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ABSTR ACT: Autism spectrum disorder (ASD) is characterized by social and communication impairments as well as by restricted, repetitive patterns 
of behavior and interests. Genomic studies have not revealed dominant genetic errors common to all forms of ASD. So ASD is assumed to be a com-
plex disorder due to mutations in hundreds of common variants. Other theories argue that spontaneous DNA mutations and/or environmental factors 
contribute to as much as 50% of ASD. In reviewing potential genetic linkages between autism and alcoholism, it became apparent that all theories of 
ASD are consistent with aldehyde toxicity, in which endogenous and exogenous aldehydes accumulate as a consequence of mutations in key enzymes. 
Aldehyde toxicity is characterized by cell-localized, micronutrient deficiencies in sulfur-containing antioxidants, thiamine (B1), pyridoxine (B6), folate, 
Zn2+, possibly Mg2+, and retinoic acid, causing oxidative stress and a cascade of metabolic disturbances. Aldehydes also react with selective cytosolic 
and membrane proteins in the cell of origin; then some types migrate to damage neighboring cells. Reactive aldehydes also form adducts with DNA, 
selectively mutating bases and inducing strand breakage. This article reviews the relevant genomic, biochemical, and nutritional literature, which sup-
ports the central hypothesis that most ASD symptoms are consistent with symptoms of aldehyde toxicity. The hypothesis represents a paradigm shift 
in thinking and has profound implications for clinical detection, treatment, and even prevention of ASD. Insight is offered as to which neurologically 
afflicted children might successfully be treated with micronutrients and which children are unlikely to be helped. The aldehyde toxicity hypothesis likely 
applies to other neurological disorders.
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Introduction
Autism spectrum disorder (ASD) is a complex, devastat-
ing, and costly disorder, with the incidence rising to as 
high as 1 in 68 individuals in developed countries.1 ASD 
has become a major focus of traditional research and also 
a target of alternative therapies. On reviewing the medical 
literature, particularly pursuing a potential link between 
heritable alcoholism and autism, it has become apparent that 
all competing theories of autism are consistent with alde-
hyde toxicity; in other words, symptoms of autism mimic 
the symptoms of aldehyde toxicity. Regardless of the root 
genetic cause(s) of ASD, the actual cellular damage is likely 
caused by an accumulation of very reactive aldehydes. Some 
aldehydes are endogenous, which are generated enzymati-
cally within cells or nonenzymatically by free radical attacks 
on polyunsaturated fatty acids (PUFAs) or carbohydrates. 
Other aldehydes originate from various sources in the envi-
ronment or in abnormal gut microbiota. It is well established 

in the medical and scientific literature, particularly in the 
areas of alcoholism and lipid peroxidation, that aldehydes 
are very reactive molecules, which form inactivating adducts 
with selective proteins as well as adducts with DNA that 
can ultimately result in spontaneous mutations. Often over-
looked, yet sufficiently documented, are the observations 
that aldehydes directly and irreversibly react with a subset of 
micronutrients, causing severe deficiencies, but only in cells 
in which the aldehydes are generated. These selective micro-
nutrient deficiencies can severely impair cellular function, 
yet are not detectable by standard clinical assays, which are 
capable only of measuring an average of micronutrients in 
the blood and urine. For lack of suitable assays, deficiencies 
in a subset of micronutrients are frequently overlooked in 
ASD children but can cause the myriad of symptoms associ-
ated with ASD, including the epigenetic changes often doc-
umented. Fortunately, there are some effective treatments 
for aldehyde toxicity currently available; most are nutritional 
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and are reviewed herein, although potentially better phar-
macological options are on the horizon. Some ASD children 
may be rescued now by the treatment options described 
herein, but with any type of aldehyde toxicity, time is of 
the essence to prevent extensive cellular and DNA damage. 
The review has been written to alert clinicians, research-
ers, and the autism community to the similarities of ASD 
and aldehyde toxicity symptoms, so that those with ASD 
may be treated more effectively and as quickly as possible 
(see Abbreviations).

Background
Common sources of aldehydes. There is a large diver-

sity of aldehydes in nature, but all cause essentially the same 
type of cellular damage as a consequence of the shared chemi-
cal structure, R–(C=O)–H. The C of the carbonyl group is 
electrophilic and reacts with nucleophilic groups, such as 
thiols and amines, found in many biomolecules. R represents 
a generalized organic group, which is responsible for some 
diversity in reaction rates and nucleophilic targets. LoPachin 
and Gavin2 have postulated that, based on hard and soft, acid 
and base quantum chemical calculations, simple alkanals 
react better with hard nucleophilic groups, such as lysines, 
whereas a,b-unsaturated alkenals and a-oxoaldehydes pref-
erentially react with soft nucleophilic groups, such as thiols 
and cysteines. O’Brien et al3 have comprehensively reviewed 
various sources of exogenous and endogenous aldehydes. 
A few categories, particularly related to ASD, will be sum-
marized herein.

Exogenous aldehydes. Aldehydes, such as formaldehyde, 
acetaldehyde, and acrolein, are ubiquitous in nature,3 as by-
products of photochemical oxidation of plants and fuels, as 
by-products of industrial manufacturing, and as components 
in foods. The primary source of aldehydes in the outdoors is 
motor vehicle exhaust, which emits either aldehydes directly 
or compounds that can be photochemically oxidized to alde-
hydes. The indoor concentration of aldehydes, particularly in 
confined or poorly ventilated areas, is 4- to 10-fold higher 
and is attributed to smoking, cooking fumes, and industrial 
products, such as furniture, carpets, fabrics, disinfectants, 
perfumes, cosmetics, and salon products.3 Particularly note-
worthy, are that many foods, including fruits and vegetables, 
as well as natural food flavorings, such as vanilla, cinnamon, 
spearmint, peppermint, citrus, and cocoa, contain aldehydes.3 
Cooking at temperatures high enough to brown food also 
increases the concentration of aldehydes. Moreover, numer-
ous pharmaceuticals and xenobiotics either contain aldehydes 
or are metabolized through aldehyde intermediates. Individu-
als with normal metabolisms generally have suitable in vivo 
mechanisms to rapidly detoxify the environmental onslaught 
of aldehydes. Those with abnormal metabolic antioxidant 
defense mechanisms or those low in detoxifying sulfur-
containing antioxidants are likely to suffer more immediate 
negative reactions to the environmental toxins.

Nonenzymatic production of endogenous aldehydes. One 
source of endogenous aldehydes is that generated by the non-
enzymatic oxidation of lipids and carbohydrates by the super-
oxide anion radical (•O2

-) and other reactive oxygen species 

α β α β

Figure 1. Aldehydes generated during lipid peroxidation. When ROS react with polyunsaturated fatty acids (PUFAs), unstable lipid peroxides 
(PUFA-OOH) are generated. The PUFA-OOHs decompose quickly into over 200 very reactive α,β-unsaturated aliphatic aldehydes.4 Shown here is 
the fate of 4-hydroxynonenal (4-HNE), which forms adducts with accessible lysines, cysteines, histidines, and other reactive amino acids on proteins. 
4-HNE can also react with sulfur-containing compounds, such as glutathione. Because the lipid peroxidation-generated aldehydes are aliphatic, 
the molecules can diffuse throughout the cell, through the membranes, and into the neighboring cells.
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(ROS). Particular examples related to ASD are the lipidic 
aldehydes generated as a result of ROS attack on PUFAs as 
shown in Figure 1. The first PUFA metabolites formed are 
lipid hydroperoxides that are unstable and degrade rapidly to 
very reactive endogenous α,β-unsaturated aldehydes,4 such as 
4-hydroxynonenal (4-HNE) derived from linoleic and ara-
chidonic acids and 4-hydroxyhexenal (4-HHE) derived from 
docosohexaenoic acid, eicosapentaenoic acid, and linolenic 
acid. ROS attack on PUFAs ultimately generate over 200 dif-
ferent types of lipidic α,β-unsaturated aldehydes, which are 
more damaging than ROS because the aldehydes are more sta-
ble, amphiphilic, and can diffuse across membranes, modifying 
proteins in the cytoplasm, nucleus, and cell membrane, far from 
their site of origin.5 The class of α,β-unsaturated aldehydes is 
among the most reactive aldehydes known, essentially forming 
irreversible adducts with other molecules, including proteins6 
and DNA.7 Moreover, the biomolecular targets of lipid perox-
idation-generated aldehydes are specific to the cell type as well 
as dependent upon the aldehyde concentration and the pat-
tern of proteins expressed, giving rise to different effects upon 
specific cell function.5 The lipid peroxidation-derived alde-
hydes ultimately form adducts with proteins, called advanced 
lipid peroxidation end-products, which have been implicated 
in numerous diseases, including atherosclerosis, neurodegen-
erative (Alzheimer’s, Parkinson’s, and Creutzfeldt–Jakob) dis-
eases, chronic inflammatory and autoimmune diseases, cancer, 
and aging.8 In a similar manner, •O2

- attacks carbohydrates, 
producing dicarbonyl aldehydes that cross-link and glycate 
proteins, forming advanced glycation end-products, which are 
implicated in diabetes,9 various neurodegenerative disorders,10 
schizophrenia,11 and possibly autism.12,13

Enzymatic syntheses of endogenous aldehydes. A second 
source of endogenous aldehydes is that generated enzymati-
cally as intermediates in hundreds of metabolic pathways. 
These endogenous aldehydes range in chemical type, reac-
tivity, tissue specificity, and concentration, but all share the 
general chemical properties of aldehydes, with the ability 
to react, even though at different rates, with the same types 
of biomolecules. Most endogenous aldehydes are quickly 
reduced, oxidized, or neutralized by the cellular antioxidant 
defense system to prevent the random interactions with sur-
rounding biomolecules. Enzymes that reduce the aldehyde 
moiety to an alcohol (OH) group are members of the alcohol 
dehydrogenase (ADH), the aldo-keto reductase, or the short-
chain dehydrogenase/reductase superfamilies.3 Enzymes that 
oxidize the aldehyde moiety to an acid group include alde-
hyde dehydrogenase (ALDH) superfamily members as well 
as a few other miscellaneous enzymes, such as aldehyde oxi-
dase, xanthine oxidase, and molybdenum hydroxylases.3 Of 
note, some endogenous aldehydes are first conjugated with 
glutathione, before being detoxified by specific enzymes 
in the cellular antioxidant defense system.3 Humans have 
evolved a variety of mechanisms to neutralize and prevent 
damage caused by endogenous aldehydes, but an overload of 

exogenous aldehydes, oxidative stress, and/or faulty genes can 
sabotage the protective mechanisms. Mutations in the cod-
ing or noncoding regions of genes affect either the enzymatic 
activity or the copy number of the gene product. Some genetic 
errors, such as those that increase the clearance of interme-
diate aldehydes, are beneficial. Other genetic errors, which 
cause an accumulation of intermediate endogenous aldehydes, 
are detrimental. Most of the current knowledge on the genetic 
causes of aldehyde accumulation derives from the alcoholism 
or inborn errors of metabolism literature involving the ADH 
and ALDH superfamilies.

Endogenous aldehydes involved in alcoholism. As shown 
in Figure 2, the liver forms of ADH convert ethanol into a 
toxic acetaldehyde intermediate, and subsequently, ALDH2 
converts the toxic acetaldehyde into a water-soluble, nontoxic 
acid, which is excreted in the urine. A noteworthy feature of 
the ADH isozymes is that none have a particularly high speci-
ficity for ethanol. Members catalyze a wide range of substrates 
containing an alcohol (OH) group, including but not lim-
ited to retinol,14,15 4-hydroxyalkenal,14 and the intermediate 
metabolites of neurotransmitters,16 all of which are associated 
with various neurological disorders. The seven human ADH 
genes, listed in Table 1, are closely clustered on chromosome 4 
(4q21-4q25), in the following 5′ to 3′ order: ADH7, ADH1C, 
ADH1B, ADH1A, ADH6, ADH4, and ADH5.17,18 To date, 
hundreds of mutations in the coding and noncoding regions of 
the ADH genes have been identified, which are associated with 
either alcoholism or an aversion to alcoholism.19 For example, 
the ADH1B*2 allele, found in high frequency in Asians and a 
lower frequency in European, African, and Jewish populations, 
appears to have a protective effect against alcohol dependence 
because the mutation increases the rapid oxidation of ethanol, 
thus forming the toxic acetaldehyde intermediate. On the other 
hand, the ADH1B*3 allele, common among African popula-
tions, increases the risk for alcoholism, even though the muta-
tion increases the rate of ethanol oxidation. One explanation 
appears to be that mutations increasing the ethanol oxidation 
cannot be interpreted in isolation from information about the 
corresponding ALDH2 gene, which may or may not rapidly 
metabolize any excess acetaldehyde generated by mutant ADH 

Figure 2. Ethanol metabolism. Ethanol is metabolized to the reactive and 
toxic acetaldehyde by ADH isozymes. Acetaldehyde is metabolized to 
acetic acid by acetaldehyde dehydrogenase 2 (ALDH2). An accumulation 
of acetaldehyde manifests as unpleasant symptoms, including facial 
flushing, nausea, and rapid heart beat.
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ALCOHOL/ALDEHYDE METABOLISM ALCOHOLISM AUTISM SPECTRUM DISORDER

GENE LOCI GENE LOCI GENE LOCI

Risk loci98 1q21.1

CHDIL 1q21.1

ALDH9A1
3rd step of carnitine 
biosynthesis; also GABA 
pathway

1q22-q23
(or 1q24.1)

SERINC2150 1p35.2

OPRD1 1p35.3

AUTS11 1q41

ALDH4A1§

Hyperprolinemia type II,  
seizures

1p36.13
(or 1p36)

NRXN1 2p16.3

XDH or XO
Acetaldehyde oxidation

2p23.1

AUTS5 2q

SCN2A 2q24.3

ALDH7A1P2 2q31.1

ZNF804A113 2q32.1

IP3R151 3p26.1

ALDH1L1
Tetrahydrofolate 
metabolism

3q21.3

SLC9A9 3q24

AUTS8 3q25-q27

Risk loci98 3q29

GABRA2 4p12

GABA4 4p12

CD38108 4p15.32

SNCA REP1 4q22.1

ADH family
Ethanol, retinol & 
neurotransmitter 
metabolism

4q21-4q25 ADH1B 4q23

ADH1C† 4q23 ADH1C†,104 4q23

ADH4 4q23

ADH7 4q23

DKK2 4q25

ALDH7A1P1 5q14  
(Gene Atlas)

ALDH7A1§

Antiquitin, seizures
Lipid peroxidation 
metabolism

5q23.2

GABA-A 5q34

ALDH5A1§

SSADH Deficiency
6p22.3

ALDH8A1
Retinol metabolism

6q23.3
(6q24.1-q25.1)

NYP 7p15

Ethanol  
Consumption†,106

7q11.22 AUTS2†,106 7q11.22

AUTS1 7q22

AUTS9 7q31

Table 1. Comparison of chromosomal loci of alcohol/aldehyde metabolic genes with selective genes implicated in alcoholism and autism 
spectrum disorder.*
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ALCOHOL/ALDEHYDE METABOLISM ALCOHOLISM AUTISM SPECTRUM DISORDER

GENE LOCI GENE LOCI GENE LOCI

TAS2R16 7q31.32

CHRM2 7q35

AUTS10 7q36

CNTNAP2 7q35-q36

ALDH7A1P3 7q36.1

OPRK1 8q11.23

ALDH1B1
Ethanol detoxification

9p13.2

ALDH1A1
Ethanol & retinol 
metabolism

9q21.13

ALDH18A1§

Glutamate metabolism
10q24.1

CYP2E1
Metabolism of ethanol, 
drugs, hormones, & 
xenobiotic toxins

10q26.3 CYP2E1†,152,153 10q26.3 CYP2E1†,105 10q26.3

CAT
Ethanol metabolism

11p13

SHANK2 11q13

ALDH3B1
Ethanol metabolism
Lipid peroxidation

11q13.2

ALDH3B2 11q13.2

AASDHPPT
α-aminoadipate dehydro-
genase-phosphopante-
theinyl transferase
Lysine degradation

11q22

ANKK1 11q23

DRD2 11q23

PKNOX2150 11q24.2

GRIN2B 12p13.1

AUTS13 12q14

ALDH1L2
Tetrafolate metabolism

12q23.3

ALDH2
Ethanol metabolism

12q24.2 ALDH2 12q24.2

AUTS3 13q14.2-q14.1

HTR2A 13q14.2

RCBTB1 13q14.2

CHD8 14q11.2

ALDH6A1§

Methylmalonate semial-
dehyde dehydrogenase 
deficiency

14q24.3

NRXN3† 14q24.3-q31.1 NRXN3† 14q24.3q31.1

AUTS4 15q11.2-q13

Risk loci98 15q11.2-q13

ALDH1A2
Retinoic acid biosynthesis

15q21.3

(Continued)

Table 1. (Continued)

http://www.la-press.com
http://www.la-press.com/nutrition-and-metabolic-insights-journal-j101



Jurnak

62 Nutrition and Metabolic Insights 2015:8(S1)

ALCOHOL/ALDEHYDE METABOLISM ALCOHOLISM AUTISM SPECTRUM DISORDER

GENE LOCI GENE LOCI GENE LOCI

ALDH1A3§

Microphthalmia; autism; 
anophthalmia; retinoic acid 
biosynthesis; and possibly 
GABA problem in mice

15q26.3 ALDH1A3§ 15q26.3

Risk loci98 16p11.2

AUTS14A 16p11.2

AUTS14B 16p11.2

ALDH3A1
Major corneal protein

17p11.2

ALDH3A2§

Oxidation of long chain 
fatty aldehydes in lipid 
metabolism; Sjörgren-
Larsson syndrome

17p11.2

SLC6A4† 17q11.2 SLC6A4† 17q11.2

AUTS7 17q21

ALDH16A1 19q13.33

AUTS12 21p13-q11

COMT 22q11

Risk loci98 22q11.2

Risk loci98 22q13.33

NLGN3 Xq13.1

NLGN4 Xp22.32-p22.31

MECP2 Xq28
Rett syndrome

PTCHD1 Xp22.11

RPL10 Xq28

TMLHE Xq28

Notes: *The susceptibility chromosomal loci or genes for each disorder were listed in OMIM154 unless otherwise specified. §Loss of function in these genes are 
associated with single-gene disorders that express symptoms similar to those found in ASD. †These genes have been implicated in both alcoholism and autism.

Table 1. (Continued)

genes. An ALDH2 mutation, E487K, is the most infamous of 
all because the mutation is found in over 500 million people 
worldwide, mostly in East Asians. The mutation significantly 
reduces the catalytic activity of the ALDH2 isozyme, increas-
ing the accumulation of the toxic acetaldehyde intermediate 
when ethanol is consumed. Not only is the acetaldehyde inter-
mediate responsible for the notorious Asian flush reaction and 
other unpleasant effects, which discourage ethanol ingestion, 
but the ALDH2 mutation has also been associated with an 
increased risk of gastrointestinal, esophageal, colon, and liver 
cancers20 as well as late-onset Alzheimer’s disease,21 even in 
the absence of long-term ethanol usage.

Endogenous aldehydes generated by inborn errors of metabo-
lism. There are 19 members and several pseudogenes of the 
ALDH superfamily, which oxidize a diversity of endogenous 
and exogenous aldehydes, including acetaldehyde and reti-
nal, in a wide range of human tissues.22 Unlike the ADHs, 
the ALDH family members are coded by genes scattered 

throughout the chromosomes (Table 1). The only ALDH 
gene product to participate in ethanol metabolism is ALDH2. 
The other members of the ALDH superfamily participate in 
converting an aldehyde intermediate to an acid product in 
various metabolic pathways, including the biosynthesis of 
the retinoic acid form of vitamin A, the oxidation of long-
chain fatty aldehydes, and the metabolism of several amino 
acids as well as glutamate, γ-aminobutyric acid (GABA), and 
inositol. Mutations, which cause a loss of activity in ALDH 
isozymes, have been associated with cataracts, heart dis-
ease, gout, osteoporosis, and seizures. Most relevant to this 
article are the ALDH polymorphisms associated with inborn 
errors of metabolism disorders, which often include neuro-
logical manifestations, such as mental retardation, spastic-
ity, and seizures.23–27 As shown in Table 2, loss-of-function 
(LoF) mutations in 7 of the 19 known ALDH genes are either 
associated with autism or display symptoms that are often 
observed in individuals with ASD.
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Aldehydes generated by gut microbiota. Gastrointesti-
nal abnormalities are common among those suffering from 
neurodevelopmental disorders, including ASD. In addition 
to malabsorption problems in unhealthy intestines, abnor-
mal microbiota of the gut appear to be contributing factors 
in ASD mouse models28 as well as in humans.29 One sug-
gested explanation is that yeast and bacterial gut flora generate 
toxins, including alcohols and aldehydes, such as methylg-
lyoxal,30 during the metabolism of various carbohydrates. 
Methylglyoxal is a potent aldehyde implicated in numerous 
disorders.3 Certainly, Candida infections common in ASD31 
have long been suspected of converting carbohydrates into 
ethanol,32 which is subsequently metabolized to the potent 
neurotoxin, acetaldehyde. Alterations in the normal gut 
microflora of mice have also been linked to oxidative stress.33 
Research into the microbiota–gut–brain axis in neurodevel-
opmental disorders is in its earliest stages, but aldehydes may 
play an important role.

Aldehyde toxicity. Aldehydes are very toxic substances, 
yet there is limited information about the symptoms for all but 
a few of the environmental aldehydes. For example, the United 
States Environmental Protection Agency34 reports acute, 
short-term toxicity symptoms for inhaled, but not oral acetal-
dehyde as irritation of the eyes, skin, and respiratory tract. The 
symptoms of chronic long-term exposure of inhaled acetalde-
hyde resemble those of alcoholism. Moreover, acetaldehyde is 

a probable carcinogen based on animal and human studies. 
The toxicity profile of endogenous aldehydes mostly derives 
from the alcoholism, lipid peroxidation, and glycoxidation lit-
erature but is, by no means, comprehensive.

Selective micronutrient deficiencies. Most of the evidence 
for selective, aldehyde-induced micronutrient deficiencies 
arises from the alcoholism literature and the study of acetal-
dehyde, the intermediate of ethanol metabolism. Prolonged 
ethanol consumption is known to cause oxidative stress35 and 
induce deficiencies in a number of key nutrients, including but 
not limited to retinol, glutathione, Zn2+, B1, B6, and folate.36 
Although the nutrient-deficient status of an alcoholic is often 
attributed to a nutrient-poor diet or to ethanol-induced malab-
sorption, the reality is much more complex.37 The mechanism 
for some micronutrient deficiencies includes direct reactions 
with the electrophilic acetaldehyde generated during ethanol 
metabolism. For example, ethanol is known to induce B138 
and B639 deficiencies and to lower hepatic glutathione levels in 
alcoholics by several mechanisms. In one B1 mechanism dem-
onstrated in vitro, the electrophilic acetaldehyde attacks the 
C2 adjacent to the sulfur in the thiophene ring of B1, thereby 
lowering the bioavailability of B1.40 One mechanism for the 
decrease in hepatic glutathione levels involves the binding 
of the reactive acetaldehyde, not to glutathione directly, but 
to the glutathione intermediate cysteinylglycine.41 Similarly, 
acetaldehyde also reacts directly with selective amino acids 

Table 2. Inborn errors of metabolism associated with the loss-of-function mutations in ALDH genes.

GENE ALTERNATE NAME(S) PROTEIN FUNCTION LoF SYMPTOMS REFERENCE

ALDH1A3 Retinaldehyde  
dehydrogenase
(RALDH3)

Retinoic acid 
biosynthesis

Anophthalmia,
microphthalmia, 
autistic traits

27

ALDH3A2 Fatty aldehyde  
dehydrogenase
(FALDH)

Oxidation of 
long chain
fatty aldehydes

Sjögren-Larsson
mental retardation,
spasticity

23

ALDH4A1 Pyrroline-5-
carboxylate
dehydrogenase 
(P5CDH)

Glutamate
biosynthesis
from proline

Hyperprolinemia type II
seizures

44, 45

ALDH5A1 Succinic
semialdehyde
dehydrogenase
(SSADH)

Catabolism of
GABA

SSADH deficiency
developmental and
speech delays,
mild autism

23

ALDH6A1 Methylmalonate  
semialdehyde  
dehydrogenase 
(MMSDH)

Inositol, valine 
leucine, isoleucine, 
propanoate 
metabolisms

MMSDH deficiency 
developmental delay, 
dysmorphic features, 
dysmeylination

26

ALDH7A1 Antiquitin or
α-aminoadipic
semialdehyde 
dehydrogenase

Lysine
metabolism

Atypical B6-
dependent
seizures

24 

ALDH18A1 Glutamate
γ-semialdehyde
synthetase or
1-pyrroline-5-
carboxylate
synthetase

Glutamate
metabolism,
proline
biosynthesis

Debarsy syndrome
facial dysmorphism,
psychomotor retardation

25
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and sulfur-containing antioxidants, such as N-acetylcysteine 
(NAC) and taurine.42 Ethanol ingestion is also known to induce 
folate deficiencies, with one mechanism demonstrating the 
acetaldehyde-induced cleavage of folate by xanthine oxidase.43 
Although there are no reports of B6-acetaldehyde adducts,  
the activated form of B6, pyridoxal-5-phosphate (P5P), is a 
type of aldehyde, which is known to form condensation prod-
ucts with other aldehydes, thereby decreasing the bioavailabil-
ity of B6. In fact, the evidence for B6-aldehyde condensation 
products formed in vivo in localized intracellular regions 
is the strongest and most convincing of all micronutrient 
studies.44 Two well-established examples include LoF 
mutations in pyrroline-5-carboxylate dehydrogenase45 and 
in α-aminoadipic semialdehyde dehydrogenase,24,46,47 also 
known as antiquitin, which cause the intermediate aldehydes 
to accumulate. In both examples, the aldehyde intermedi-
ates react irreversibly with P5P, forming condensation prod-
ucts that are subsequently detected in the urine. Although 
a global B6 deficiency is not detected by standard clini-
cal assays, the ensuing, cell-localized B6 deficiency causes 
atypical B6-dependent seizures in both disorders. The 
reaction is shown in Figure 3 for antiquitin. Although the 
investigators show only hydrogen atoms neutralizing the 
double negative charges on the P5P in their original litera-
ture reports, this author suggests that neutralization of the 
double charge by hydrogen atoms is unlikely at the typical 
cellular pH. The  charge is more likely to be neutralized by 
divalent metal ions, such as Mg2+ or Zn2+, creating a local-
ized deficiency in the neutralizing atoms. B6 and folate are 

cofactors in methylation reactions; so chronic deficiencies in 
one or both disrupt the methylation of DNA,48 which subse-
quently alters certain transcriptional signaling, DNA repair 
mechanisms, and chromatin remodeling.49 In addition to 
these micronutrients, there are suggestions that acetaldehyde 
or other aldehydes may also react with cobalamin and inosi-
tol, but at present, there is a paucity of chemical data to con-
firm such reactions. Moreover, there are no systematic studies 
that address the interaction of reactive aldehydes with other 
micronutrients. Taken together, aldehyde toxicity induces 
micronutrient deficiencies in sulfur-containing antioxidants, 
Zn2+, B6, B1, Mg2+, and folate, creating oxidative stress and 
disruptions in a cascade of metabolic reactions.

In addition to the direct reactions between aldehydes 
and micronutrients, the alcoholism literature suggests that 
alternative mechanisms may induce a deficiency in the reti-
noic acid form of vitamin A particularly in those individu-
als with heritable forms of alcoholism. Ethanol is known to 
compete directly for the retinol-binding site on the ADHs 
involved in the rate-limiting step of retinol oxidation, thereby 
decreasing the amount of retinal and retinoic acid that is ulti-
mately produced. Because retinoic acid controls the regulation 
of fetal development, neuronal growth, differentiation, and 
limb morphogenesis, ethanol-induced deficiencies of retinoic 
acid are believed to play a major role in fetal alcohol syndrome 
disorder (FASD).50,51 Retinoic acid also plays a major role in 
epigenetic changes in the cell.49 In many ways, the symp-
toms of FASD mimic those of the complex form of ASD, 
suggestive of a problem during embryonic development.52 

α

∆

Figure 3. Semialdehyde reaction with activated B6. LoF mutations in ALDH4A144 or in ALDH7A124 result in an accumulation of a semialdehyde 
intermediate. Shown here is the α-aminoadipic semialdehyde generated by a LoF mutation in ALDH7A1, which reacts with the P5P aldehyde to form two 
complexes, A and B. The condensation reaction causes a cell-localized deficiency of P5P, resulting in B6-dependent seizures. It is not known whether the 
double negative charge on the phosphate group of both complexes is neutralized before excretion to the urine. Because P5P commonly binds to proteins 
via a complex with Mg2+ or Zn2+, it is possible that Mg2+ or Zn2+ ions neutralize the charges and are lost in the urine as well.
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Moreover, many ASD children suffer from hypovitaminosis 
A,53,54 which is commonly attributed to highly restrictive 
diets or to intestinal malabsorption. However, some reports 
indicate that the same children do not have night blindness,53 
and some reports suggest that ASD symptoms are reduced 
by retinol treatment.54 The lack of night blindness in ASD 
cases of vitamin A deficiencies suggests that retinal is present, 
but conversion to retinoic acid is blocked. An accumulation 
of retinal would have the same toxicity consequences as other 
endogenous aldehydes but with the added problem that a defi-
ciency in retinoic acid would disrupt the retinoic acid response 
element (RARE)-dependent transcription of many key pro-
teins in embryonic and neuronal development.

Protein and DNA damage. In addition to reacting with 
small molecules, acetaldehyde is believed to cause long-term 
cellular damage in chronic alcoholism by reacting with mac-
romolecules.55,56 Acetaldehyde and other types of endog-
enous aldehydes cause disruptive tissue damage by reacting 
with accessible lysines, histidines, cysteines, and arginines 
on proteins57 as well as by forming adducts with mainly 
deoxyguanine bases of DNA, promoting strand breakage 
and mutagenesis.7 Curiously, although most proteins contain 
these amino acids, certain proteins are preferentially modi-
fied by acetaldehyde, including hemoglobin, albumin, tubu-
lin, lipoproteins, collagen, cytochrome P450 2E1 (CYP2E1), 
and ketosteroid reductase.58 High concentrations of ethanol 
increase levels of microsomal CYP2E1, which mediates the 
generation of ROS during ethanol oxidation. As shown in 
Figure 1, ROS then attacks PUFAs and the first metabolites 
formed are lipid hydroperoxides that are unstable and degrade 
rapidly to very reactive endogenous α,β-unsaturated alde-
hydes,4 such as 4-HNE and 4-HHE. The aldehydes generated 
from lipid peroxidation are more damaging than ROS because 
the aldehydes are more stable, amphiphilic, and can diffuse 
across membranes to neighboring cells.5 The α,β-unsaturated 
aldehydes essentially form irreversible adducts with other mol-
ecules, including proteins6 and DNA.7 Moreover, the targets 
of lipid peroxidation-generated aldehydes are specific to cell 
types, aldehyde concentration, and the pattern of proteins 
expressed, giving rise to differential effects upon cell function.5 
The lipid peroxidation-derived aldehydes have been implicated 
in cardiovascular, neurodegenerative, chronic inflammatory, 
and autoimmune diseases as well as cancer and aging.8 In 
addition to macromolecular damage, Hao and Maret59 have 
shown how the lipid peroxidation-generated aldehydes release 
Zn2+ from proteins by binding to cysteines typically found in 
Zn2+-binding sites. In this regard, it is noteworthy that zinc 
supplementation attenuates oxidative stress in mice by sup-
pressing the ethanol-induced CYP2E1 activity but increasing 
the activity of liver ADH.60 The major enzyme involved in 
detoxification of lipid peroxidation products is glutathione-S-
transferase, which depends upon reduced glutathione (GSH) 
conjugates generated via ADH5.3 Microsomal ALDH2 also 
has a role in the detoxification of lipid peroxidation products. 

In a similar manner, •O2
- attacks carbohydrates, produc-

ing dicarbonyl aldehydes, such as glyoxal and methylglyoxal, 
which cross-link and glycate proteins, forming advanced 
glycation end-products. O’Brien et al3 have comprehensively 
reviewed the macromolecular damage done by a variety of 
endogenous and exogenous aldehydes.

Treatment for aldehyde toxicity. With all the cellular 
damage done by accumulated endogenous aldehydes, it is not 
surprising that some types of treatment are being devised to 
counteract the damage. Negre-Salvayre et al8 review some of 
the pharmacological inhibitors under development to block 
oxidative stress, lipid peroxidation, and reactive aldehydes. 
Aldeyra Therapeutics has active clinical trials investigating 
the effects of a compound called NS2 on aldehyde toxicity in 
several disorders.61 Until targeted pharmacological therapies 
become available, the alternative treatment is the use of com-
mercially available antioxidants. The best appear to be the sul-
fur-containing antioxidants: taurine and the bioavailable form 
of cysteine, N-acetyl cysteine (NAC). Taurine has been used 
to mitigate the symptoms of succinic semialdehyde dehydroge-
nase (SSADH) deficiency induced in Aldh5a1-deficient mice62 
as well as in a patient with a genetic defect, resulting in a LoF 
of ALDH5A1,63 as shown in Figure 4. Some research indicates 
that taurine interacts directly with aldehydes42 and potentially 
with some free radicals at physiological concentrations.64 Far 
more research has been done with NAC, with several reviews 
citing the therapeutic value of NAC in treating psychiatric 
and neurological disorders, including but not limited to ASD, 
addictions, obsessive–compulsive disorder, and Alzheimer’s 
disease.65,66 Several mechanisms have been proposed for the 
therapeutic value of NAC, including its role as a modulator 
of glutamate transmission, precursor and protector of GSH 
levels in oxidative stress, and interactions with inflammatory 
mediators.67 During oxidative stress, microsomal cytochrome 
P450s reduce O2 in the presence or absence of substrates to 
generate •O2

-, hydrogen peroxide (H2O2), and in the presence 
of a chelated iron, a hydroxyl radical (•OH).68 Most recent 
reviews assume that NAC functions as an excellent scavenger 
of all ROS generated during oxidative stress and, thus, pro-
tects the GSH stores. However, the chemical data69 demon-
strate that NAC only reacts quickly with •OH, very little with 
hydrogen peroxide, and not at all with •O2

-. Whether NAC 
reacts directly with any type of ROS in vivo or not, NAC has 
been shown to provide the best protection against acetaldehyde 
toxicity in rats, even better than taurine.70 Other studies have 
shown that NAC reacts strongly with the endogenous alde-
hydes, such as 4-HNE generated during human lipid peroxi-
dation.5,71 Lipoic acid, another sulfur-containing antioxidant, 
also seems to be effective in protecting against 4-HNE-medi-
ated oxidative stress.72

Autism spectrum disorder.
Description. ASD is a heterogeneous group of neurode-

velopmental disorders characterized by impairments in social 
interactions and communications as well as the presence of 
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restricted, repetitive patterns of behavior and interests.73,74 
The types and severity of phenotypic symptoms represent 
a very heterogeneous spectrum of behavior that may be a 
result of abnormalities in numerous underlying biochemical 
mechanisms.75 Hand flapping, head banging, and body rock-
ing are examples of repetitive behaviors seen in some, but 
not all, individuals diagnosed with ASD. Delays in verbal 
language, staring, and a high degree of irritability or agita-
tion (rage tantrums) are examples of communication or social 
impairment skills. Mental retardation afflicts as many as 70% 
of ASD individuals, though the severity varies greatly. Miles52 
summarizes a comprehensive list of behaviors. In one common 
type of autism, a child develops normally for up to two years 
and then regresses suddenly over the course of a week or two, 
sometimes without any identifiable trigger.76 Since 2013, the 
definition of ASD has broadened to include Asperger’s syn-
drome as well as pervasive developmental disorder not other-
wise specified.74 With the broader definition as well as better 
early diagnostics, it is estimated that as many as 1 in 68 indi-
viduals are afflicted with ASD.1 An additional challenge to 
the diagnosis of ASD is that many ASD children have comor-
bid medical conditions, including gastrointestinal symptoms, 
seizures and epilepsy, attention deficit hyperactivity disorder, 
anxiety, allergies, and mitochondrial disease.77 Although much 
emphasis has been placed on identifying the genetic basis of 
ASD, it is well appreciated that environmental factors, such 
as air pollution and heavy metals,78 also play a role. To date, 
the broad heterogeneity of symptoms, all grouped into ASD, 
has confounded attempts to identify abnormal chromosomal 
loci common to all, specific environmental risk factors, unique 

biochemical markers, or rational treatment plans applicable to 
all. The largest subgroupings include those individuals with 
immune dysregulation and/or inflammation, oxidative stress, 
environmental toxicant exposures, mitochondrial dysfunc-
tion, an inhibitory–excitatory systems’ imbalance, and folic 
acid deficiencies.79–82 Related to the central hypothesis of 
this article are reports of oxidative stress in autistic children 
by several researchers who have identified elevated urinary 
aldehydes, 4-HNE, and malondialdehyde (MDA), among 
other changes in proteins and small molecular markers asso-
ciated with oxidative stress.83–86 In one study, the severity of 
autism was directly correlated with the urinary level of the 
urinary aldehyde, 4-HNE.84 Although many researchers in 
the autism field note that ROS, perhaps meaning all its down-
stream manifestations, is responsible for the cellular damage, 
Damodaran and Arumugam84 specifically state that the lipid 
hydroperoxides, which are generated when ROS react with 
PUFAs as shown in Figure 1, are too labile to measure and 
decompose rapidly to aldehyde products. In their review, 
Signorini et al87 emphasize that aldehyde products of PUFAs 
are likely responsible for intracellular and membrane protein 
damage, depletion of antioxidants, and DNA damage associ-
ated with oxidative stress in autism. Other urinary aldehyde 
markers are found in some autistic children with comorbid 
manifestations and are a consequence of abnormalities associ-
ated with ALDH genes.23,24,46,47,88

Genetics. Early twin studies suggest the heritability of 
ASD to be approximately 90%, but with additional larger 
populations studies, the heritable factor is now commonly 
estimated to be 50%.89 Some believe that environmental 

γ

γ

Figure 4. SSADH deficiency. A LoF mutation in ALDH5A1 results in an accumulation of succinic semialdehyde, which is subsequently metabolized to 
g-hydroxybutyric acid (GHB), the date rape drug. Taurine probably interacts with succinic semialdehyde42 and prevents the formation of GHB. Taurine 
therapy was effective in treating a child with SSADH deficiency.63
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factors also contribute to the development of the disorder 
in genetically predisposed individuals.78 In the last decade, 
there has been an explosion of genetic studies of ASD, using 
numerous methodologies.90 Early genetic studies of twins and 
small populations indicated a significant heritability of ASD. 
Indeed, a number of single-gene disorders, with symptoms 
similar to autism, have identified several syndromes, includ-
ing but not limited to Fragile X, Rett, Timothy, and Joubert 
syndromes.52 As the cohort samples became larger, consistent 
results between candidate gene studies and genome-wide 
association studies (GWAS) have not emerged. Not surpris-
ingly, due to the heterogeneous nature of ASD, no single 
mutation in a gene or small cluster of genes has been identified 
as the causative factor in all cases. Instead, prevailing belief is 
that common variants of hundreds of genes each contribute 
a small percentage to ASD.91 Although a number of intrigu-
ing candidate genes have been identified by GWAS, a com-
prehensive meta-analysis of common genetic variants in ASD 
has failed to identify any that are statistically significant.92 
The theory that combinations of common variant genes lead 
to autism has been challenged by a different theory in which 
de novo mutations occur in the ASD individual that were not 
present in either parent.93–96 Using a statistical analysis of the 
de novo, likely gene-disruptive mutations, upward of 50% of 
ASD is postulated to be caused by spontaneous mutations.97 
In addition to single-nucleotide polymorphisms, de novo 
copy number variations have been implicated in autism at six 
chromosomal locations, as shown in Table 1, implicating 65 
risk genes in several pathways including, but not limited to, 
chromatin remodeling involving lysine methylation/demeth-
ylation, zinc fingers, transcription factors, and synaptic pro-
teins.98 With so many possible gene candidates, efforts are 
turning toward biological network and pathway analyses to 
identify functional pathways implicated by genomic studies as 
well as associated with specific phenotypes,99 but it may require 
another generation or more before ASD is better understood. 
It is not the objective herein to summarize all of the genetic 
studies relevant to ASD but simply to highlight a few inter-
esting genetic candidates as well as to describe recent genetic 
findings that support the central hypothesis of this article.

The percentage of ASD children estimated to have a 
history of familial alcoholism varies greatly, from 4% to as high 
as 55%.100–103 The broad range depends on the homogeneity or 
heterogeneity of the genetic population under study, as well 
as on the methodology for ascertaining the presence of alco-
holism in the family genes of autistic individuals. The lower 
numbers consider only whether a parent is an alcoholic. The 
higher estimates consider the number of alcoholics among 
the first- and second-degree relatives to insure that the ASD 
children have a pedigree consistent with the heritable form 
of alcoholism.100–102 Because the studies all use vastly differ-
ent techniques, cohort groups, and alcoholism definitions, a 
link between autism and alcoholism is controversial. To clar-
ify, a comprehensive analysis examined the linkage between 

the ADH variants associated with alcoholism and the risk of 
other psychiatric disorders, including autism.104 The study 
found single-nucleotide polymorphisms in the ADH genes 
to be significantly correlated with schizophrenia in African-
Americans and autism in European Americans. The most 
common mutations are found in ADH1C, which codes for a 
protein also involved in the turnover of serotonin, one of the 
neurotransmitters implicated in some forms of autism. No one 
has yet conducted an analogous study looking at the associa-
tions between autism and ALDH2/CYP2E1 polymorphisms 
involved in the metabolism of ethanol or a combination of 
ADH and ALDH2/CYP2E1 polymorphisms.

Other interesting ASD gene candidates are found in 
ALDH family members, related to ALDH2 but not involved 
in ethanol metabolism. Of the 19 known ALDH isozymes, 
two have been linked to autism: the first via retinoic acid 
metabolism (ALDH1A3)27 and the second via GABA 
metabolism (ALDH5A1).23 An additional five ALDH genes 
have been linked to inborn errors of metabolism, which dis-
play symptoms that are often observed in individuals with 
ASD. As shown in Table 2, LoF of ALDH3A2, ALDH4A1, 
ALDH6A1, ALDH7A1, or ALDH18A1 results in intellec-
tual disabilities, Sjögren–Larsson syndrome, hyperprolinemia 
type II, γ-hydroxybutyric aciduria (also known as SSADH 
deficiency), developmental delay, or atypical B6-dependent 
seizures, respectively.23–26 Moreover, one of the pseudogenes, 
ALDH7A1P3 of unknown function, falls within the chromo-
somal region 7q36, which is strongly associated with autism. 
Although there are no known inborn errors of metabolism 
linked to the remaining 12 ALDH genes, some are involved in 
ethanol-unrelated metabolic pathways that are errant in ASD 
individuals. For example, ALDH9A1 catalyzes the oxidation 
of a broad range of aldehydes and has a role in l-carnitine bio-
synthesis and GABA metabolism. In addition to those already 
noted for inborn errors of metabolism, several more are involved 
in folate metabolism (ALDH1L1 and ALDH1L2), lipid per-
oxidation (ALDH3B1), and retinol metabolism (ALDHA1). 
In addition to the ADH and ALDH genes, another ethanol 
metabolizing gene, CYP2E1, has recently been linked to 
ASD.105 Also, the autism susceptibility gene (AUTS2) has 
been linked to the regulation of alcohol consumption.106

Also noteworthy is that retinoic acid, via RARE, plays a 
role in the transcription of ALDH1A3, which is linked to autism. 
RARE is known to be associated with other genes linked to ASD, 
such as the inositol 1,4,5-triphosphate receptor (IP3R1) disabled 
in Timothy syndrome107 and the CD38 antigen.108 Although the 
presence of RARE has not been studied in most genes associ-
ated with ASD, some genes, such as GRIN2B, belong to a super-
family coding for ion channels,109,110 which generally include 
RARE as a part of transcriptional regulation. Other ASD-
associated genes, such as the synaptic neurexins, neuroligins, 
contactins, Down syndrome cell adhesion molecule (DSCAM), 
and SH3 and multiple ankyrin repeat domains 3 (SHANK3) 
are members of the cell adhesion protein family, some of which 
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involve RARE in mouse embryonic development.111,112 RARE 
is extremely important in fetal developmental and neuronal dif-
ferentiation. A number of candidate genes associated with ASD 
involve methylation, such as methyl-CpG-binding protein 2  
(MeCP2),52 which binds to methylated CpGs as well as to zinc-
finger transcription factors, such as zinc finger protein 804A 
(ZNF804A).113

Treatment. Currently, there are no known effective medica-
tions to treat the core symptoms of autism. Medications are used 
to treat only severe symptoms of comorbid disorders because 
autistic children generally respond less favorably and experi-
ence more side effects than peers without ASD.114 For example, 
the most common medications include the antipsychotics, such 
as risperidone and aripiprazole, to treat the extreme irritabil-
ity manifested as aggression, self-injury, and severe tantrums. 
NAC added to risperidone has been shown to be more effec-
tive than risperidone alone in reducing irritability symptoms 
of ASD.115,116 Other medications are reviewed by Ji and Find-
ling.114 Given the adverse side effects of medications in children 
with ASD, it is not surprising that caregivers have focused on 
alternative treatments. The most effective appears to be early 
intensive behavioral therapy, based on the principles of applied 
behavior analysis and given for multiple years at an intensity of 
20–40 hours per week.117 There is also a large body of research 
investigating the nutritional status of individuals with ASD as 
well as the potential benefit of micronutrient supplementation. 
Autistic children are notorious picky eaters, leading to some 
documented deficiencies in individual case studies, such as vita-
min A deficiencies.53 Nutritional status based on dietary record 
keeping, not surprisingly, gives conflicting results,118 in part 
because autistic children often suffer from gastrointestinal mal-
absorption problems77 or because genetic factors may play a role 
in nutritional deficiency. There are a myriad of studies in which 
single micronutrient supplementation has been assessed, with 
several reporting mitigation, but not complete elimination, of 
some ASD symptoms. Many of the micronutrients studies have 
been based on plasma and urinary clinical results, which sug-
gest the elevation of lipid peroxide-generated aldehydes (HNE, 
MDA)84–86 as well as deficiencies in antioxidants, such as vita-
min E, sulfur-containing compounds, such as cysteine, methi-
onine, and GSH,119 carnitine,120 biotin,121 and (n-3) PUFAs.122 
Given the depressed levels of sulfur-containing compounds in 
ASD individuals, it is not surprising that these children are 
more sensitive than neurotypicals to the exposure of mercury 
and other heavy metals.78 The antioxidant supplements, which 
show symptom improvements include, but are not limited to 
ubiquinol,123 NAC,124 carnosine, and vitamin C.125 Other 
micronutrients, including B1,126 B6-Mg2+,127 folate, vitamin E,  
retinol, and Zn2+, have been selected for a variety of reasons 
relating to the involvement in abnormal metabolic pathways 
implicated in ASD,1 even though the clinical assays do not 
always show a deficiency in ASD individuals compared to 
neurotypical controls.119 With all of the single micronutrient 
studies, there are conflicting results regarding efficacy.119 There 

are a few studies, which utilize broad-spectrum micronutrient 
supplementation and report improvements in clinical biomark-
ers and/or various autism-rating scales.76,121,128 The broad-
spectrum micronutrient studies are very promising because all 
demonstrate a significant correlation between nutritional defi-
ciencies and severity of autistic symptoms.

Discussion
Autism symptoms mimic the symptoms of aldehyde 

toxicity.
Acetaldehyde toxicity. As early as 1975,129 the disease of 

alcoholism was believed to be a disease of acetaldehyde toxicity. 
Acetaldehyde reacts directly with a select group of micronu-
trients, eliminating their bioavailability. These micronutrients 
include many sulfur-containing antioxidants, resulting in oxi-
dative stress, as well as B1, B6, and folate, causing a cascade of 
metabolic disturbances in hundreds of reactions. Other micro-
nutrients, such as cobalamin, inositol, and other carbohydrate 
aldoses, may possibly react with acetaldehyde, but no in vitro 
studies are available. Acetaldehyde also forms covalent adducts 
with accessible reactive amino acids on proteins, not only inac-
tivating the proteins, but releasing Zn2+. Acetaldehyde reacts 
with DNA, forming covalent adducts and eventually muta-
genizing selective bases. In addition to acetaldehyde toxicity, 
ethanol also effectively competes with retinol for binding to 
certain ADHs, inducing a retinoic acid deficiency that can dis-
rupt the RARE-dependent transcription of many proteins. This 
feature is particularly relevant to FASD,52 in which the etha-
nol-induced retinoic acid deficiency affects fetal development, 
neuronal growth, differentiation, and limb morphogenesis.

ASD vs aldehydism. In reviewing all facets of autism, the 
author notes that many manifestations of ASD mimic those 
of acetaldehyde toxicity, but occurring at an earlier age and in 
the absence of ethanol. Because all aldehydes share a similar 
chemical structure and reactivity profile with acetaldehyde, 
the author suggests that all the different types of aldehydes, 
no matter the source, cause the cellular damage and symptoms 
most commonly associated with ASD. There is already a pleth-
ora of evidence suggesting that aldehydes generated by lipid 
peroxidation are involved in ASD.84–87 This author expands 
the concept to a much broader range of aldehydes, includ-
ing exogenous aldehydes in food and the environment3 and 
endogenous aldehydes, which accumulate as a result of genetic 
abnormalities that alter the enzymes that produce or clear 
aldehydes. In addition to specific inborn errors of metabolism 
that cause LoF in seven ALDH family members,23–27 other 
sources of aldehydes include those generated by ROS-induced 
peroxidation of lipids,3 ROS-induced glycoxidation of carbo-
hydrates,3 genetic mutations that sabotage the normal cellu-
lar protection mechanisms that neutralize aldehydes,3 genetic 
mutations related to the heritable forms of alcoholism,19,130,131 
and possibly aldehydes generated by abnormal gut microflora.30

In traditional medical literature, the strongest evidence 
for the role of aldehydes in ASD comes from inborn errors 
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of metabolism associated with LoF in seven ALDH iso-
zymes.23–27 Each disorder accumulates an intermediate alde-
hyde, which then expresses a symptom found in ASD (Table 2). 
In the case of SSADH deficiency, taurine supplementation 
ameliorates developmental and speech delays.63 In the case of 
hyperprolinemia type II44 and α-aminoadipic semialdehyde 
dehydrogenase deficiency,24 B6 supplementation reduces the 
seizures caused by the intracellular aldehyde-induced deficien-
cies in B6. A clinical trial,61 using a pharmacological aldehyde 
scavenger, is ongoing for Sjögren–Larsson syndrome to reduce 
the symptoms of mental retardation and spasticity.

In the orthomolecular medical literature, the stron-
gest evidence for the role of aldehydes in ASD arises from 
the studies of urinary aldehydes, generated from lipid per-
oxidation of PUFAs, resulting in an accumulation of potent 
aliphatic aldehydes, such as 4-HNE and 4-HHE.84–86 The 
aliphatic aldehydes can diffuse throughout the cell, through 
the cell membrane, and into neighboring cells.5 During dif-
fusion, neuronal receptors and ion channels with accessible 
reactive amino acids form adducts with the aliphatic alde-
hydes, destroying their function. The aliphatic aldehydes 
also form adducts with DNA and cause mutations at select 
sites.132 The damage caused by the aliphatic aldehydes gener-
ated during lipid peroxidation occurs slowly in degenerative 
diseases, such as inflammatory, autoimmune, Parkinson’s, 
and Alzheimer’s diseases.8 In ASD, the damage occurs very 
quickly, suggesting that the concentration and/or reactivity 
of the accumulated endogenous aldehydes are much greater. 
A similar situation may occur in schizophrenia, but with an 
intermediate concentration/reactivity of accumulated alde-
hydes and an onset of 17–20 years.

In the alcoholism literature, acetaldehyde accumula-
tion results, not only from an excess of ethanol ingestion, but 
also from the genetic errors, which predispose an individual 
to alcoholism. Some of the known genetic errors involve the 
primary ethanol-metabolizing genes: the ADH isozymes 
and ALDH2.19,128,129 In the absence of ethanol, the ADHs 
and ALDH2 catalyze other substrates, primarily involved in 
retinol metabolism14,15 and neurotransmitter catabolism.16 If 
an individual has inherited mutations, which lead to an accu-
mulation of acetaldehyde during ethanol ingestion, these same 
mutations will lead to an accumulation of other types of alde-
hydes in the absence of ethanol. The best evidence arises from 
the studies of the ALDH2 mutation (E487K), which causes 
an accumulation of acetaldehyde in the presence of ethanol. 
The resulting acetaldehyde toxicity is so unpleasant that the 
mutation is believed to be protective and reduce alcoholism. 
Nevertheless, the ALDH2 mutation, even in the absence of 
ethanol ingestion, causes long-term damage to the same indi-
viduals, increasing the risk of Alzheimer’s disease20 as well 
as gastrointestinal, esophageal, colon, and liver cancers,21 all 
associated with DNA damage. Although the estimates vary 
greatly, some autistic children come from families who dis-
play genetic traits of heritable alcoholism. If some subsets of 

autistic children have inherited genes, which predispose them 
to alcoholism, then in the absence of ethanol, they are likely 
to have metabolic reactions that result in an accumulation of 
endogenous aldehydes with similar consequences to that of 
acetaldehyde toxicity.

Expression of micronutrient deficiencies in ASD. Frequently 
overlooked are the data demonstrating that endogenous alde-
hydes induce localized, intracellular deficiencies in a sub-
set of micronutrients, which either initiate oxidative stress 
(multiple sulfur-containing antioxidants, Zn2+) or serve as 
cofactors (B1, B6, folate, and Zn2+) in the metabolic path-
ways implicated in autism: neurotransmitter functions, DNA 
methylation, chromatin remodeling, transcriptional regula-
tion, and neuronal development. Thiamine pyrophosphate 
(TPP), the activated form of B1, and Mg2+ are cofactors of 
the E1 subunit of pyruvate dehydrogenase. The latter enzyme 
converts pyruvate to acetate and is the rate-limiting step in 
the ultimate synthesis of the neurotransmitter acetylcholine. 
When the conversion of pyruvate to acetate is blocked, the 
accumulating pyruvate is converted to lactate. Curiously, a 
subset of ASD individuals exhibit classical mitochondrial 
dysfunction as well as an atypical form without the classic 
features associated with mitochondrial disease.133 No one has 
addressed the possibility that a B1 deficiency elevates plasma 
lactate levels and is commonly mistaken for mitochondrial 
dysfunction.134 The activated form of B6, usually in combina-
tion with Zn2+ or Mg2+, is a cofactor in over 300 enzymes, 
including those involved in the production of neurotransmit-
ters, such as GABA, glutamate, dopamine, and serotonin. B6 
and folate are involved in methylation reactions; so chronic 
deficiencies in one or both disrupt the methylation of DNA,48 
which subsequently alters certain transcriptional signaling, 
DNA repair mechanisms, and chromatin remodeling.49 In 
addition to the methylation of DNA, folate is essential in 
DNA and RNA syntheses, repair of DNA, cell division, and 
proper neural tube formation. Zn2+ also serves a role in the 
maintenance of DNA integrity, but a more important func-
tion may be its role in oxidative stress. Zn2+ has long been 
known to have a protective effect against oxidative stress, not 
directly as an electron transfer agent, but indirectly by acting 
as a Lewis acid that accelerates the transfer of electrons during 
the catalytic activity of Zn2+-binding enzymes.135 Zn2+ binds 
to cysteines, protecting thiol groups from oxidation. Accu-
mulated endogenous aldehydes react with cysteines, releas-
ing Zn2+ from enzymes, including those involved in ROS and 
aldehyde detoxification, creating increasing oxidative stress. 
The frequent deficiencies in sulfur-containing nutrients also 
contribute to oxidative stress, for which the broadest defini-
tion is used: an imbalance between oxidants and antioxidants, 
in favor of oxidants.136

Simple, regressive form of autism. The author postulates 
that endogenous and exogenous aldehyde toxicity explains 
many features associated with the simple form of autism,52 
including oxidative stress, regression, de novo mutations, 
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environmental risk factors, and genetic complexity, involving 
hundreds of common and rare variants. Aldehydes react with 
and deplete sulfur-containing antioxidants, initiating a down-
ward spiral of increasing oxidative stress. Aldehydes induce 
deficiencies in selective micronutrients, which are cofactors in 
the metabolic pathways implicated in autism. Each metabolic 
disruption caused by a micronutrient deficiency can be mim-
icked by mutations in one or more genes. Thus, induced defi-
ciencies in the set of selective micronutrients can be mimicked 
by hundreds of common and rare genetic variants, which have 
already been identified by various types of genomic studies. As 
modeled in Figure 5, the intracellular damage occurs first in a 
localized area near the origination site of the endogenous alde-
hydes, creating the selective nutrient deficiencies and inacti-
vating both large and small molecules involved in antioxidant 
defense mechanisms. As the concentration of accumulated 
endogenous aldehyde increases, the downward spiral accel-
erates, disabling the cellular protection mechanisms against 
oxidative stress further and further from the origination site 
of aldehyde formation. The endogenous aldehydes also form 
adducts with DNA, which eventually lead to strand breakage 
and select cases of spontaneous mutations as the repair mech-
anisms are disabled by Zn2+, folate, and other micronutrient 
deficiencies. The aldehyde-induced DNA damage explains 
how the de novo mutations observed in approximately 50% 
of autistic individuals can occur. Because lipid peroxidation is 
likely to be involved in ASD, the aliphatic aldehydes, which 
are insufficiently neutralized by the cellular defense mecha-
nisms, diffuse and begin to impair the function of membrane 
proteins and spread the damage to other neighboring cells. 
Moreover, environmental risk factors can contribute to the 
downward spiral. Many of the environmental risk factors, 
such as air pollution, new industrial products, and food fla-
vorings, contain exogenous aldehydes, which can accelerate 

a decline in the antioxidant defense mechanisms. Other risk 
factors, including heavy metals, such as mercury and lead, are 
not cleared quickly if the individual has become low in sulfur-
containing compounds.

Complex form of autism. The complex form of  autism 
involves  some type of problem during embryonic develop-
ment.52 Some complex forms of autism express symptoms that 
can be attributed to single-gene disorders, such as Timothy 
syndrome, tuberous sclerosis complex, and Rett syndrome.52 
However, many cases cannot be explained by mutations in 
a single gene. The observation that some autistic children 
have a history of heritable alcoholism raises the possibility 
that a combination of ADH and ALDH genetic errors might 
be responsible for cell-localized folate or retinoic acid defi-
ciency in some complex cases of ASD with unknown etiol-
ogy. Folate deficiencies are known to disrupt various aspects 
of fetal developmental. A retinoic acid deficiency could also 
occur, even in the absence of heritable alcoholism, if errors 
in a gene pair involved in retinol metabolism produce an 
accumulation of retinal and a lower amount of retinoic acid. 
A retinoic acid deficiency would exhibit many of the same 
symptoms of FASD. However, unlike FASD in which etha-
nol induces a retinol deficiency through substrate competi-
tion, a retinoic acid deficiency in ASD is more likely to involve 
mutations associated with ALDHs, resulting in an accumula-
tion of retinal and a much lower production of retinoic acid. 
Hypovitaminosis A in autistic children has frequently been 
observed,53,54 but is commonly attributed to highly restrictive 
diets or to intestinal malabsorption. However, some reports 
indicate that the same children do not have night blindness53 
and some suggest that ASD symptoms are reduced by ret-
inol treatment.54 The  lack of night blindness in ASD cases 
of vitamin A deficiencies suggests that retinal is present, but 
conversion to retinoic acid is blocked. An accumulation of 

Figure 5. Effect of aldehyde accumulation in a cell. A normal cell is shown in (A), with the  representing both micro- and macromolecules of the 
antioxidant defense system as well as micronutrients B1, B6, and folate. A cell, which is under oxidative stress by an accumulation of aldehydes ( ), 
is shown in (B). The aldehydes are more concentrated at the site of origin. The aldehydes react with selective cellular molecules . The unreacted 
aldehydes continue to diffuse throughout the cell, reacting with whatever molecules they encounter and eventually diffuse through the membrane to 
other cells.
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retinal would have the same toxicity consequences as other 
endogenous aldehydes described for simple autism but with 
the added problem that a deficiency in retinoic acid would dis-
rupt the RARE-dependent transcription of many key proteins 
in embryonic and neuronal development.

Potential early symptoms of aldehyde toxicity. At pres-
ent, most cases of ASD are detected by behavioral abnormali-
ties manifested as early as 18 months. However, if aldehyde 
toxicity has a pivotal role in ASD, it is essential to initiate the 
treatment earlier to avoid irreversible cellular damage. Unfor-
tunately, with the exception of the lipid peroxidation-generated 
aldehydes,83,137 there are no widely available clinical tests for 
other types of endogenous aldehydes. As described, aldehyde 
toxicity will initially express as selective micronutrient defi-
ciencies and oxidative stress. Because the micronutrient defi-
ciencies will occur in those cells, which accumulate aldehydes, 
localized intracellular deficiencies are not likely to be amena-
ble to detection by erythrocyte and urine clinical assays that 
only measure the average nutritional status. Thus, other early 
observable symptoms of potential deficiencies must be consid-
ered. Moreover, the notion must be dispelled that there will 
ever be a unique diagnostic test that distinguishes ASD from 
other neurological disorders. ASD is a spectrum disorder, with 
overlapping symptoms shared by other disorders diagnosed at 
later ages. Aldehyde toxicity may also play a role in other neu-
rological disorders, but the symptoms of ASD appear earlier, 
possibly due to higher concentration, greater reactivity, specific 
type, and cellular locations of accumulated aldehydes.

Potential early clinical symptoms of micronutrient deficiencies. 
Expressed clinical symptoms of micronutrient deficiencies 
would be dependent on the cellular location of the accumulated 
aldehydes and would not be the same as those observed for 
global deficiencies in malnourished individuals. Excessive 
nausea during pregnancy may, in some cases, be one of the 
first signs of a B6 deficiency, possibly due to an accumulation 
of endogenous aldehydes for genetic reasons. The treatment 
for excessive nausea is the medication Diclegis, a combination 
of the antihistamine doxylamine and vitamin  B6. The sec-
ond symptom to consider is a weak autonomic reflex, which 
suggests oxidative stress and a B1 deficiency. A deficiency 
in activated B1 (TPP) decreases the production of the neu-
rotransmitter controlling autonomic reflexes, acetylcholine, by 
affecting the rate-limiting step via the TPP, Mg2+-dependent 
pyruvate dehydrogenase complex. Third, in cases of mild-to-
moderate micronutrient deficiencies, initial symptoms usually 
express bilaterally in the epithelial layer where blood flow is 
limited. Thus, any type of symmetrical, not asymmetrical, der-
matological abnormality, such as rashes, petechiae, eczema, 
and follicular hyperkeratosis, will provide clues as to the defi-
ciency. Should any epithelial symptoms appear, infections and 
intestinal malabsorption maladies must first be considered 
and treated. The fourth clue to the presence of micronutrient 
deficiencies is the persistent nature of the symptoms. Waxing 
and waning symptoms, often observed in some neurological 

disorders, reflect a fluctuation in dietary or environmental 
factors. In addition to identifying and removing environmental 
triggers, supplementation is most likely to alleviate symptoms 
in these individuals by providing a constant source of micronu-
trients to overcome the effects of fluctuating triggers. The fifth 
clue is the response of the symptoms to micronutrient supple-
mentation. For waxing and waning symptoms, trial and error 
approaches are less expensive, as long as nutrients are admin-
istered in safe combinations, such as B1 and Mg2+ and B6 and 
Zn2+/Mg2+, to prevent inadvertent induction of deficiencies 
in other nutrients. Consultation with professionals trained in 
nutritional supplementation is strongly recommended.

Potential early clinical symptoms of oxidative stress. There 
are a few plasma and urinary biomarkers for oxidative stress, 
including plasma levels of glutathione, glutathione peroxidase, 
methionine, and cysteine.119 However, the best early clue to 
oxidative stress is mild-to-moderate neonatal jaundice. As 
many as 60% of infants develop clinical jaundice, but a much 
smaller percentage (~6%) exhibit extreme levels of neurotoxic 
bilirubin (25 mg/dL) causally linked to kernicterus causing 
devastating neurologic sequelae, including mental retarda-
tion.138,139 In cases of mild-to-moderate levels of hyperbiliru-
binemia (25 mg/dL), the temporary episode is not believed 
to be harmful. However, several studies have reported clinical 
results suggesting a relationship between neonatal jaundice 
and oxidative stress caused by ROS damage as determined 
by, among other factors, elevated levels of plasma MDA and 
reduced levels of GSH.140–142 Given the association of neonatal 
jaundice with oxidative stress and the association of oxidative 
stress with ASD, it is not surprising that two large popula-
tion studies, one including 56,019 infants from Nova Scotia138 
and the other including 733,826 Danish infants,142 found 
an association between moderate hyperbilirubinemia and an 
increased risk for ASD. Moderate neonatal jaundice may be 
a marker for oxidative stress, which is present in a subset of 
individuals suffering from many types of neurological prob-
lems, not just ASD. If the central hypothesis is correct, the 
source of the oxidative stress is likely due to an accumulation 
of endogenous aldehydes, which reduce the GSH levels to 
the point at which the clearance of unconjugated bilirubin 
is impaired. Although it would take further studies to prove 
such a hypothesis, the significance of such a finding would 
suggest that the administration of antioxidants, such as GSH, 
taurine, and NAC, might be useful as a cotreatment with pho-
totherapy for hyperbilirubinemia.

Micronutrient therapies for ASD. Individuals most 
likely to be helped by micronutrient supplementation 
are those 50%–70% with the simple, regressive form of 
autism.52 For those 30%–50% of individuals with the com-
plex form of autism, considerable damage is believed to have 
occurred during embryonic development.52 Such damage 
may be caused by rare single-gene inborn errors of metabo-
lism, by folate or retinoic acid deficiency, possibly related to 
ALDH mutations or ethanol ingestion during pregnancy, or 
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by other, as yet, unidentified problems. As suggested by the 
success of taurine supplementation in a patient with SSADH 
deficiency,63 an inborn genetic error might be treatable if 
diagnosed early.

Aldehyde neutralization. Regardless the source(s), reac-
tive aldehydes appear to carry out the primary cellular dam-
age associated with the simple, regressive form of autism. 
The best treatment approach is to neutralize the aldehydes 
and, simultaneously, to replace the micronutrients that 
have become deficient by aldehyde toxicity. For treatments 
targeted to a particular aldehyde type, the only guidelines 
currently available are those postulated by LoPachin and 
Gavin2: simple alkanals react better with hard nucleophilic 
groups, such as lysines, whereas a,b-unsaturated alkenals 
and a-oxoaldehydes preferentially react with soft nucleo-
philic groups, such as thiols and cysteines. In the absence 
of targeted pharmacological interventions for specific alde-
hyde types, the core of any treatment plan necessitates the 
continuous use of one or more strong sulfur-containing anti-
oxidants, such as NAC, taurine, GSH, and lipoic acid, to 
react with and neutralize the accumulated aldehydes before 
additional cellular damage occurs. Although the alcohol-
ism literature suggests that NAC is the best antioxidant to 
halt acetaldehyde damage,70 there are insufficient data in the 
literature to recommend one sulfur-containing antioxidant 
over another for other types of aldehydes found in different 
cellular locations. Nonsulfur-containing antioxidants, such 
as vitamin C and vitamin E, are not likely to be as effective 
in neutralizing aldehyde toxicity and would require much 
higher doses. The suggested core treatment is similar to a 
regimen that Walsh76 advocates, although he does not dif-
ferentiate between sulfur- and nonsulfur-containing antioxi-
dants in his publications.

Replenishment of micronutrients. To be most effective, 
any supplementation plan should include a broad-spectrum 
micronutrient combination to replenish depleted micronu-
trients as well as to prevent micronutrient imbalances, such 
as an excess in one micronutrient causing a deficiency in 
another. Depending on the symptoms and clinical tests, extra 
doses of B6, Zn2+, Mg2+, B1, and folate may be necessary to 
replenish the deficiencies created before the aldehyde toxicity 
was treated. It is particularly noteworthy that the chemical 
structure of B6 is an aldehyde and most susceptible to form-
ing condensation reactions with other aldehydes, as reported 
for hyperprolinemia type II44 and other B6-dependent 
seizure disorders.24,46,47 Moreover, in the activated form of 
P5P, the negatively charged phosphate groups are likely to 
be neutralized by Mg2+ or Zn2+ and not by H+ at the normal 
pH of a cell to transport any P5P–aldehyde complex through 
a cell membrane and ultimately into the urine. Other alde-
hyde micronutrients include inositol and the retinal form of 
vitamin A. In some cases, supplementation with retinol and 
essential fatty acids, all contained in cod liver oil, may be 
useful.

Necessity of early treatment. Unfortunately, with very reac-
tive aldehydes, such as those belonging to the groupings of a,b-
unsaturated alkenals or the a-oxoaldehydes,2,3 adduct formation 
with proteins and DNA is not reversible, and the alterations, 
including spontaneous DNA mutations, become permanent. 
Unless these aldehydes are neutralized early, cellular damage 
ultimately reaches a threshold beyond which repair is not pos-
sible with a supplement plan, though the treatment of specific 
ASD symptoms, such as aggression, can still be alleviated by 
micronutrient supplementation.115,116,124 Thus, time is a criti-
cal factor in treating aldehyde toxicity—the earlier, the better. 
Ideally, treatment in those individuals prone to ASD should 
start during pregnancy. The typical prenatal vitamins contain 
C and E, but not sulfur-containing antioxidants. Although 
safety issues with regard to elevated levels of taurine143 and 
methionine144 as prenatal supplements have been raised, NAC 
appears to be safe, at least in cases of chorioamnionitis during 
pregnancy.145 When a mother begins breastfeeding, the child 
receives the first direct dose of sulfur-containing antioxidants 
in breast milk assuming, of course, that the mother does not 
have errant genes that would lower her antioxidant levels. Tau-
rine, which is present in human but not cow’s milk, may be a 
contributing factor to the observations that children who have 
been breastfed for six months or more have a lower risk of devel-
oping ADHD and ASD.146 For those with the complex form of 
autism, retinoic acid supplementation during pregnancy might 
be better than retinol supplementation, but additional studies 
would need to identify definitive biomarkers to justify the use 
of retinoic acid as a supplement for a pregnant woman. If doses 
are too high, retinoic acid is teratogenic.

Administration of micronutrients. It would be inappro-
priate to suggest specific doses of micronutrients for ASD 
because the doses depend on body weight and individual 
metabolism. However, for a given age and body weight, the 
maximum recommended dose of a broad-spectrum commer-
cial supplement, which includes a mix of vitamins and acti-
vating minerals, is likely safe. Additionally, sulfur-containing 
antioxidants, such as taurine and NAC, are superior to 
vitamin C and form the essential core of any supplementa-
tion plan to counteract aldehyde toxicity or oxidative stress. 
l-carnitine, but not acetyl-carnitine, is likely beneficial for 
many and can be included. These are water-soluble micronu-
trients, and there are, as yet, no upper limits with regard to 
safety. Nevertheless, as with any supplementation plan, pru-
dence and careful monitoring of the individual for adverse 
symptoms is advised. Finally, the dietary reference intake 
for retinol, in the form of mercury-free cod liver oil that 
also includes essential fatty acids and vitamin D, should be 
included for most. Unless one is using supplements contain-
ing an extended-release compound, it is best to administer 
water-soluble micronutrients thrice a day to a child as 50% 
of water-soluble vitamins pass into the urine within four 
hours. Once a supplementation plan has been optimized, 
micronutrients can be compounded with extended-release 
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formulations to reduce the treatment to twice daily. Cau-
tion about expectations with lower dietary reference intake 
doses is advised. It may take several months to observe a 
positive response with a low-dose supplementation regi-
men due to the up- and downregulation of genes as enzymes 
adjust to new micronutrient levels. With higher pharmaco-
logical doses of micronutrients, definitive improvement may 
be observed within days. However, it must be noted that 
very high micronutrient doses are absorbed by passive dif-
fusion mechanisms, while the active diffusion mechanisms 
are inactivated by the downregulation of nutrient transport-
ers.147 Thus, an individual must be weaned slowly from high 
micronutrient doses to allow enough time to upregulate the 
active transporter mechanisms again. Obviously, before any 
supplement plan is initiated, triggers of symptoms including 
infections, allergens, and environmental risk factors, should 
be identified, if possible, and eliminated.

Future directions.
Bioaldehyde interactions with micronutrients/carbohydrates. 

The central hypothesis that some forms of ASD are a mani-
festation of aldehyde toxicity, of course, needs to be tested rig-
orously, even though there are ample data, already published 
and reviewed herein, to support the hypothesis. First and fore-
most, evidence for direct interactions between bioaldehydes 
and micronutrients/carbohydrates needs to be collected, in a 
manner similar to the research that established the formation 
of semialdehyde adducts with activated B6.24,44

Improved clinical assays. Better clinical tests need to be 
developed. Aldehydes are very reactive, and unless special care 
it taken, it is nearly impossible to detect their presence by any 
erythrocyte or urine assay. In SSADH deficiency (Fig. 4), for 
example, an excess of an organic acid, γ-hydroxybutyric acid 
(GHB), is detected, not succinic semialdehyde, the inter-
mediate that accumulates as a result of a LoF mutation in 
ALDH5A1. Unfortunately, not all excess aldehydes convert to 
organic acids, the most common product considered in meta-
bolic tests. In hyperprolinemia type II44 and other B6-depen-
dent seizure disorders24,46,47 the intermediate aldehydes 
generated by LoF mutations in ALDH4A1 and ALDH7A1, 
respectively, form signature adducts with the activated form of 
B6. Other intermediate aldehydes might react with a plethora 
of large and small molecules, thus reducing the concentration 
of any single product, thereby increasing the difficulty of detec-
tion. Of cautionary note, several researchers have reported that 
the urinary aldehydes are unstable,148 likely prone to oxidation, 
so researchers may need to test very fresh urine or determine 
a method to stabilize the urine sample with a nonsulfur-
containing antioxidant, such as ascorbic acid, as was done for 
the hydroxyhemopyrrolin-2-one analysis.149 The problems 
with clinical assays are not limited to aldehyde detection. As 
described, aldehydes react with a select set of micronutrients, 
inducing cell-localized deficiencies. Such deficiencies confined 
to the cells of the origination site of the aldehydes are unlikely 
to be detected in erythrocytes or urine assays. Fortunately, 

there are reasonable clinical tests to detect oxidative stress,139 
but these tests do not determine the metabolic source of the 
oxidative stress. The central hypothesis, if correct, indicates 
the future direction needed to improve clinical assays.

Generalized treatment protocols. Should the accumulation 
of endogenous aldehydes prove to be a contributing source 
of ASD symptoms, then the most effective and safest treat-
ment protocol needs to be ascertained. Until pharmacologi-
cal therapeutics become available to target specific aldehydes, 
sulfur-containing antioxidants, such as NAC, taurine, GSH, 
and/or lipoic acid, are likely to form the core of any treatment 
protocol. Studies will need to be carried out to assess 
the most absorbable and effective aldehyde-neutralizing 
antioxidant(s), in either in vitro assays or in vivo animal mod-
els. In addition to one or more sulfur-containing antioxi-
dants, broad-spectrum micronutrient supplementation, with 
an extra emphasis on nutrients rendered deficient by aldehyde 
toxicity, is likely to be required to rapidly halt the cascade 
of secondary metabolic disturbances. The most important 
micronutrient to emphasize is B6, given the proven reactiv-
ity with aldehydes, but Zn2+, Mg2+, B1, folate, essential fatty 
acids, and retinol in the form of cod liver oil should also be 
included. Theoretically, retinoic acid appears to be a better 
supplement than retinol to avoid any deleterious mutations in 
retinal-metabolizing enzymes, but studies would be needed 
to determine who should receive retinoic acid and how much, 
given detrimental effects at large doses.

Identification of pre- and postnatal markers. The current 
hypothesis, if proven correct, suggests possibilities to prevent 
autism, but additional studies will be needed to identify the ear-
liest clinical symptoms of oxidative stress during pregnancy and 
after birth. Most important, rather than enlarging the ASD 
cohort for studies, it might be better to narrow the cohort group 
in order to correlate specific symptoms, such as head bang-
ing, with a cluster of early clinical manifestations. One such 
manifestation is mild-to-moderate neonatal jaundice, which 
is also associated with oxidative stress. Furthermore, prenatal 
supplements need to be examined more carefully. Most contain 
vitamins C and E, but not sulfur-containing antioxidants. Past 
studies suggest that prenatal supplementation with taurine143 
or methionine144 might be harmful at elevated levels, but NAC 
appears to be safe and possibly beneficial for neuroprotection 
in cases of chorioamnionitis during pregnancy.145 Along with 
NAC, optimal levels of glutathione and lipoic acid need to be 
evaluated. Another early soft neurological symptom may be toe 
walking, which appears around 10–14 months. Lastly, if alco-
holism is present in the first- and second-degree relatives, then 
extra precautions may need to be taken to prevent oxidative 
stress and aldehyde toxicity before, during, and after pregnancy.

Pairwise genetic analyses to identify genetic errors caus-
ing an accumulation of aldehydes. A generation or more will 
be needed to decipher the genomic studies for ASD in order 
to develop better targeted pharmacological interventions.  
To identify the sources of aldehyde accumulation, researchers 
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can facilitate the process by conducting pairwise, not single gene, 
analyses of enzymes involved in the generation and clearance of 
aldehyde intermediates. Only pairwise analyses can determine 
whether an intermediate aldehyde is cleared quickly or accumu-
lated. Moreover, such analyses will identify specific aldehydes 
involved in different subtypes of ASD so that pharmacological 
therapies can be better targeted to the aldehyde type and cellu-
lar location. In the interim, treating acute and chronic aldehyde 
toxicity with the available supplements describe herein may be 
the most effective approach to rescue some children and reduce 
the long-term social and financial costs of autism.

Summary
The many symptoms and divergent theories of ASD are consis-
tent with aldehyde toxicity in which reactive aldehydes accumu-
late as a consequence of errors associated with genes intended to 
oxidize, reduce, or otherwise neutralize aldehydes. No matter 
the source(s) of the accumulated aldehydes, all share a reac-
tive chemical group, which inflicts similar types of intracellular 
damage, but also suggests that a common treatment plan will 
be beneficial to many with ASD. Aldehydes induce localized 
micronutrient deficiencies initiating a cascade of metabolic 
disturbances in hundreds of metabolic pathways, cause oxida-
tive stress, inactivate proteins by adduct formation, and bind to 
DNA, ultimately causing mutations and strand breakage. These 
effects of aldehyde toxicity explain all of the current genetic and 
biochemical theories of ASD in the medical literature. In addi-
tion to damage done by lipid peroxidation-generated aldehydes, 
already recognized by some experts in ASD,84–87 the central 
hypothesis expands to other types of endogenous and exoge-
nous aldehydes. The aldehyde toxicity hypothesis has profound 
implications for early clinical detection and treatment of ASD 
as well as its prevention. Due to the high risk of permanent, 
irreversible cellular damage, time is of the essence for treating 
aldehyde toxicity. Treatment for aldehyde toxicity is similar to 
nutritional plans already advocated in the orthomolecular com-
munity76 but with a few additional features: (1) one or more 
sulfur-containing antioxidants are essential to neutralize reac-
tive aldehydes and (2) a broad spectrum of micronutrients, with 
a special emphasis on B6, Zn2+, B1, Mg2+, folate, and retinol, 
should be included, irrespective of results from currently avail-
able, but inadequate, clinical testing. Such a treatment plan 
appears to be the best option for treating ASD now, until the 
genetics of ASD is better understood, and targeted therapies 
can be implemented. The hypothesis likely applies to many 
other neurological disorders, such as schizophrenia, with the 
major differences among disorders being the source, concentra-
tion, and reactivity of the accumulated aldehydes.
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