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Abstract
The autism spectrum disorder (ASD) comprises a series of neurological diseases that share serious alterations 
of the development of the central nervous system. The degree of disability may vary so that Asperger’s may 
have a relatively normal life and get positions of responsibility in corporations and even in Governments, 
whereas other ASD sufferers are fully dependent on caregivers and have serious cognitive deficits. Although 
the first cases of autism were detected by looking at failures in metabolism, e.g., phenylketonuria, to later 
identify the faulty gene, today the trend is the opposite, first obtaining the exome and minimizing the look for 
altered parameters in blood, urine, etc. Cholesterol is key for neural development as it is not able to cross the 
blood brain barrier. Therefore, any gene or environmental factor that affects cholesterol synthesis will impact 
early developmental stages eventually leading to a disease within the autism spectrum and/or schizophrenia. 
This review provides data of the relevance of cholesterol dyshomeostasis in autism spectrum disorders. 
Determining biochemical parameters in body fluids should help to provide new therapeutic approaches in 
some cases of autism.
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Introduction
Autism spectrum disorders (ASD) encompass any alteration in the development of the nervous system that 
leads to neurological/neuropsychiatric disturbances. Although Asperger’s are considered within the cases 
of ASD, they constitute a more homogeneous class of patients and do not need special care when they reach 
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adulthood. In contrast, there are cases of ASD with severe neurological disorders, including self-injuries and 
requiring lifelong care.

Tests at birth include, for any child in developed countries, detection of some diseases that, in the 
absence of proper treatment, lead to neurodevelopmental defects. Two relevant examples are: defect in 
thyroxine production, which leads to cretinism coursing with mental retardation, and phenylketonuria due 
to mutations in an enzyme of the phenylalanine metabolism. Fortunately, these two diseases are quickly 
detected by means of blood/urine tests and efficacious treatments avoid neurological manifestations. The 
word autism was used to describe the patients with congenital phenylketonuria and, reciprocally, there are 
autism cases that course with phenylketonuria [1-6]. What these diseases share is abnormal nervous system 
development and alteration of metabolism, i.e. they are a kind of inheritable metabolic diseases. In this mini-
review we will focus on the alterations in cholesterol metabolism that are relatively frequent in ASD. On 
the one hand, the discovery of clues to emit hypothesis on which is the compromised step(s) in cholesterol 
metabolism may be helpful to stratify ASD cases. On the other hand, knowledge of the details leading to 
dysbalance may provide novel opportunities of therapy based on the use of supplements able to restore the 
homeostatic levels of cholesterol and related molecules. A topical review article considered some metabolic 
alterations that correlate with ASD cases and suggested that metabolic parameters in urine and blood should 
be done to, at the very least, be able to stratify some ASD patients [7].

Cholesterol and biological membranes
In mammals, cholesterol is necessary for the biosynthesis of many membranous components, including the 
plasma membrane. The higher content of lipids in the nervous system suggests that, among other lipids, 
cholesterol is key for physiological development of the nervous system. Actually, one of the membranes with 
higher cholesterol content is myelin, which is key for neurotransmission. The brain is the organ in the human 
body that requires more time to complete a full development. Therefore, any shortage of essential components 
compromises such development. Importantly the brain synthesizes its own cholesterol [8]. Therefore, the 
supply of the molecule is secured in the fetus until the blood-brain barrier (BBB) is established. When the 
BBB is functional cholesterol does not enter the brain, that depends on its own machinery to synthesize the 
compound. In summary, whereas cholesterol is usually in excess in the periphery due to de novo synthesis 
and consumption in food, the brain may have a shortage that will affect higher functions (Figure 1). The 
qualitative and quantitative consequences of cholesterol dyshomeostasis in terms of motor, cognition and 
further deficits, may depend on which is (are) the step(s) that are compromised.

Figure 1. Flux of cholesterol in ASD coursing with cholesterol dyshomeostasis. During pregnancy (left), cholesterol from the 
mother reaches all organs in the fetus. After birth, cholesterol from the periphery of from supplements do not enter in the central 
nervous system (CNS) in the case of well-formed BBB but it could enter in a damaged BBB (center). In the latter case, the 
cholesterol from the supplements can enter the patient’s CNS and improve neurological symptoms, since the features of ASD 
would depend on the availability of cholesterol (right)
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The Smith-Lemli-Opitz syndrome
The Smith-Lemli-Opitz syndrome is a rare disease caused by a defect in the synthesis of cholesterol. It is an 
autosomal recessive disorder that affects overall body homeostasis. Accordingly, malformations may occur 
in almost any organ and the kind of symptoms, from mild to severe, seemingly correlates with the residual 
potential of obtaining cholesterol and derivatives. Discovery of the altered gene product, 7-dehydrocholesterol 
reductase, in 1994 led to consider this syndrome the first true metabolic syndrome of multiple congenital 
malformations [9].

Mental retardation and neurological alterations are usually linked to microcephalia, hypoplasia and/
or absence of corpus callosum. The Diagnostic and Statistical Manual of Mental Disorders (now in its 5th 
edition: DSM-5®), which is an instrumental tool managed by the American Psychiatric Association, leads 
to estimates of ASD in more than 50% of cases and 86% if the “Pervasive Developmental Disorders, not 
otherwise specified” (PDD NOS) are counted [10]. As of 2006, this congenital disease was considered 
as the clearest example of single gene defect associated to autism. Interestingly not all patients respond 
equally to cholesterol supplements, something that led to suspect that, further to the gene alteration, there 
are variant autism types that support the variety of clinical casuistry within the autistic spectrum in this 
disease [10-13]. The blood parameters in these patients show clear alterations in cholesterol and sterol 
levels [10], thus pointing to cholesterol dyshomeostasis as the potential culprit in a significant number of 
children with ASD.

Clinical chemistry parameters were instrumental to detect cholesterol dyshomeostasis in ASD cases 
not related to Smith-Lemli-Opitz syndrome. As this syndrome can be diagnosed by blood tests, Tierney and 
colleagues [11] noticed that in 17 out of 100 ASD cases the level of blood cholesterol was very low (< 100 
mg/100 mL) despite they did not have the Smith-Lemli-Opitz syndrome. Blood was obtained from the Autism 
Genetic Resource Exchange (AGRE) sample repository filtering to only include families with 2 or more ASD 
cases. Therefore, shortage of cholesterol is related to some cases of ASD. In summary of 100 ASD cases not 
linked to the congenital disease, 17 had deficits in blood cholesterol levels. The other cases had levels > 
100 mg/100 mL; it should be noted that cholesterol in this study was measured by gas-chromatography, i.e. 
samples were not quantitated according to the cholesterol in lipoprotein approach. As the authors point out, 
one limitation of the study is the lack of information about lipoprotein profiles.

Rett syndrome
The Rett syndrome (OMIM 312750) is a neurodevelopmental disorder associated to genetic abnormalities 
in the X chromosome that affects one in 10,000-15,000 females. Most of the cases are associated with 
mutations in the gene for methyl-CpG-binding protein 2 (MECP2), a transcription factor. To our knowledge 
there was about a decade ago that clear evidence of cholesterol metabolism alteration occurred in patients. 
Genotyping and sequencing methods led to discover squalene epoxidase as one gene that could rescue 
the deficits observed in MECP2 knockout mice. As the enzyme is important for cholesterol synthesis, 
it was further shown that MECP2 knockout mouse males displayed clear signs of altered cholesterol 
metabolism [14, 15]. Taking this study as reference, Segatto et al. [16] reported one year later that 
total cholesterol and low density lipoproteins (LDL) were elevated in the serum of Rett’s patients. The 
finding was confirmed within the framework of the Rett search consortium study [17] that considers of 
metabolic origin the symptoms of the disease [15]. One of the most important enzymes of cholesterol 
synthetic pathway, 3-hydroxy-3-methyl glutaryl coenzyme A reductase was increased in skin fibroblasts 
from patients. In addition, fibroblasts of patients showed altered levels of various proteins related to 
cholesterol homeostasis and/or lipoprotein handling, e.g., sterol regulatory element binding proteins, 
LDL receptor or scavenger receptor B-1 [16, 18]. Taken together these results are intriguing: unlike in 
the Smith-Lemli-Opitz syndrome, the Rett syndrome courses with elevations of plasma cholesterol. As 
the alteration of cholesterol metabolism occurs in both syndromes it is tempting to speculate that the 
issues related to mental retardation and/or cognitive/motor deficits are not due to abnormal cholesterol 
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production and/or handling in the periphery but in the CNS; a collection of facts and hints supporting this 
hypothesis is provided elsewhere [19, 20].

Further evidence of cholesterol links to ASD cases
A full account of all evidence linking some autism cases to cholesterol dyshomeostasis is out of the scope of 
the present mini-review. Accordingly, only few examples will be here presented. One of them derives from 
the serendipitous discovery that ganglioside GM1 affects the distribution of cholesterol in cell membranes. 
Biophysical studies showed that in the absence of the ganglioside distribution of cholesterol in biomimetic 
lipid bilayers is symmetric. In contrast, addition of GM1 leads to an asymmetric distribution of GM1 and 
cholesterol that suggest that the two molecules interact in biological membranes [21]. Remarkably, the 
erythrocyte membrane of patients of 16 ASD cases showed abnormal GM1/cholesterol ratio. Age ranged 
from 3 to 8 with grade severity between 30 and 53. Red blood cells in ASD had less cholesterol and more GM1 
than in erythrocytes from age (3 to 8-year-old)-matched controls. Authors pointed out a “need for further 
investigation of lipid metabolism in autistic subjects” [22].

An ingenious study aimed to correlate ASD in the offspring of mothers with dyslipidemia. In addition 
to cholesterol and lipoproteins, the level of branched-chain amino acids (leucine, isoleucine, and valine) 
was post-partum determined. Results in 756 mother-son/daughter pairs from the Boston birth cohort 
underscored a high risk of ASD (86 cases in total) in sons of mothers with high-density lipoprotein cholesterol 
(HDLc) and branched-chain amino acids above of the average [23]. Although the underlying mechanisms 
are not yet known, the robustness of the results in such a small cohort indicates that metabolic alterations 
at the gestational level may impact the risk of ASD. It is suggested that the level of amino acids should be 
simultaneously analyzed in the body fluids (e.g., in saliva) of ASD patients and the data standardized according 
to gender, age, intelligence quotient and psychoactive medication when the assay is performed [24]. On the 
one hand, branched-chain amino acids are necessary for protein synthesis, but they are also important to 
regulate, in certain situations and/or under certain diets, plasma glucose levels. On the other hand, mutations 
in genes coding for enzymes that handle those compounds, e.g., branched-chain ketoacid dehydrogenase may 
lead to neurological manifestations [25, 26]. Very intriguing is the fact that the correlation was higher in sons 
than in daughters [23]. Also intriguing is the correlation between ASD risk in progeny and low LDL levels in 
obese mothers, but not in mothers of normal weight [27].

Due to the huge variety of possible causes and symptoms within the autistic spectrum, it is not easy 
to develop animal models of the disease. One of them consists of prenatal exposure of rats to valproate, 
an anti-epileptic drug. The cholesterol/isoprenoid metabolism was analyzed in animals in uterus exposed 
to the drug. Cholesterol/isoprenoid dyshomeostasis was found in various brain areas of those animals at 
different ages, from young and “adolescent” to adult rats. The animals also displayed a reduced number 
of oligodendrocytes with signs of demyelination in the hippocampus [28]. A phenotypic model, which is 
commercially available through Charles River (Wilmington, MA, USA), is the Black and Tan BRachyury 
T+Itpr3tf/J (BTBR T+tf/J) mouse. It is an inbred line that already in juvenile states shows phenotypes 
comparable to those necessary for the diagnosis of autism, that is, stereotyped patterns, reduced playing 
time and aberrant social interactions [29-32]. The brain of those animals has gross anatomical abnormalities 
if compared with the C57Bl/6J mouse [33]. A genetic model is the Fragile X Mental Retardation 1 knockout 
(Fmr1-KO) mouse that, apart from autism-like behavior [34], displays altered dopaminergic and γ-amino 
butyric acid (GABA)-ergic pathways [35, 36]. There are further models, among other, the mutant SH3 and 
multiple ankyrin repeat domains 3 (Shank) mice [37] or the transgenic mice expressing different copy 
number of gene for Calcium-Dependent Activator Protein For Secretion 2 (Cadps2) [38-40]; they are very 
valuable despite they cannot encompass the variety of etiologies of ASD.

Recently, the new approach known as “multimodal precision medicine” has given a boost to the 
hypothesis that some cases of ASD are related in one way or another to cholesterol dyshomeostasis. The 
approach is very complex and the study by Luo et al. [41] includes, among other, health records, information 
from whole exome sequencing within members of families, expression of proteins along human development 
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using 524 brain samples from 42 subjects, clustering of exons co-expressed during early development 
and health records and identification of ASD-segregating deleterious variations. The study also considered 
the approximate 4:1 male/female ratio in ASD. As the authors pointed out, their analysis “identified 33 
neurodevelopmentally co-regulated, sex-differentially expressed clusters with ASD-segregating deleterious 
variation” [41]. In what concerns alterations of cholesterol levels and/or of cholesterol metabolism, the 
study identifies a subgroup of patients with dyslipidemia-associated autism. On looking at the clinical 
chemistry data of > 2.7 million individuals and > 25,000 ASD children seen at Harvard Medical Children’s 
Hospital (Boston, USA), patients displayed lipid profiles that were out of the physiological range. In 
addition, mining databases containing parameters from mice having targeted deletions of genes involved 
in lipidemia or in ASD, revealed that some ASD models “are more similar to dyslipidemia mice than to other 
ASD models” [41], meaning that some ASD models have lipid dyshomeostasis and some mice models of 
dyslipidemia display social and cognitive abnormalities.

Is it possible to supply cholesterol to the brain of ASD patients?
Children with Smith-Lemli-Opitz syndrome improve after cholesterol supplements. Not only many of the 
symptoms due to malformations in peripheral organs are improved but the compound also decreased the 
level of anxiety, temper outbursts, aggressiveness, self-injury, etc. [12]. These results are important because 
they question the hypothesis that the CNS synthesizes its own cholesterol. Either there is a portion of 
cholesterol that may cross the BBB or the BBB of these patients is permeable to cholesterol, perhaps by 
malformation (See Figure 1). Unfortunately, there are no definitive data to show that the BBB in Smith-Lemli-
Opitz syndrome is as functional as in healthy individuals.

Even considering that BBB is not permeable to cholesterol, a congenital defect in the main enzyme 
responsible for its synthesis can be improved by supplementation with cholesterol, as this would lead to 
the synthesis of vitamin D, synthesis of sex hormones, synthesis of steroid hormones, etc. Normalization of 
the level of these hormones would improve the general well-being of the patient. However, in ASD coursing 
with cholesterol dyshomeostasis the main challenge is to be able to deliver the compound to the CNS in the 
amounts needed for appropriate nervous system development.

CNS cholesterol levels in ASD may vary depending on many factors. One of them is the amount of enzyme 
activity that remains in the case, for instance, of altered genes leading to mutant enzymes or of altered levels 
of transcription factors that in turn leads to lower levels of non-mutated enzyme. Enzyme activators are 
difficult to develop and probably the best option is to rely in the new technologies of target delivery [42, 43]. 
We think that after careful assessment of safety, a clinical trial using cholesterol-containing nanocarriers 
targeting the CNS could be undertaken in ASD cases coursing with cholesterol dyshomeostasis. Controlled by 
ClinicalTrials.org, there are up to 465 studies using nanoparticles. However, the use of this technique in CNS 
pathologies lags behind others due to the difficulty of addressing whether or not the carrier and its content 
reach the proper target. We have identified one designed to combat recurrent glioblastomas using a plasmid 
encapsulated in a liposome. Phase II is now complete, but the number of participants was very low and 
promoters decided to terminate it (Ref. #NCT02340156).

Gene therapy using adenoviruses, which have been recently introduced in human therapy in the form of 
vaccines to combat COVID-19 [44] and are tested in animal models for combating CNS diseases [45, 46], could 
be useful but only in cases in which the faulty gene is identified, e.g., in the case of MECP2 whose mutations 
are associated to the Rett syndrome (see above).

The use of precursors of cholesterol is an option that might be explored. Mevalonic acid, the product of 
the first step of cholesterol synthesis, is present in blood and can be administered as a supplement [47, 48]. 
We have been unable to find reliable data on the possibility that mevalonate crosses the BBB, therefore it is 
suggested that this possibility may be explored in experimental animals. Provided mevalonic acid crosses the 
BBB, it would be of interest to see whether supplements of this compound could alleviate symptoms in ASD 
cases related to dyslipidemia. The only concern is that excess peripheral mevalonate may lead to substantial 
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increases in blood cholesterol levels. However, this side effect could be easily addressed by using statins 
unable to cross the BBB.

Conclusions
On the one hand, stratification in ASD is an urgent need. On the other hand, cumulative evidence supports the 
existence of dyslipidemia-associated ASD. Necessary when there is suspicion of cholesterol dyshomeostasis 
in ASD is an ad hoc blood test where branched-chain amino acids, triglycerides, and HDL/LDL cholesterol and 
steroid hormones, are determined. Also important is to know the blood levels of precursors of cholesterol such 
as mevalonic acid. Such blood biochemical parameters would serve to better know the causes of symptoms 
and to refine the therapeutic management of the patient. The sooner the dyslipidemia is identified, the better 
the prospects for early interventions. Hopefully, the future will tell how to improve the delivery to the brain 
of lipids needed for physiological or near physiological nervous system development.
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