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APer	  par,cipa,ng	  in	  this	  presenta,on,	  	  
learners	  should	  be	  be;er	  able	  to:	  

•  Understand	  the	  connec,on	  between	  nutri,on	  
and	  metabolic	  systems	  

•  Understand	  the	  impact	  of	  the	  microbiome	  on	  
metabolic	  systems	  

•  Understand	  the	  influence	  of	  nutri,on	  on	  brain	  
func,on	  

•  Understand	  the	  influence	  of	  nutri,on	  on	  
behavior	  



Every attempted has been made to make this 
presentation as accurate as possible. The information is 
provided without any expressed or implied warranty.  
This presentation should not be substituted for medical 
advice. Some treatments in this lecture are considered 
off-label and are not FDA-approved.  

Disclaimer	  
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The Etiology of Autism:  
More than Genetic Disorders 

Estimated Prevalence of Genetic Abnormalities 
Cytogenetic Abnormalities    5% 
Fragile X         5% 
Rett Syndrome (Females only)  5% (~1% overall) 
Chromosomal Microarray    10% 
Total          21% 
 
This leaves about 79%+ children with ASD without an 
identified genetic diagnosis.  

(Schaefer and Mendelson, Genetics in Medicine, 2013) 



Mitochondrial Disorders 
Mitochondrial Disease 
Electron Transport Chain Overactivity 
Unique Acyl-carnitine / Fatty Acid Oxidation Abnormalities 
Redox Abnormalities 
Decreased reduced Glutathione & Cysteine 
Reduced Glutathione Peroxidase function 
Increased oxidized Glutathione, DNA, Proteins and Lipids  
Folate Abnormalities 
Autoantibodies to Folate Receptor α 
Mitochondrial Based Folate Receptor α Dysfunction 

Metabolic Abnormalities Commonly Associated with  
Autism that are amenable to treatment 	  
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Mitochondrial Disorders  
and Treatments 
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•  Relatively new field 
•  First diseases described in 1988 

•  Wallace, Leber’s hereditary optic neuropathy, published in Science 
•  Holt, Mitochondrial Myopathy, published in Nature 

•  Usually defined by extremely clinical symptoms with a 
progressive course 
•  High energy dependent tissues 
•  Neurological Disease 
•  Gastrointestinal Disease 
•  Immune Dysfunction 

•  Not just powerhouse, involved in  
•  programmed (apoptotic) cell death 
•  Oxygen Radical Regulation 

Mitochondrial	  Disease	  
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Mol	  Psych	  2012,	  17:290-‐314	  

Discrepancy	  between	  
prevalence	  of	  diagnosed	  
mitochondrial	  disease	  
and	  prevalence	  of	  
biomarkers	  of	  
mitochondrial	  disease	  
likely	  be	  due	  to	  criteria	  
used	  to	  define	  	  
mitochondrial	  disease	  
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Mol	  Psych	  2012,	  17:290-‐314	  

ASD	  children	  
with	  
mitochondrial	  
disease	  have	  
more	  medical	  
abnormali,es	  
than	  idiopathic	  
ASD	  children	  	  

Only	  23%	  of	  
ASD	  children	  
with	  
mitochondrial	  
disease	  have	  
mitochondrial	  
DNA	  
abnormali,es	  
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•  Lymphocytes	  from	  10	  children	  with	  au,sm	  and	  10	  age	  and	  
gender	  matched	  controls	  

•  80%	  demonstrated	  abnormal	  func,on	  in	  at	  least	  one	  electron	  
transport	  chain	  complex	  

•  60%	  complex	  I	  abnormality	  
•  40%	  complex	  V	  abnormality	  
•  50%	  mul,ple	  complexes	  

•  20%	  demonstrated	  abnormali,es	  in	  cytB,	  a	  mitochondrial	  DNA	  
gene	  
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•  25	  pairs	  of	  Lymphoblastoid	  Cell	  Lines	  (LCLs)	  
•  Derived	  from	  children	  with	  au,sm	  	  
•  Derived	  from	  unaffected	  control	  children	  	  
•  Age	  and	  Gender	  Matched	  

•  Mito	  Stress	  Test	  on	  Seahorse	  
•  1hr	  DMNQ	  exposure	  (0-‐15µM)	  
•  48hr	  N-‐acetyl	  cysteine	  (NAC)	  pretreatment	  of	  the	  au,sm	  
LCLs	  (1mM)	  	  
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Seahorse	  Bioscience	  Extracellular	  Flux	  Analyzer	  

•  Poly	  D	  lysine	  coated	  
plates	  

•  110k	  cells/well	  
•  Plated	  1hr	  prior	  to	  
assay	  

•  Seahorse	  DMEM	  
•  11mM	  glucose	  
•  2mM	  glutamax	  
•  1mM	  pyruvate	  

•  DMNQ	  added	  directly	  to	  
cells	  in	  plate	  

•  Each	  plate	  with	  an	  AD/	  
Control	  LCL	  pair	  
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Cluster	  analysis	  
reveals	  2	  
significantly	  
different	  
subgroups.	  
•  AD-‐N	  (n=17)	  
•  AD-‐A	  (n=8)	  
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GI-‐APer	  =	  GI	  Symptoms	  started	  aPer	  the	  onset	  of	  Au,sm	  symptoms	  
GI-‐Before/Same	  =	  GI	  Symptoms	  started	  before	  or	  at	  the	  same	  ,me	  as	  Au,sm	  symptoms	  
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Acyl-‐Carni,ne	  Group	  Had	  
Rate	  of	  Regression	  of	  67%	  
VERY	  HIGH	  
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3-‐hydroxy-‐3-‐methylglutaryl	  is	  a	  metabolite	  of	  Acetyl-‐CoA,	  	  
the	  star,ng	  point	  of	  the	  citric	  acid	  cycle.	  Suggests	  that	  the	  
citric	  acid	  cycle	  is	  working	  inefficiently.	  	  
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•  213	  ASD	  pa,ents	  screened	  with	  acyl-‐carni,ne	  biomarkers	  

•  74	  (35%)	  with	  >=3	  fas,ng	  acyl-‐carni,ne	  eleva,ons	  	  

•  Acyl-‐carni,ne	  abnormali,es	  were	  confirmed	  in	  48%	  

•  Corrected	  prevalence	  of	  17%	  of	  ASD	  children	  screened.	  	  
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Au,s,c	  Children	   Rodents	  
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Rodents	   ASD	  Children	  
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Decreased	  	  
Complex	  I	  
Ac,vity	  
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L-‐Carni5ne	  

Metabolism, Mitochondria, Microbiome and Personalized  
Nutrition in Autism & Seizures 



Metabolism, Mitochondria, Microbiome and Personalized  
Nutrition in Autism & Seizures 



Metabolism, Mitochondria, Microbiome and Personalized  
Nutrition in Autism & Seizures 



Metabolism, Mitochondria, Microbiome and Personalized  
Nutrition in Autism & Seizures 



Metabolism, Mitochondria, Microbiome and Personalized  
Nutrition in Autism & Seizures 



Redox	  Metabolism	  	  
Abnormali,es	  
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NAC	  
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Vineland Subscale 
Baseline  

Age Equivalent 
Months (mean ± SE) 

Post-Intervention  
Age Equivalent 

    Months   (mean ± 
SE) 

Change (months) 
(mean; 95% C I) 

Receptive Language  23.1 ± 1.8  31.4 ± 3.4    8.3 (2.9, 13.7) 
Expressive Language 20.6 ± 1.9 27.5 ± 2.9 6.0 (3.3,9.4) 

Written Language 40.5 ± 3.8 46.7 ± 4.0 6.2 (3.4, 9.0) 
Personal Skills    30.5 ± 2.3 40.5 ± 3.8 10.0 (3.8, 16.2)    
Domestic Skills 30.3 ± 4.1 39.3 ± 5.9 9.0 (-1.4, 19.4) 

Community Skills 32.9 ± 2.9 36.1 ± 3.8 2.0 (-3.0, 6.9) 
Interpersonal Skills 18.7 ± 2.7 24.1 ± 3.9 5.4 (0.0, 10.9) 
Play/Leisure Skills 22.0 ± 4.5 34.0 ± 4.1 12.0 (4.1, 19.6) 

Coping Skills 25.8 ± 2.5 34.3 ± 4.0 11.5 (4.9, 18.0) 
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NAC –900mg up to Three Times Per Day 
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(Berk	  et	  al,	  Trends	  in	  Pharmacological	  Science,	  2013)	  
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Folate Metabolism 
 Abnormalities 
And Treatment 
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The	  Expanding	  Associa5on	  between	  
Au5sm	  and	  Cerebral	  Folate	  Deficiency	  
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More than half of children with Autism Spectrum Disorder 
referred to two autism specialty clinics test positive for 

antibodies to the folate transporter (n=93) 
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75% of children with Autism Spectrum Disorder tested 
positive for one of the two antibodies to the folate transporter 
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44 Fab+ children with Autism were treated with 2mg/kg of 
folinic acid in an open-label fashion compared to a wait list 
control group of Fab+ children with autism 
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 	   Effect Size	   Responders	   Folinic Acid Equivalent 
of Speech Therapy	  

Placebo	   Folinic	   NNT	   Hours	   Cost	  

Overall	   0.70	   24%	   65%	   2.4	   185	   $7,400	  

 	    	    	    	    	    	    	  
Negative	   0.35	   29%	   50%	   4.7	   3	   $120	  

Positive	   0.91	   22%	   77%	   1.8	   177	   $7,098	  
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(Frye and Rossignol, 2014) 
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What	  about	  the	  Gene,cs?	  
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Further information 

RFC       Reduced folate carrier 
TCN2     Transcobalamin II (B12 binding protein) 
MTHFR  Methylenetetrahydrofolate reductase 
GST      Gluthathione S-Transferase 
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Trimethyllysine	  hydroxylase	  epsilon	  (TMLHE)	  encodes	  
the	  first	  enzyme	  in	  carni5ne	  biosynthesis.	  TMLHE	  
deficiency	  is	  common	  in	  control	  males	  (1	  in	  366)	  and	  
not	  significantly	  increased	  in	  probands	  from	  simplex	  
au,sm	  families	  (1	  in	  323).	  However,	  it	  was	  2.82-‐fold	  
more	  frequent	  in	  probands	  from	  male-‐male	  mul5plex	  
au5sm	  families	  (1	  in	  130;	  P	  =	  0.023),	  sugges,ng	  that	  
TMLHE	  deficiency	  is	  a	  risk	  factor	  for	  au5sm	  although	  
with	  low	  penetrance	  (2–4%).	  These	  data	  suggest	  that	  
dysregula,on	  of	  carni,ne	  metabolism	  may	  be	  
important	  in	  nondysmorphic	  au,sm	  
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Mitochondrial	  Disease	  (~25%)	  	  
Pyrimidine	  and	  Purine	  metabolism:	  	  
•  Dihydropyrimidinase	  deficiency,	  	  

Adenylosuccinate	  lyase	  deficiency	  
•  Phosphoribosylpyrophosphate	  synthetase	  

superac,vity	  
Disorders	  of	  γ-‐aminobutyric	  acid	  metabolism:	  
•  Succinic	  semialdehyde	  dehydrogenase	  

deficiency	  
Carni5ne	  Biosynthesis:	  	  
•  6-‐N-‐trimethyllysine	  dioxygenase	  deficiency	  

Disorders	  of	  amino	  acid	  metabolism:	  
•  Phenylketonuria,	  His,dinemia,	  Branched	  Chain	  

Ketoacid	  Dehydrogenase	  Kinase	  Deficiency	  
	  

Disorders	  of	  Cholesterol	  Metabolism:	  	  
•  Smith–Lemli–Opitz	  Syndrome	  
Disorders	  of	  crea5ne	  metabolism	  
Sulfa5on	  defects	  
Bio5nidase	  deficiency	  

Urea	  Cycle	  Defects	  
•  Ornithine	  transcarbamylase	  deficiency,	  

Citrullinemia,	  Argininosuccinic	  aciduria,	  
•  Carbamoyl	  phosphate	  synthetase	  deficiency	  
Lysosomal	  Storage	  Disease	  

•  Sanfilippo	  syndrome,	  Infan,le	  ceroid	  
lipofuscinosis	  

	  

Reports of Children with Autism and Inborn Errors 
Of Metabolism are mostly Case Reports 
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Mitochondrial	  Disorders	  

•  Re;	  syndrome	  
•  Down	  syndrome	  
•  PTEN	  muta,ons	  

•  15q11-‐q13	  duplica,on	  
•  Angelman	  syndrome	  	  
•  Septo-‐op,c	  dysplasia	  	  

Redox	  Abnormali5es	  
•  Re;	  syndrome	  
•  Down	  syndrome	  
•  Phenylketonuria	  
Central	  Folate	  Abnormali5es	  
•  Re;	  syndrome	  
•  Down	  syndrome	  

Many Metabolic Abnormalities are Common in 
Both Genetics Disorders and Autism  
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Conclusions	  
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•  Au,sm	  is	  Associated	  with	  Several	  Metabolic	  
Condi,ons,	  including	  those	  that	  affect	  
Mitochondrial,	  Redox	  and	  Folate	  metabolism.	  

•  Regardless	  of	  e,ology	  of	  these	  metabolic	  
abnormali,es,	  there	  appears	  to	  be	  promising	  
effec,ve	  treatments	  that	  are	  safe	  with	  favorable	  
adverse	  effects	  profiles.	  

•  The	  e,ology	  of	  many	  of	  these	  metabolic	  disorders	  
is	  not	  clear	  but	  is	  most	  likely	  an	  interac,on	  of	  
polygene,c	  factors	  with	  environmental	  factors	  	  
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• Many	  external	  environmental	  factors	  influences	  
metabolic	  systems,	  including	  varia,ons	  in	  the	  
microbiome,	  dietary	  intake	  and	  toxicants.	  

• Metabolic	  systems	  are	  also	  influenced	  by	  
abnormali,es	  in	  the	  internal	  environment,	  
including	  inflamma,on	  and	  oxida,ve	  stress.	  

•  One	  of	  the	  most	  influen,al	  environment	  a	  child	  
is	  exposed	  to	  is	  the	  fetal	  maternal	  environment,	  
so	  diet,	  nutri,on	  and	  health	  of	  the	  mother	  can	  
have	  profound	  effects	  on	  the	  fetus,	  par,cularly	  
through	  metabolic	  and	  immune	  influences	  
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APer	  par,cipa,ng	  in	  this	  presenta,on,	  	  
clinicians	  should	  be	  be;er	  able	  to:	  

	  
•  Recommend	  changes	  to	  diet	  and	  nutri,on	  to	  

improve	  au,sm	  symptoms	  and	  seizures	  
	  
•  Discuss	  the	  profound	  influence	  of	  diet	  and	  nutri,on	  

can	  have	  on	  metabolic	  systems	  
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