further showed that ER stress indeed occurred in human autistic brain. Our 

data also revealed that the activation of ER stress signals varied in different regions of the 

autistic brain. IRE1α were activated in cerebellum and prefrontal cortex, but ATF6 was 

activated in the hippocampus. There was no activation of PERK pathway. However, the 

expression of CHOP, which is the common downstream indicators of ER stress signals, and 

most of ER chaperones were up-regulated in all three regions of autistic brain. It is 

suggested the differential pattern of ER stress signals activation but with the same 

downstream genes up-regulation in different brain regions. It has been demonstrated that 

three ER stress signals are differentially activated under different stimulation. For example, a 

plant metabolite andrographolide activates IRE1α but not PERK and ATF6 in cancer 

cells(Banerjee et al., 2016). However, bortezomib, an selective inhibitor of the 26S 

proteasome, induces the activation of PERK and ATF6 but not IRE1α in myeloma 

cells(Davenport et al., 2007).

It is well-known that ER stress can induce apoptosis(Sano and Reed, 2013). CHOP is 

primarily considered to be a pro-apoptotic transcription factor that mediates ER stress-

induced apoptosis(Szegezdi, et al., 2006). Our data indicate that the protein levels of CHOP 

were increased in three regions of the autistic brain. Therefore, we determined whether 

apoptosis occurred in the autistic brain. Our results showed that apoptosis increased in three 

regions of the autistic brain, as characterized by increased cleavage of caspase 8 and PARP. 

It was shown that CHOP interacts with the phosphorylated form of the transcription factor 

JUN in a complex that binds to the promoter regions of DR4 and activates DR4 

expression(Iurlaro and Munoz-Pinedo, 2016). It was also observed that CHOP interacts with 

GCN5, a histone acetyltransferase, to form a complex regulating both DR4 and DR5 

expressions(Iurlaro and Munoz-Pinedo, 2016). DR4 and DR5 lead to widespread cleavage of 

caspases including caspase 8 and rapid cell death(Ichim and Tait, 2016). In addition, CHOP-

mediated apoptosis manifests through the repression of Bcl2 expression, which then 
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increases the proportion of pro-apoptotic Bcl-2 proteins that lead to the release of 

cytochrome c(Szegezdi, et al., 2006). In actuality, Bcl-2 expression is significantly reduced 

in the autistic brain(Fatemi and Halt, 2001; Fatemi et al., 2001; Sheikh et al., 2010a; Sheikh 

et al., 2010b; Wei et al., 2014). Fatemi et al. showed a significant reduction of 34 to 51% in 

the Bcl-2 protein levels in the autistic cerebellum(Fatemi, et al., 2001) and a 32% reduction 

in the autistic parietal cortex(Fatemi and Halt, 2001). Sheikh et al. also found that Bcl-2 

expression was significantly reduced in the frontal cerebral cortex and cerebellum of autistic 

subjects(Sheikh, et al., 2010a; Sheikh, et al., 2010b). Taken together, it is possible that ER 

stress mediates apoptosis through the CHOP-DR4/5-caspase 8 or CHOP-Bcl2-cytochrome c 

pathway in the autistic brain.

Despite the possibility that the mutation of autism-related genes and the aggregation of their 

encoded proteins in the ER may be responsible for ER stress, oxidative stress may be 

another important cause for ER stress in the autistic brain. Indeed, metabolic markers of 

oxidative stress were previously detected in plasma from autistic subjects(Frye and James, 

2014; Howsmon et al., 2017; James et al., 2004; Melnyk et al., 2012; Rose et al., 2012b). It 

has been demonstrated that micronutrient supplementation targeting redox metabolism 

exerts beneficial effects on some children with autism, implicating the presence of oxidative 

stress in autistic brains(Blossom et al., 2012; Frye et al., 2013; Hamlin et al., 2013; Hendren 

et al., 2016). Oxidative stress-induced modifications of proteins, such as the nitration of 

tyrosine residues, may lead to the retention of proteins in the ER that may contribute to ER 

stress in the autistic brain because our data showed marked elevation of nitrotyrosine-

modified proteins in three regions of the autistic brain. Nitrotyrosine is formed primarily 

from peroxynitrite, a free radical generated from superoxide and nitric oxide (NO)(Bishop 

and Anderson, 2005). On the one hand, the decreased activities of glutathione peroxidase, 

catalase and superoxide dismutase (SOD) lead to the overproduction of superoxide in the 

autistic brain(Chauhan and Chauhan, 2006). The mitochondrion may be the source of 

superoxide because several studies have revealed mitochondrial overactivities or 

abnormalities in the autistic brain(Griffiths and Levy, 2017; Palmieri et al., 2010; Tang et al., 
2013). On the other hand, elevated plasma levels of NO in autism have been reported(Sogut 

et al., 2003; Sweeten et al., 2004; Zoroglu et al., 2003), suggesting that NO synthase (NOS) 

may be activated in autism(Chauhan and Chauhan, 2006). In actuality, neuroglial cells can 

express inducible NOS (iNOS)(Bolanos et al., 2007; Brown et al., 1995). Rose et al have 

found 3-nitrotyrosine in the autistic brain(Rose et al., 2012a). Therefore, it is suggested that 

excess superoxide and NO may contribute to peroxynitrite formation and the increased 

nitrotyrosine protein damage observed in the present study.

The 4-HNE results from the cleavage of the oxidized fatty acyl chain, including ω-6 

polyunsaturated fatty acid(Spickett, 2013). Some studies have reported oxidative damage to 

brain lipids in autism(Chauhan and Chauhan, 2006; Rossignol and Frye, 2014). Previous 

studies have reported a significant increase in lipofuscin-containing cells in language areas 

of the autistic brain(López-Hurtado and Prieto, 2008; Rossignol and Frye, 2014). Another 

study demonstrated the increase of lipid hydroperoxides (LOOH) in the temporal cortex and 

cerebellum in the autism group(Chauhan et al., 2011). In addition, plasma 

malonyldialdehyde (MDA), which is an end product of peroxidation of polyunsaturated fatty 

acids, as measured by thiobarbituric acid (TBA), had higher levels in 13/15 (87%) of autistic 
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subjects(Chauhan et al., 2004). Taken together, oxidative damage to brain lipids occurs in 

autism, which is consistent with our findings in human autistic brain with elevation of 4-

HNE-modified proteins.

Data from the Centers for Disease Control and Prevention have shown that ASD is 

approximately 4.5 times more common in boys (1 in 42) than in girls (1 in 189)(Christensen 

et al., 2016). The data is the average from multiple US and worldwide studies (Halladay et 
al., 2015). The difference in ascertainment procedures may contribute to the sex difference 

in ASD (Frazier et al., 2014; Idring et al., 2015; Ozonoff et al., 2011). The intellectual 

quotient measurement may also contribute to this variability (Autism et al., 2012; Sullivan et 
al., 2007). In addition, there is evidence showing that diagnostic biases lead to an 

overestimation of sex bias(Autism, et al., 2012; Zwaigenbaum et al., 2012). Excluding the 

variability in ascertainment and IQ measurement, it is believed that there is still a magnitude 

of at least 2:1–3:1 ASD prevalence difference between boys and girls(Halladay, et al., 2015). 

However, One study did not observe sex difference in autistic symptoms(Mandic-Maravic et 
al., 2015). Thus, our study used male ASD subjects from the brain tissue bank. Our current 

finding in boys may represent common pathways for autism because there is so far no report 

showing any sex difference in oxidative stress, ER stress and apoptosis. Future studies need 

validate our hypothesis using a large sample size including both sexes.

The limitation of this study is that all data were obtained from small sample size. In the 

current study, we observed significantly occurrence of ER stress, oxidative stress, and 

apoptosis in three regions of autistic brains in 6 of autistic samples compared to 6 of 

matched control samples. This results need to be verified in large sample size in the future. 

In addition, the cause of death may be a parameter that leads to changes observed in the 

present study. Overall, the causes of death for these patients showing in Table 1 are varied 

and in majority they are not related to brain injury, indicating that the causes of death may 

not affect our conclusions. Sample #4849 had lead poisoning and sample #5565 had 

epilepsy. Lead, a systemic toxicant affecting virtually every organ system, primarily affects 

the central nervous system, particularly the developing brain. However, the cause of death 

for #4849 was drowning. Epilepsy is a central nervous system (neurological) disorder in 

which brain activity becomes abnormal, causing seizures or periods of unusual behavior, 

sensations, and sometimes loss of awareness. Epilepsy can sometimes be associated with 

developmental disorders, such as autism and neurofibromatosis. However, when we labeled 

the values of these two samples in the graphs of Figures showing significant difference 

between the control group and the autism group, we found that the values from these two 

samples are at the low end in the autism group and comparable to the values in the control 

group, suggesting that lead poisoning and epilepsy in these two samples may not contribute 

to the observed cellular stress and apoptosis in autistic brains. Nevertheless, our findings 

need to be verified in a large sample size.

Moreover, we observed apoptosis in three regions of autistic brains but did not identify 

which kind of cell type undergoing apoptosis. Our next work will focus on which cell type 

such as neurons or glial cells undergoing apoptosis as well as co-localization of ER stress 

markers and apoptosis markers for identifying the cause-effect relationship between ER 

stress and apoptosis.
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In summary, we showed the elevation of ER stress signals, oxidative stress and apoptosis in 

three regions of autistic brains. Based on these findings, we reason that increased cellular 

stress and apoptosis in the autistic brain may be associated with the pathogenesis of autism. 

Because autism is affected by multiple genetic and environmental factors that are case-

specific and there are inherent limitations in the post-mortem brain, the present observations 

will need further confirmation in future studies. Further research with larger sample sizes is 

needed to investigate the association of cellular stress and apoptotic events with the severity 

and clinical phenotypes of autism.
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Figure 1. 
Immunoblot analysis of ER stress signals in the autistic cerebellum. Immunoblot analysis of 

the cerebellum homogenate was performed using p-IRE1α, p-PERK and total ATF6 

antibodies. Representative images of the immunoblots are shown in the top panel. The blue 

arrow indicates sample #4849 and the red arrow indicates sample # 5565. The quantification 

of immunoblots normalized to β-actin is shown by bar graphs. Values are the means ± SEM 

(n=6). * indicates a significant difference in autistic brains compared to controls (P < 0.05).
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Figure 2. 
Immunoblot analysis of ER stress signals in the autistic hippocampus. Immunoblot analysis 

of the hippocampus homogenate was performed using p-IRE1α, p-PERK and total ATF6 

antibodies. Representative images of the immunoblots are shown in the top panel. The blue 

arrow indicates sample #4849 and the red arrow indicates sample # 5565. The quantification 

of immunoblots normalized to β-actin is shown by bar graphs. Values are the means ± SEM 

(n=5). * indicates a significant difference in autistic brains compared to controls (P < 0.05).
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Figure 3. 
Immunoblot analysis of ER stress signals in the autistic prefrontal cortex. Immunoblot 

analysis of the prefrontal cortex homogenate was performed using p-IRE1α, p-PERK and 

total ATF6 antibodies. Representative images of the immunoblots are shown in the top 

panel. The blue arrow indicates sample #4849 and the red arrow indicates sample # 5565. 

The quantification of immunoblots normalized to β-actin is shown by bar graphs. Values are 

the means ± SEM (n=6). * indicates a significant difference in autistic brains compared to 

controls (P < 0.05).
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Figure 4. 
Induction of CHOP expression in the autistic brain. RT-qPCR (left) and Immunoblot (right) 

analysis of CHOP in the autistic: (A) cerebellum (n=6), (B) hippocampus (n=5) and (C) 

prefrontal cortex (n=6). Representative images of the immunoblots are shown in the left 

panel. The blue arrow indicates sample #4849 and the red arrow indicates sample # 5565. 

The quantification of immunoblots normalized to β-actin is shown by bar graphs. Values are 

the means ± SEM. * indicates a significant difference in autistic brains compared to controls 

(P < 0.05).
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Figure 5. 
Induction of ER chaperones expression in the autistic brain. RT-qPCR analysis of ER 

chaperones expression in the autistic: (A) cerebellum (n=6), (B) hippocampus (n=5) and (C) 

prefrontal cortex (n=6). Values are the means ± SEM. * indicates a significant difference in 

autistic brains compared to controls (P < 0.05).
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Figure 6. 
The cleavage of caspase 8 in the autistic brain. Immunoblot analysis of cleaved caspase 8 in 

the autistic: (A) cerebellum (n=6), (B) hippocampus (n=5) and (C) prefrontal cortex (n=6). 

Representative images of the immunoblots are shown in the left panel. The blue arrow 

indicates sample #4849 and the red arrow indicates sample # 5565. The quantification of 

immunoblots normalized to β-actin is shown by bar graphs. Values are the means ± SEM. * 

indicates a significant difference in autistic brains compared to controls (P < 0.05).
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Figure 7. 
The cleavage of PARP in the autistic brain. Immunoblot analysis of cleaved PARP in the 

autistic: (A) cerebellum (n=6), (B) hippocampus (n=5) and (C) prefrontal cortex (n=6). 

Representative images of the immunoblots are shown in the left panel. The blue arrow 

indicates sample #4849 and the red arrow indicates sample # 5565. The quantification of 

immunoblots normalized to β-actin is shown by bar graphs. Values are the means ± SEM. * 

indicates a significant difference in autistic brains compared to controls (P < 0.05).
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Figure 8. 
Apoptotic cells in the autistic brain. TUNEL assay was performed in the autistic: (A) 

cerebellum (n=6), (B) hippocampus (n=5) and (C) prefrontal cortex (n=6). Representative 

images of the TUNEL staining were shown in the left panel. The quantification of apoptotic 

cells was shown in the bar graphs. Blue: DAPI cell nuclear staining; Red: TUNEL signal. 

The typical apoptotic cells labeled by Red were indicated by arrows. GL: granular layer; 

ML: molecular layer; CA: cornu ammonis; g.d.: gyrus dentatus; GM: grey matter; WM: 

white matter. Scale bars: 100 µm. The blue arrow indicates sample #4849 and the red arrow 

indicates sample # 5565. Values are the means ± SEM. * indicate a significant difference in 

autistic brains compared to the controls (P < 0.05).
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Figure 9. 
Lipid peroxidation and nitrotyrosine in the autistic brain. Immunoblot analysis of 4-HNE 

and nitrotyrosine in the autistic: (A) cerebellum (n=6), (B) hippocampus (n=5) and (C) 

prefrontal cortex (n=6). Representative images of the immunoblots are shown in top panel. 

The modified blots were indicated with arrow. The blue arrow indicates sample #4849 and 

the red arrow indicates sample # 5565. The quantification of immunoblots normalized to β-

actin is shown by bar graphs. Values are the means ± SEM. * indicates a significant 

difference in autistic brains compared to controls (P < 0.05).
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Table 2

The sequences of primers used in RT-qPCR.

Primers name Primer sources Primer sequences

CHOP F Own design GCACCTCCCAGAGCCCTCACTCTCC

CHOP R Own design GTCTACTCCAAGCCTTCCCCCTGCG

BiP F Own design CGAGGAGGAGGACAAGAAGG

BiP R Own design CACCTTGAACGGCAAGAACT

calnexin F Own design CCTTCCTGTGTTCCTGGTTATC

calnexin R Own design TCCTTCTCTTCTTCCTCTTCCT

GRP94 F Own design GCTGACGATGAAGTTGATGTGG

GRP94 R Own design CATCCGTCCTTGATCCTTCTCTA

PDIA2 F Own design GGACACTGCAAAAACCTAGAGC

PDIA2 R Own design CCAGAACCTGATTGACTGTAGCA

Calreticulin F Primerbank ID: 209862753c1 CCTGCCGTCTACTTCAAGGAG

Calreticulin R GAACTTGCCGGAACTGAGAAC

GRP58 F Primerbank ID: 67083697c1 GCCTCCGACGTGCTAGAAC

GRP58 R GCGAAGAACTCGACGAGCAT

GRP170 F Primerbank ID: 169234641c3 CGAGCTGACTTTCGACCCAC

GRp170 R TGAGAACCATGCCCAACACTT

SIL1 F Primerbank ID: 83641898c2 AGGCAAAACTCCAATATGAGGAC

SIL1 F GATGTGTAGGTGTTGGTGTTGAT

P58IPK F Primerbank ID: 300192905c3 GGATGCAGAACTACGGGAACT

P58IPK R TCTTCAACTTTGACGCAGCTT

Herp F Primerbank ID: 58530858c2 TGCTGGTTCTAATCGGGGACA

Herp R CCAGGGGAAGAAAGGTTCCG

EDEM F Primerbank ID: 197304767c1 CGGACGAGTACGAGAAGCG

EDEM R CGTAGCCAAAGACGAACATGC

ERp72 F Primerbank ID: 157427676c1 GGCAGGCTGTAGACTACGAG

ERp72 R TTGGTCAACACAAGCGTGACT

GAPDH F Primerbank ID: 378404907c2 ACAACTTTGGTATCGTGGAAGG

GAPDH R GCCATCACGCCACAGTTTC

F: forward; R: reverse.
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