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Abstract

Gastrointestinal (GI) symptoms are prevalent in autism spectrum disorder (ASD) but the

pathophysiology is poorly understood. Imbalances in the enteric microbiome have been

associated with ASD and can cause GI dysfunction potentially through disruption of mito-

chondrial function as microbiome metabolites modulate mitochondrial function and mito-

chondrial dysfunction is highly associated with GI symptoms. In this study, we compared

mitochondrial function in rectal and cecum biopsies under the assumption that certain micro-

biome metabolites, such as butyrate and propionic acid, are more abundant in the cecum as

compared to the rectum. Rectal and cecummucosal biopsies were collected during elective

diagnostic colonoscopy. Using a single-blind case-control design, complex I and IV and cit-

rate synthase activities and complex I-V protein quantity from 10 children with ASD, 10 chil-

dren with Crohn’s disease and 10 neurotypical children with nonspecific GI complaints were

measured. The protein for all complexes, except complex II, in the cecum as compared to

the rectum was significantly higher in ASD samples as compared to other groups. For both

rectal and cecum biopsies, ASD samples demonstrated higher complex I activity, but not

complex IV or citrate synthase activity, compared to other groups. Mitochondrial function in

the gut mucosa from children with ASD was found to be significantly different than other

groups who manifested similar GI symptomatology suggesting a unique pathophysiology for

GI symptoms in children with ASD. Abnormalities localized to the cecum suggest a role for

imbalances in the microbiome, potentially in the production of butyrate, in children with ASD.

Background

Autism Spectrum Disorder (ASD) is characterized by impairments in communication and

social interactions along with restrictive and repetitive behaviors [1]. In the United States,

ASD is now estimated to affect almost 2% of children [2]. Although behaviorally defined,

ASD is associated with several medical co-morbidities [3] such as allergies [4], epilepsy [5],
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gastrointestinal (GI) disorders [6], attentional problems [7] and anxiety [8] as well as physio-

logical abnormalities of the mitochondria [9, 10], immune system [11] and redox metabolism

[11, 12].

As many as 91% of children with ASDmay be affected by debilitating GI symptoms such as

constipation, diarrhea, or food allergy and/or intolerance [13, 14]. Developmental delays asso-

ciated with ASD do not account for these symptoms, as GI symptoms are significantly more

common in children with ASD as compared to children with developmental delays without

ASD [15]. Many GI abnormalities reported may be unique to individuals with ASD. For exam-

ple, dysfunction in enterocytes carbohydrate transportation [16], inflammation that is not

fully consistent with a classic GI disorder [13, 14] and imbalances in the enteric microbiome

[17–19] have all been reported.

As discussed in our recent review, the connection between GI symptoms and ASD through

mitochondrial dysfunction is compelling since ASD is strongly associated with both GI symp-

toms and mitochondrial dysfunction, and mitochondrial dysfunction is strongly associated

with GI symptoms [20]. Gut dysmotility is common not only in children with either ASD or

mitochondrial disease [21, 22], but also in children with both disorders concomitantly [9, 10].

Mitochondrial dysfunction can cause inflammation, disrupt enterocyte function and cause

dysmotility, resulting in many of the GI abnormalities reportedly associated with ASD. Inter-

estingly, perturbations in the enteric microbiome can link ASD, mitochondrial dysfunction

and GI abnormalities as discussed below.

The cecum is a site of active microbiota fermentation resulting in the production of short

chain fatty acids (SCFAs), including both propionic acid (PPA) [23, 24] and butyrate (BUT)

[25]. Several studies have shown that the enteric microbiome is disrupted in children with

ASD such that there is an overrepresentation of bacteria such as Clostridia spp which produce

PPA and BUT [26–31]. Both BUT and PPA can modulate metabolism albeit in slightly differ-

ent ways. For example, both can act as mitochondrial fuels, although they enter the mitochon-

drial energy pathways at slightly different points (Fig 1). In addition, both PPA and BUT have

differential modulatory effects on mitochondrial and cellular function which can be complex

and concentration dependent [20, 24] and can include modulation of T cell function [32] and

cytokine production [33]. Indeed, SCFA can disrupt cellular physiology in order to cause

lower GI tract symptoms associated with ASD such as non-specific inflammation and dysmo-

tility [13, 14, 19].

To determine whether mitochondrial dysfunction may contribute to GI symptoms in chil-

dren with ASD we directly measured mitochondrial function in GI mucosa of children with

ASD (See Fig 2). We hypothesized that not only would we find mitochondrial dysfunction in

the GI tract of children with ASD, but also that mitochondrial dysfunction would be specific

to an area of the GI tract where the microbiome is most metabolically active. Specifically, since

the cecum is the major site of microbiota fermentation, where the production of SCFAs such

as PPA and BUT is greatest, we hypothesized that the mitochondrial function would be most

disrupted in the cecum. The mucosa was studied since it is the interface between the enteric

microbiome and host. To control for individual variability in mitochondrial function, we com-

pared mitochondrial function in the cecum to mitochondrial function in the rectum, less com-

monly a site of GI pathology in children with ASD and an area of the GI tract where the

microbiota is not metabolically active [34].

Material andmethods

The Institutional Review Board of the Massachusetts General Hospital (Boston, MA) approved

the collection and storage of participant samples for later analysis. Written informed consent
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was obtained from parents of the participants and written assent was obtained from

participants> 7 years of age. Samples were collected in the endoscopy suite, immediately snap

frozen in either dry ice or liquid N2, and stored at -80˚C in the biorepository at the Massachu-

setts General Hospital. Ten de-identified samples from each group were sent to Arkansas

Fig 1. Mitochondrial pathways utilize short chain fatty acids as substrates. (A) The electron transport chain has two distinct starting
points, Complex I and Complex II, each of which have a predominant fuel source. Complexes III, IV and IV are common to both of these
pathways. (B) Butyrate and Propionic Acid enter mitochondrial metabolism through two slightly overlapping pathways. Butyrate enters the
citric acid cycle through its key substrate Acetyl-CoA, similar to glucose. The citric acid cycle predominantly produces NADH that is the
substrate for Complex I. Propionic acid can be metabolized through two different pathways, both of which result in a relatively greater
production of FADH2 that is the substrate for Complex II. Propionic acid can produce fatty acids that are then the substrates for fatty acid
oxidation. Propionic acid can be metabolized through several enzymes resulting in bypassing the first half of the citric acid cycle and using
up Acetyl-CoA.

https://doi.org/10.1371/journal.pone.0186377.g001
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Children’s Research Institute (Little Rock, AR) for analysis. Average storage time was 2.5 year

(SD 0.9 years). Assigned sample identifiers were independent of the group.

Mitochondrial function was analyzed at Arkansas Children’s Research Institute (Little

Rock, AR) by measuring the activity and content of the electron transport chain (ETC) com-

plexes, the final common pathway for energy production, as well as the activity of citrate

synthase, a citric acid cycle enzyme used as an indicator of mitochondrial content. The Univer-

sity of Arkansas for Medical Sciences Institutional review board determined that the anon-

ymized samples were exempt from further institutional review board review. Researchers at

Arkansas Children’s Research Institute were blinded to the group allocation during prepara-

tion and measurement of mitochondrial activity assays. In order to balance the same number

of samples from each group onWestern blot gels, although the identity of the samples was not

provided, a key was provided to indicate which samples should be grouped together. Initial sta-

tistical analyses were performed with knowledge of which samples should be grouped together

but without knowledge of the identity of individual groups.

Participants

Ten children diagnosed with Autistic Disorder with Gl complaints, 10 children with Crohn’s

disease and 10 children with non-specific gastrointestinal complaints matched on age and gen-

der underwent elective diagnostic colonoscopy. GI clinical characteristics of participants are

provided in Table 1 with more detailed clinical information in S1 Table. 70% of the partici-

pants were male and average age was not significantly different across groups [Mean (SD):

Autism 12.7 (4.2) years; Crohn’s 12.5 (3.8) years; Non-specific 12.8 (4.1) years]. One partici-

pant with high-functioning ASD (ASD ID 11) was assigned to the neurotypical group because

Fig 2. Themicrobiome in the lower gastrointestinal (GI) tract of healthy (A) and individuals with autism (B). (For review of difference
in the microbiome between children with autism and neurotypical children please see our recent reviews [35, 36]). For both neurotypical and
autistic children, we obtained biopsy samples from the cecum and rectum. It is believed that the GI tract of individuals with autism have a
greater amount of dysbiotic bacteria as compared to commensal bacterial. While the microbiome of the healthy GI tract provides positive
immune and metabolic regulation, the imbalance in bacteria in the GI tract of individuals with autism results in oxidative stress, inflammation
and mitochondrial dysfunction. Since the cecum is one of the most metabolically active regions of the GI tract for the microbiome, we are
particularly interested in measuring mitochondrial function in the cecum.We comparedmitochondrial function in the cecum to the rectum
since the rectum has a much less metabolically activity microbiome. To understand if mitochondrial abnormalities are unique to children with
ASD, we comparedmeasurement of mitochondrial function in children with ASD to two groups of children without ASD, those with Crohn’s
disease and those with non-specific GI complaints.

https://doi.org/10.1371/journal.pone.0186377.g002
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Table 1. Patient symptoms and gastrointestinal abnormalities.

Age
/Gender

Gastrointestinal Symptoms Upper
Endoscopy

Upper Histology Lower Endoscopy Lower Histology

Autism Patients

17yo M AP, Gagging, Choking NL NL NL NL

14yo M C, AP, GERD NL Chronic gastritis NL NL

11yo M Severe C, Anal stenosis Hiatal Hernia NL NL NL

12yo F C, D NL Mild chronic inactive gastritis NL NL

17yo M Severe C NL Focal minimal chronic inactive
gastritis

NL NL

5yo F C NL NL NL melanosis coli

12yo F C, GERD, Weight loss NL 1 EOS per hpf in distal
esophagus

NL NL

17yo M GERD, AP Esophagitis NL NL NL

7yo M Lower AP NL NL NL NL

15yo M GERD, Gastritis, Chronic D NL NL NL NL

Neurotypical with Non-Specific GI symptoms

7yo M C, Rectal bleeding Thickened folds
in esophagus

Esophagitis < 20 EOS per hpf Nodule in sigmoid;
nodular ileum

NL

11yo F Recurrent oral ulcers Esophagitis;
gastritis

NL NL NL

11yo M AP; C NL NL NL NL

18yo M AP, D NL NL NL NL

13yo M C NL NL NL Increased cellularity in the
lamina propria; non-
specific

17yo M AP, C, lactase deficient NL NL NL NL

6yo F AP NL NL NL NL

17yo M AP Gastritis Reactive gastropathy NL NL

13yo F AP Antral erythema NL NL NL

15yo Ma C, rectal bleeding NL NL NL NL

Neurotypical Patients with Crohn’s Disease

6yo M History of AP, D, perianal
fistula; but no active
symptoms

Duodenitis Focal active gastritis; mildly
active duodenitis

Ileitis; colitis Ileitis with granulomas;
cecum and rectum: mildly
active colitis;

12yo F Weight loss; AP NL Esophagitis Ileitis; colitis Rectum: mildly active
chronic colitis

16yo M D, AP, perianal fistula NL Chronic inactive gastritis Ileitis Irectum: focal active colitis

14yo M History of AP, D but no active
symptoms

NL Mild chronic gastritis NL Granuloma in ileum;

7yo F Hematochezia NL Active duodenitis Erythema rectum to
cecum.

Focal active ileitis; cecum
and rectum: mildly active
colitis

11yo F History of D, V fever & AP but
no active symptoms

NL NL Erythema of colon. mild active chronic colitis in
rectum

17yo M History of weight loss, D and
skin tag, but no active
symptoms.

Duodenitis Mild chronic duodenitis; chronic
inactive gastritis; granuloma in
esophagus

Friable ileum. Chronic ileitis with
granuloma; cecum and
rectum: normal

16yo M AP, diarrhea NL Focal active gastritis Anal fissure. sigmoid &
transverse colon
ulcerations

Ileum: granuloma;

15yo M History of AP, D NL Chronic inactive gastritis Ileum: congested and
erythematous.

Active ileitis;

(Continued )

Mitochondrial dysfunction in the autism gut

PLOSONE | https://doi.org/10.1371/journal.pone.0186377 October 13, 2017 5 / 19

https://doi.org/10.1371/journal.pone.0186377


of an error in coding. This was not discovered until the samples were unblinded so the individ-

ual remained in the neurotypical group for all of the analysis in order to follow an intent-to-

treat model.

Inflammation was determined by visual endoscopy inspection as well as histological exami-

nation of biopsied tissue. Endoscopy and histological examination was conducted in multiple

bowel locations and is summarized in Table 1. None of the children with autism had inflam-

mation in the colon. One had melanosis coli consistent with laxative treatment for constipa-

tion. Lymphoid hyperplasia in the colon without inflammation was considered to be normal.

Of the 10 neurotypical children without a diagnosis of inflammatory bowel disease, only one

had mild, non-specific changes in the colon that could be related to dysbiosis associated with

constipation. The 10 children with Crohn’s disease all had some evidence of inflammation

consistent with Crohn’s disease. Nine of ten had inflammation in the ileum; whereas, in the

cecum, 7 of the 10 children had a normal biopsy, and in the rectum only 4 of the 10 children

had a normal biopsy.

Clinical procedures

Specific clinical procedures for defining neuropsychiatric and regression status in this cohort

have been previously described [37]. Briefly, neuropsychiatric status was established for all

subjects using Diagnostic and Statistical Manual-Fourth Edition, Text Revision diagnostic cri-

teria. Cases meeting full criteria for Autistic Disorder underwent the Autism Diagnostic Inter-

view-Revised (ADI-R) and Autism Diagnostic Observation Scale (ADOS) by certified raters to

confirm diagnosis. Age of ASD symptom onset was determined by the ADI-R. Regression sta-

tus was determined based on ADI-R and the shortened Collaborative Programs of Excellence

in Autism Regression Interview. Control children were evaluated in the same manner as cases

to exclude subjects with any developmental disturbances, including ASD. Questions posed to

parents in standardized data collection forms regarding GI symptoms were based on previous

work [38]. Symptoms were only reported if the child had experienced the specific GI symp-

toms, including food allergies and sensitivities, for 3 consecutive months. History of medica-

tion use, presence of comorbid conditions, age at first GI episode, and presence and type of

food allergies were also acquired through parental questionnaires.

Tissue lysate preparation

Frozen rectal and cecum biopsies were weighed and then homogenized according to proce-

dures for skeletal muscle as described by Spinazzi et al [39]. Briefly, samples were homogenized

using a 0.25 mL dounce homogenizer in 0.04 μl/μg sucrose muscle homogenization buffer

with 15 controlled up and down strokes using a Biovortexer 183MC (Biospec Products,

Table 1. (Continued)

Age
/Gender

Gastrointestinal Symptoms Upper
Endoscopy

Upper Histology Lower Endoscopy Lower Histology

11yo M No active GI symptoms NL Chronic inactive gastritis NL Ileum: granuloma; cecum
and rectum chronic
quiescent colitis

aThis high-functioning child with autism was misclassified as typically developing during the blind analysis. Thus, in all analyzes this individual was included

in the typically developing group.

Abbreviations: AP = Abdominal pain; C = Constipation, D = Diarrhea, EOS = Eosinophil; F = Female, GERD = Gastroesophageal reflux disease;

GI = Gastrointestinal, hpf = high powered field; M = Male, NL = normal; V = Vomiting, yo = years old.

https://doi.org/10.1371/journal.pone.0186377.t001
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Bartelsville, OK, USA). Homogenates were centrifuged at 600 x g for 10 min at 4˚C, and super-

natants were flash frozen in liquid nitrogen and stored at -80˚C for no more than 1 week prior

to activity assays. Protein concentrations were determined using the BCA protein assay kit

(Pierce Inc., Rockford, IL, USA).

Complex I activity

Electron transport chain (ETC) complex I activity was determined spectrophotometrically by

following the oxidation of reduced nicotinamide adenine dinucleotide at 340nm at 30˚C in

25μg of lysate according to Saba et al.[40] using a UV-1800 equipped with a temperature-con-

trolled stirring cell (Shimadzu, Kyoto, Japan). The rotenone-sensitive nicotinamide adenine

dinucleotide:ubiquinone oxidoreductase activity was calculated from the slopes of the decrease

in absorbance of nicotinamide adenine dinucleotide in the sample with and without the addi-

tion of rotenone.

Complex IV activity

ETC Complex IV activity was determined spectrophotometrically by following the oxidation

of reduced cytochrome C at 550nm at 30˚C in 25μg of lysate according to Saba et al [40].

Reduced cytochrome C was prepared using sodium dithionite as described by Spinazzi et al

[39]. The cyanide-sensitive Complex IV activity was calculated from the slopes of the increase

in the oxidation of cytochrome C with and without the addition of potassium cyanide.

Citrate synthase activity

Citrate synthase activity was determined spectrophotometrically by following the conversion

of dithionitrobenzoic acid to thionitrobenzoate at 412nm at 30˚C in 6 μg of lysate according to

Spinazzi et al [39].

Immunoblotting

Lysates were diluted with sucrose muscle homogenization buffer to 0.5μg/μl. To the lysates,¼

vol Laemmli sample buffer (BioRad, Hercules, CA, USA) was added with 5% 2-mercaptoetha-

nol and spun at 16,200 x g for 5 minutes. The samples were evenly distributed across three gels

such that approximately the same number of samples from each group was contained on each

gel to control for any effect of the particular gel run. Supernatants (12μg) were loaded onto

Criterion TGX precast gels (Bio-Rad) and run at 150V for 100mins. Proteins were transferred

onto a 0.45 μm PVDF membrane (Millipore, Billerica, MA, USA) in CAPS (10mM) with 10%

methanol at 150mA for 2hrs. Membranes were incubated with 5% non-fat milk (NFM) in

phosphate buffered saline (PBS) overnight at 4˚C. Membranes were incubated in 6μg/ml Total

OXPHOS Rodent WB antibody cocktail (Abcam, Cambridge, MA, USA) for 2hrs at room

temperature. The secondary antibody, anti-mouse Horseradish Peroxidase (Santa Cruz Bio-

technology, Dallas, TX, USA), was applied for 2hrs at room temperature at a 1:10000 dilution.

Membranes were incubated with Super Signal West Femto (Thermo Scientific, Pittsburgh,

PA, USA) for 5mins and proteins were detected using an Image Quant LAS 4000 (GE Health-

care). Signals were analyzed using ImageJ (National Institutes of Health, MD, USA). A non-

specific band was used as the loading control instead of a standard housekeeping protein since

standard housekeeping protein overlapped in their position on the gel with the ETC com-

plexes. The use of a non-specific band has been used in a wide variety of previous studies [41–

45]. The difference in the non-specific band was examined across experimental groups and

sampling locations similar to the manner in which the complexes were analyzed and no
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systematic difference was found across experimental groups or sampling locations. The ratio

of the signal derived from the loading control to the enzyme was used to represent protein

quantity.

Statistical analysis

Amixed-model regression [46] was conducted via SAS version 9.3 (Cary, NC, USA) ‘glmmix’

procedure. The mitochondrial ETC complex activity or protein quantity was the response vari-

able with a within-group repeated factor of Area (rectum v cecum) and a between-group factor

of Group (ASD v Crohn’s v Control) and ASD vs non-ASD. We present the overall difference

between the groups (Group Effect), the overall effect of Area (Cecum vs Rectum), the individ-

ual effect across groups for each area and the whether the effect of group was different between

the two areas (interaction).

For all models, random effects included the intercept and area. F-tests were used to evaluate

significance. Planned orthogonal contrasts were used when appropriate. If a group effect was

significant, orthogonal contrasts examined the difference between ASD and the other two

groups combined; if this comparison was not significant, then the difference between ASD

and each other group was examined separately. When an area by group interaction was signifi-

cant, differences in the cecum and rectum were examined across groups in order to determine

whether the cecum or the rectum was driving the difference.

To address the hypothesis that mitochondrial activity would be more atypical in the cecum

as compared to the rectum, planned orthogonal contrasts compared the relative difference

between the cecum and rectum across groups. A comparison of ASD vs Crohn’s and ASD vs

controls were analyzed as well as a difference between ASD vs the combination of Crohn’s and

controls (non-ASD).

Initial analysis included participant age at time of collection, sample storage duration and

gender but these factors did not show a significant effect and therefore were not included in

any final analyses.

Results

In this study, mitochondria were examined using two approaches. First, the quantity of ETC

complex proteins for complexes I-V were examined. Second the activity of two ETC com-

plexes, ETC Complex I and IV, were examined. We examined these parameters of mitochon-

drial function in both the rectum and the cecum from three clinical populations, children with

ASD and those with Crohn’s disease and non-specific GI complaints. We hypothesized that

the ASD children would have altered mitochondrial parameters, particularly in the cecum

since this is an area of high metabolic activity of the microbiome.

Electron transport chain complex protein quantity

Fig 3 shows an example of Western blots for a set of matched rectal and cecum samples.

The quantity of complex I protein was significantly higher in the cecum as compared to rec-

tum [F(1,81) = 4.91, p<0.05]. A Group by Area interaction [F(2,81) = 8.78, p<0.0005] was sig-

nificant (Fig 4A). The quantity of complex I protein was significantly higher in the ASD group

as compared to the other groups in the cecum [t(81) = 1.95, p = 0.05] but not in rectum. The

quantity of complex I protein was higher in the cecum compared to the rectum when the ASD

group was compared to the two other groups separately and in combination (Fig 4F).

The quantity of complex II protein was significantly higher in the cecum as compared to

rectum when the data from all groups was considered regardless of group [F(1,81) = 5.01,

p<0.05]. The Group by Area interaction [F(2,81) = 3.13, p<0.05] was significant but no
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specific groups were found to be different when the cecum and rectum were analyzed sepa-

rately (Fig 4B). However, when the quantity of complex II protein in the cecum relative to the

rectum was compared across groups, the ASD group had a lower quantity of complex II pro-

tein in the cecum relative to the rectum as compared to the typically developing group but not

the Crohn’s Disease group (Fig 4G).

The quantity of complex III protein was significantly higher in the cecum as compared to

rectum [F(1,81) = 5.03, p<0.05]. A Group by Area interaction [F(2,81) = 20.49, p<0.0001] was

significant (Fig 4C). The quantity of complex III protein was significantly higher in the ASD

Fig 3. Western Blots of MatchedGroups from (A) Rectum and (B) Cecum.Notice that bands for several complexes, particularly
complex I, III and IV are darker for the child with autism as compared to controls in the cecum but not the rectum.

https://doi.org/10.1371/journal.pone.0186377.g003

Fig 4. Electron transport chain normalized complex protein quantity.Cecum protein quantity is greater in the autism group as
compared to the two control groups for (A) Complex I, (C) Complex III and (E) Complex V. In the cecum, relative to the rectum, protein
content is greater in the autism group as compared to the control groups both separately and combined for (F) Complex I, (H) Complex III, (I)
Complex IV and (J) Complex V. Error bars represent standard error. The protein quantity values do not have any units because they are
normalized. ASD = Autism Spectrum Disorder.

https://doi.org/10.1371/journal.pone.0186377.g004
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group as compared to the other groups in the cecum [t(81) = 3.28, p<0.005] but not in rectum.

The quantity of complex III protein was higher in the cecum compared to the rectum when

the ASD group was compared to the two other groups separately and in combination (Fig 4H).

The quantity of complex IV protein was significantly higher in the cecum as compared to

rectum [F(1,81) = 5.88, p<0.05]. A Group by Area interaction [F(2,81) = 9.81, p<0.0005] was

significant (Fig 4D). The quantity of complex IV protein was found to be higher in the cecum

compared to the rectum when the ASD group was compared to the two other groups sepa-

rately and in combination (Fig 4I).

The quantity of complex V protein was significantly higher in the cecum as compared to

rectum [F(1,81) = 7.19, p<0.01]. A Group by Area interaction [F(2,81) = 4.88, p = 0.01] was

significant (Fig 4E). The quantity of complex V protein was significantly higher in the ASD

group as compared to the other groups in the cecum [t(81) = 2.66, p<0.01] but not in the rec-

tum. The quantity of complex V protein was higher in the cecum compared to the rectum

when the ASD group was compared to the two other groups separately and in combination

(Fig 4J).

Electron transport chain complex activity

Overall ETC Complex I activity was significantly different across Groups [F(2,27) = 3.58,

p<0.05], due to higher activity in the ASD group as compared to the two other groups [t(27) =

2.55, p<0.05] independent of sampling region (Fig 5A). There was a significantly higher activ-

ity of ETC Complex I in the ASD group as compared to the other groups in the Cecum [t(27)

= 2.83,p<0.01] but not the rectum. Citrate synthase and ETC Complex IV activity was not sig-

nificantly different across Areas (Cecum vs Rectum) or Group (Fig 5B and 5C).

Discussion

In this study, mitochondrial function in the GI tract was tested in the cecum and rectal mucosa

and blindly compared between children with ASD to neurotypical children with Crohn’s dis-

ease and those with non-specific GI symptoms. Differences in mitochondrial function were

found in children with ASD as compared to the other control groups across several ETC com-

plexes suggesting a difference in overall mitochondrial function rather than a change in one

specific mitochondrial enzyme. The relative quantity of all ETC complex proteins was higher

in the cecum relative to the rectum in children with ASD as compared to the other control

children except for ETC Complex II. Examination of ETC complex activity substantiated

higher activity in ASD children specific to the cecum for ETC Complex I but not for ETC

Fig 5. Electron Transport Chain Complex I and IV and Citrate Synthase Activity.Overall complex I
activity is greater in the autism group as compared to the two control groups in both the rectum and cecum,
when (A) the three groups are analyzed individually. Error bars represent standard error. ASD = Autism
Spectrum Disorder.

https://doi.org/10.1371/journal.pone.0186377.g005
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Complex IV. Citrate synthase activity did not differ across groups suggesting that any changes

in ETC activity or protein content was not simply due to mitochondrial proliferation but

rather represented up-regulation of multiple ETC complexes. Overall, these findings suggest

that the mitochondrial physiology of the GI tract in children with ASD is different than neuro-

typical children, with some change in mitochondrial function particularly prominent in the

cecum. This supports the hypothesis that the pathophysiology of GI abnormalities in children

with ASDmay be very different than other GI disorders and could be related to changes in

mitochondrial function.

Mitochondria are best known for producing energy. Classic mitochondrial disease, which

affects about 5% of children with ASD [9], is defined by a deficit in the ability of the mitochon-

dria to make energy and is most typically manifested by a reduction in the activity or protein

content of one or more ETC complexes. However, a significant percentage of children with

ASD, 30% [9] or more [47, 48], manifest biomarkers of classic mitochondrial disease (e.g., ele-

vated lactate), suggesting that many children with ASDmay have a novel type of mitochon-

drial disorder that is different than classical mitochondrial disease. Indeed, studies have noted

a markedly greater than normal activity for ETC Complex 1 in muscle [23] and ETC Complex

IV in muscle [49, 50], skin [48] and brain [51] in individuals with ASD. Related to this, a subset

of lymphoblastoid cell lines (LCLs) derived from children with ASD have an increase in mito-

chondrial respiratory activity resulting in a greater sensitivity to oxidative stress [52, 53]. In

our recent study of comparing LCLs from males with autistic disorder to their matched typi-

cally developing siblings, we found that this atypical elevated mitochondrial respiration is asso-

ciated with worse repetitive and stereotypical behavior [54].

This study confirms previous reports of increased mitochondrial activity in children with

ASD [48–54], specifically increased ETC complex I activity in muscle [23]; and extends this

observation to altered ETC complex activity in the GI mucosa. Indeed, in this study, ETC

Complex I activity was found to be greater in ASD participants as compared to control partici-

pants in GI tissue overall and specifically in the cecum mucosa. This increase in ETC Complex

I activity was consistent with the increased protein content in the cecum for ASD participants

compared to controls. The increase in Complex III, IV and V protein content suggests that

activity of the entire ETC is up-regulated, possibly driven by an increase in NADH (the sub-

strate of Complex I; See Fig 1A). The coordinated increase in multiple ETC complexes suggests

that the changes seen are adaptive rather than due to a specific genetic defect which would be

most likely to result in a decrease in one specific ETC complex. Still the elevation in Complex I

activity in both the cecum and the rectum and the consistency of this findings with previous

studies may suggest that the elevation in ETC Complex I activity may have more specificity to

ASD than the increases in the other ETC complexes.

The fact that increased ETC complex protein content was primarily seen in the cecum, an

area where enteric microbiome fermentation products such as PPA and BUT are abundant,

suggests a role for the enteric microbiome in the evolution of mitochondrial abnormalities in

children with ASD. A seminal mouse model study demonstrated that a probiotic could signifi-

cantly attenuate ASD-like behaviors, providing strong evidence for a connection between the

microbiome and ASD behaviors [55]. Studies reporting alterations in the enteric microbiome

in children with ASD have specifically pointed to an overrepresentation of Clostridia spp [26–

30] particularly in ASD children with regression [56, 57] and/or those with GI symptoms at or

before ASD symptom onset [16]. These overrepresented bacterial are producers of SCFAs

such as BUT and PPA which can have significant modulator effects of mitochondrial function.

BUT is major SCFA fermentation product of the same bacteria that have been implicated in

ASD, particularly Clostridia spp [31]. BUT is a fuel that can be directly integrated into mito-

chondrial metabolism, and a recent study on germ-free mice suggests that colonocytes may be
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specifically dependent on BUT for fuel [58]. An increase in ETC Complex I activity without a

concomitant increase in Complex II activity could suggest an increase in BUT availability in

the lower intestine of children with ASD since BUT enters the citric acid cycle as Acetyl-CoA

where it would enhance the production of NADH which would result in an increase in ETC

Complex I relative to Complex II (See Fig 1B). Interestingly, BUT also positively modulates

neurotransmitter gene expression [59], and rescues ASD type behavior [60] and brain pathol-

ogy [60, 61] induced by prenatal valproic acid exposure [60] in rodent models of ASD. How-

ever, other data suggest that it has a similar effect as PPA on the expression of ASD related

genes in cell lines [25] and changes in carnitine and phospholipid metabolism as well as

increase in aberrant behavior in animal models [62].

An increase in enzyme activity was not as robust for ETC Complex IV as it was for ETC

Complex I. Indeed, ETC Complex IV activity was slightly but not significantly increased in

ASD as compared to the non-ASD control groups. We did, however, demonstrate a signifi-

cantly higher ETC complex IV protein content in the cecum relative to the rectum for ASD as

compared to the non-ASD control groups. The fact that this increase was not apparent when

the cecum alone was compared across groups, suggests a slightly weaker effect than what was

seen for ETC Complex I. This combination of findings may suggest that a greater amount of

ETC Complex IV protein is needed to produce the same activity in the cecum, perhaps because

ETC Complex IV is functioning inefficiently or because xenobiotic agents are damaging some

of the Complex IV proteins. For example, ETC Complex IV is inhibited by inflammation [63].

Children with ASD and GI symptoms have also been shown to have higher levels of oxida-

tive stress [64] and higher levels of oxidative stress have been associated with oxidative damage

to proteins in ASD [65–69]. Additionally, in LCLs derived from children with ASD, increased

respiratory activity is associated with an increased vulnerability to oxidative challenges [52–

54], suggesting that the increased oxidative stress associated with ASD could result in dysfunc-

tion in overactive mitochondria through the damage of Complex IV. As suggested above, over-

production of BUT could be the driving force behind the overactive mitochondria in GI tissue

and xenobiotic agents could be increasing oxidative stress (Fig 6).

Our cell line studies of ASD demonstrated that increased mitochondrial activity is linked to

greater vulnerability of the mitochondria to oxidative insults [24, 52, 53, 67]. Interestingly, our

data links this increase in mitochondrial respiratory activity to worse repetitive and stereotypi-

cal behaviors [54] and such behaviors are indicators for undiagnosed GI abnormalities [13,

14]. As mentioned above, an increase in oxidative stress could result in mitochondrial dysfunc-

tion in overactive mitochondria. Such increases in oxidative stress in the GI tract could come

from agents such as food additives or other environmental toxicants (Fig 6). Thus, this could

explain why some children with ASD are sensitive to particular foods and additives without

having classic food allergies and why certain elimination and organic diets may be beneficial

[17]. If similar abnormalities in mitochondrial function were occurring in the small bowel

where enterocyte function is necessary for the dietary absorption of carnitine and carbohy-

drates, these abnormalities in enterocyte mitochondrial function could explain decreased car-

bohydrate transportation and the high prevalence of low serum carnitine levels [20].

Interestingly, PPA may have a paradoxical effect, resulting in increased mitochondrial res-

piration and an increased sensitivity to physiological stress. In a recent study PPA was found

to increase mitochondrial respiration in LCLs in a concentration and exposure time-depen-

dent manner with this increase greater in ASD LCLs as compared to control LCLs [24]. How-

ever, when oxidative stress was increased in vitro, the same PPA concentration and exposure

that increased respiration in LCLs without oxidative stress, caused a significant decrease in

respiratory function under conditions of oxidative stress. This reiterates how external stressors

can modulate mitochondrial function. This is important since PPA is a SCFA that has several
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links to ASD [31, 70–74]. For example, PPA induces ASD-like behaviors in adult [23] and

juveniles rats [31, 75, 76]. However, in both animal models and humans, the metabolic bio-

markers of PAA include an increase in the production of fatty acids, an enhancement of Com-

plex II activity and a reduction of Complex I activity [48], which is opposite of the findings of

this study. Indeed, our data suggest that BUT may have a larger role as compared to PPA in

individuals with ASD. The importance of BUT in the colon is consistent with a recent study

that a deficit in colonocyte bioenergetics is rescued by BUT-producing bacteria [58]. Still, it is

important to consider that it may be the relative quantities of these SCFA which can be affected

by the relative production from various bacterial populations, the relative breakdown and con-

sumption of SCFAs and the availabilities of specific transporters of SCFAs across the gut wall

by enterocytes.

The findings from this study suggest that this novel type of increased mitochondrial activity

previously associated with ASD in other tissues may also be found in the GI mucosa, particu-

larly the cecum, and could be related to abnormalities in GI function. The fact that such

changes were not also seen in Crohn’s disease, a disease with frank colonic inflammation, sug-

gests that colonic inflammation is not the cause of the changes in mitochondrial function that

we measured in the GI tract of children with ASD. The role of mitochondrial function in the

GI mucosa and the relationship to GI symptoms observed in children with ASD remains to be

determined. However, many of the GI symptoms have been noted in children with mitochon-

drial disease, such as gastroesophageal reflux, dysmotility, constipation, enterocyte dysfunc-

tion, pancreatic dysfunction and vomiting [20].

Fig 6. Synthesis of findings of the study.Dysbiotic bacteria in the gastrointestinal tract of individuals with
autism produce butyrate that drives the mitochondria to become overactive and very sensitive to oxidative
stress. Xenobiotic agents (see previous review [35]) can increase oxidative stress through inflammation or by
their intrinsic nature. This results in mitochondrial dysfunction that can contribute to gastrointestinal symptoms
such as dysmotility (arrow symbol frommitochondrial dysfunction to colon).

https://doi.org/10.1371/journal.pone.0186377.g006
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This and future studies may lead to a better understanding of the pathophysiology associ-

ated with GI dysfunction in ASD, leading to new treatment paradigms. Other clinical groups

such as those with irritable bowel syndrome might be considered to include in future studies

as such individuals, like individuals with ASD, demonstrate alterations in SCFA and psychiat-

ric symptoms [77]. Still the reason for changes in SCFA production in the GI tract should be

investigated further. While such changes may be caused simply by an imbalance in the micro-

biome, it is possible that such SCFA can be induced to heal the GI tract [78]. When consider-

ing the study of the microbiome and SCFAs produced it is important to consider dietary

intake as changes in prebiotics can alter SCFAs produced. For example inulin-type fructans

and arabinoxylan-oligosaccharides increased BUT production in human colon [79]. In addi-

tion, many prescription and over the counter medications, some of which are not uncom-

monly prescribed in ASD (e.g., anti-psychotics), can modulate mitochondrial function [35,

80]. Measurements of SCFAs in the blood, urine or stool could help in the understanding of

changes in the microbiome but the reliability and interpretation of such measurements

remains to be better validated. Furthermore, other measures of mitochondrial function on the

biopsy tissue would help validate our findings but given the limited availability and quantity of

GI biopsy tissue in the ASD population, we have attempted to optimize the assays performed.

Conclusions

This study has demonstrated abnormalities in mitochondrial activity in the lower GI tract of

children with ASD, particularly in the cecum. Understanding the connection between mito-

chondrial dysfunction and GI abnormalities can help clarify the association between behav-

ioral manifestations and GI pathology, the resistance of children with ASD to standard GI

treatment and the GI pathology associated with ASD.

Supporting information

S1 Table. Expanded patient characteristics.

(DOCX)

Acknowledgments

The authors would like to thank the families involved in this research for dedicating their time.

The authors would like to thank Dr. Srikanth Santhanam for providing technical assistance in

assay development.

Author Contributions

Conceptualization: Shannon Rose, Timothy Buie, Harland Winter, Richard Eugene Frye.

Data curation: Sirish C. Bennuri, Katherine F. Murray, Timothy Buie, Harland Winter, Rich-

ard Eugene Frye.

Formal analysis: Sirish C. Bennuri, Richard Eugene Frye.

Funding acquisition:Harland Winter.

Methodology: Shannon Rose, Sirish C. Bennuri, Timothy Buie, Harland Winter, Richard

Eugene Frye.

Project administration: Richard Eugene Frye.

Resources:Harland Winter.

Mitochondrial dysfunction in the autism gut

PLOSONE | https://doi.org/10.1371/journal.pone.0186377 October 13, 2017 14 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186377.s001
https://doi.org/10.1371/journal.pone.0186377


Supervision: Shannon Rose, Harland Winter, Richard Eugene Frye.

Writing – original draft: Shannon Rose, Harland Winter, Richard Eugene Frye.

Writing – review & editing: Shannon Rose, Timothy Buie, Harland Winter, Richard Eugene

Frye.

References
1. APA. Diagnostic and statistical manual of mental disorders. 4th ed. Washington, DC: American Psy-

chiatric Association; 1994.

2. Developmental Disabilities Monitoring Network Surveillance Year Principal I, Centers for Disease C,
Prevention. Prevalence of autism spectrum disorder among children aged 8 years—autism and devel-
opmental disabilities monitoring network, 11 sites, United States, 2010. Morbidity and mortality weekly
report Surveillance summaries. 2014; 63(2):1–21. PMID: 24670961

3. Frye RE, Rossignol DA. Identification and Treatment of Pathophysiological Comorbidities of Autism
SpectrumDisorder to Achieve Optimal Outcomes. Clinical medicine insights Pediatrics. 2016; 10:43–
56. https://doi.org/10.4137/CMPed.S38337 PMID: 27330338

4. Angelidou A, Alysandratos KD, Asadi S, Zhang B, Francis K, Vasiadi M, et al. Brief report: "allergic
symptoms" in children with Autism SpectrumDisorders. More than meets the eye? Journal of autism
and developmental disorders. 2011; 41(11):1579–85. https://doi.org/10.1007/s10803-010-1171-z
PMID: 21210299

5. Frye RE, Rossignol D, Casanova MF, BrownGL, Martin V, Edelson S, et al. A review of traditional and
novel treatments for seizures in autism spectrum disorder: findings from a systematic review and expert
panel. Frontiers in public health. 2013; 1:31. https://doi.org/10.3389/fpubh.2013.00031 PMID:
24350200

6. Chaidez V, Hansen RL, Hertz-Picciotto I. Gastrointestinal Problems in Children with Autism, Develop-
mental Delays or Typical Development. Journal of autism and developmental disorders. 2013; 44
(5):1117–27.

7. Taurines R, Schwenck C, Westerwald E, SachseM, Siniatchkin M, Freitag C. ADHD and autism: differ-
ential diagnosis or overlapping traits? A selective review. Attention deficit and hyperactivity disorders.
2012; 4(3):115–39. https://doi.org/10.1007/s12402-012-0086-2 PMID: 22851255

8. Sukhodolsky DG, Bloch MH, Panza KE, Reichow B. Cognitive-behavioral therapy for anxiety in children
with high-functioning autism: a meta-analysis. Pediatrics. 2013; 132(5):e1341–50. https://doi.org/10.
1542/peds.2013-1193 PMID: 24167175

9. Rossignol DA, Frye RE. Mitochondrial dysfunction in autism spectrum disorders: a systematic review
and meta-analysis. Molecular psychiatry. 2012; 17(3):290–314. https://doi.org/10.1038/mp.2010.136
PMID: 21263444

10. Frye RE, Rossignol DA. Mitochondrial dysfunction can connect the diverse medical symptoms associ-
ated with autism spectrum disorders. Pediatric research. 2011; 69(5 Pt 2):41R–7R. https://doi.org/10.
1203/PDR.0b013e318212f16b PMID: 21289536

11. Rossignol DA, Frye RE. A review of research trends in physiological abnormalities in autism spectrum
disorders: immune dysregulation, inflammation, oxidative stress, mitochondrial dysfunction and envi-
ronmental toxicant exposures. Mol Psychiatry. 2012; 17(4):389–401. https://doi.org/10.1038/mp.2011.
165 PMID: 22143005

12. Frye RE, James SJ. Metabolic pathology of autism in relation to redox metabolism. Biomarkers in medi-
cine. 2014; 8(3):321–30. https://doi.org/10.2217/bmm.13.158 PMID: 24712422

13. Buie T, Fuchs GJ 3rd, Furuta GT, Kooros K, Levy J, Lewis JD, et al. Recommendations for evaluation
and treatment of common gastrointestinal problems in children with ASDs. Pediatrics. 2010; 125 Suppl
1:S19–29.

14. Buie T, Campbell DB, Fuchs GJ 3rd, Furuta GT, Levy J, Vandewater J, et al. Evaluation, diagnosis, and
treatment of gastrointestinal disorders in individuals with ASDs: a consensus report. Pediatrics. 2010;
125 Suppl 1:S1–18.

15. BresnahanM, Hornig M, Schultz AF, Gunnes N, Hirtz D, Lie KK, et al. Association of maternal report of
infant and toddler gastrointestinal symptoms with autism: evidence from a prospective birth cohort.
JAMA psychiatry. 2015; 72(5):466–74. https://doi.org/10.1001/jamapsychiatry.2014.3034 PMID:
25806498

16. Williams BL, Hornig M, Buie T, BaumanML, Cho Paik M,Wick I, et al. Impaired carbohydrate digestion
and transport and mucosal dysbiosis in the intestines of children with autism and gastrointestinal distur-
bances. PloS one. 2011; 6(9):e24585. https://doi.org/10.1371/journal.pone.0024585 PMID: 21949732

Mitochondrial dysfunction in the autism gut

PLOSONE | https://doi.org/10.1371/journal.pone.0186377 October 13, 2017 15 / 19

http://www.ncbi.nlm.nih.gov/pubmed/24670961
https://doi.org/10.4137/CMPed.S38337
http://www.ncbi.nlm.nih.gov/pubmed/27330338
https://doi.org/10.1007/s10803-010-1171-z
http://www.ncbi.nlm.nih.gov/pubmed/21210299
https://doi.org/10.3389/fpubh.2013.00031
http://www.ncbi.nlm.nih.gov/pubmed/24350200
https://doi.org/10.1007/s12402-012-0086-2
http://www.ncbi.nlm.nih.gov/pubmed/22851255
https://doi.org/10.1542/peds.2013-1193
https://doi.org/10.1542/peds.2013-1193
http://www.ncbi.nlm.nih.gov/pubmed/24167175
https://doi.org/10.1038/mp.2010.136
http://www.ncbi.nlm.nih.gov/pubmed/21263444
https://doi.org/10.1203/PDR.0b013e318212f16b
https://doi.org/10.1203/PDR.0b013e318212f16b
http://www.ncbi.nlm.nih.gov/pubmed/21289536
https://doi.org/10.1038/mp.2011.165
https://doi.org/10.1038/mp.2011.165
http://www.ncbi.nlm.nih.gov/pubmed/22143005
https://doi.org/10.2217/bmm.13.158
http://www.ncbi.nlm.nih.gov/pubmed/24712422
https://doi.org/10.1001/jamapsychiatry.2014.3034
http://www.ncbi.nlm.nih.gov/pubmed/25806498
https://doi.org/10.1371/journal.pone.0024585
http://www.ncbi.nlm.nih.gov/pubmed/21949732
https://doi.org/10.1371/journal.pone.0186377


17. Frye RE, Slattery J, MacFabe DF, Allen-Vercoe E, Parker W, Rodakis J, et al. Approaches to studying
and manipulating the enteric microbiome to improve autism symptoms. Microbial ecology in health and
disease. 2015; 26:26878. https://doi.org/10.3402/mehd.v26.26878 PMID: 25956237

18. Douglas-Escobar M, Elliott E, Neu J. Effect of intestinal microbial ecology on the developing brain.
JAMA pediatrics. 2013; 167(4):374–9. https://doi.org/10.1001/jamapediatrics.2013.497 PMID:
23400224

19. Kang DW, Adams JB, Gregory AC, Borody T, Chittick L, Fasano A, et al. Microbiota Transfer Therapy
alters gut ecosystem and improves gastrointestinal and autism symptoms: an open-label study. Micro-
biome. 2017; 5(1):10. https://doi.org/10.1186/s40168-016-0225-7 PMID: 28122648

20. Frye RE, Rose S, Slattery J, Macfabe D. Gastrointestinal dysfunction in autism spectrum disorder: The
role of the mitochondria and the enteric microbiome. Microbial ecology in health and disease. 2015.

21. Bhardwaj J, Wan DQ, Koenig MK, Liu Y, Hashmi SS, Rhoads JM. Impaired gastric emptying and small
bowel transit in children with mitochondrial disorders. Journal of pediatric gastroenterology and nutrition.
2012; 55(2):194–9. https://doi.org/10.1097/MPG.0b013e3182514805 PMID: 22437476

22. Nissenkorn A, Zeharia A, Lev D, Fatal-Valevski A, Barash V, Gutman A, et al. Multiple presentation of
mitochondrial disorders. Archives of disease in childhood. 1999; 81(3):209–14. PMID: 10451392

23. Graf WD, Marin-Garcia J, Gao HG, Pizzo S, Naviaux RK, Markusic D, et al. Autism AssociatedWith the
Mitochondrial DNAG8363A Transfer RNALysMutation. Journal of child neurology. 2000; 15:357–61.
https://doi.org/10.1177/088307380001500601 PMID: 10868777

24. Frye RE, Rose S, Chacko J, Wynne R, Bennuri SC, Slattery JC, et al. Modulation of mitochondrial func-
tion by the microbiomemetabolite propionic acid in autism and control cell lines. Translational psychia-
try. 2016; 6(10):e927. https://doi.org/10.1038/tp.2016.189 PMID: 27779624

25. Nankova BB, Agarwal R, MacFabe DF, La Gamma EF. Enteric bacterial metabolites propionic and
butyric acid modulate gene expression, including CREB-dependent catecholaminergic neurotransmis-
sion, in PC12 cells—possible relevance to autism spectrum disorders. PloS one. 2014; 9(8):e103740.
https://doi.org/10.1371/journal.pone.0103740 PMID: 25170769

26. De Angelis M, Piccolo M, Vannini L, Siragusa S, De Giacomo A, Serrazzanetti DI, et al. Fecal microbiota
and metabolome of children with autism and pervasive developmental disorder not otherwise specified.
PloS one. 2013; 8(10):e76993. https://doi.org/10.1371/journal.pone.0076993 PMID: 24130822

27. Kesli R, Gokcen C, Bulug U, Terzi Y. Investigation of the relation between anaerobic bacteria genus
clostridium and late-onset autism etiology in children. Journal of immunoassay & immunochemistry.
2014; 35(1):101–9.

28. Finegold SM. Therapy and epidemiology of autism—clostridial spores as key elements. Medical hypoth-
eses. 2008; 70(3):508–11. https://doi.org/10.1016/j.mehy.2007.07.019 PMID: 17904761

29. Parracho HM, BinghamMO, Gibson GR, McCartney AL. Differences between the gut microflora of chil-
dren with autistic spectrum disorders and that of healthy children. Journal of medical microbiology.
2005; 54(Pt 10):987–91. https://doi.org/10.1099/jmm.0.46101-0 PMID: 16157555

30. Song Y, Liu C, Finegold SM. Real-time PCR quantitation of clostridia in feces of autistic children.
Applied and environmental microbiology. 2004; 70(11):6459–65. https://doi.org/10.1128/AEM.70.11.
6459-6465.2004 PMID: 15528506

31. Macfabe DF. Short-chain fatty acid fermentation products of the gut microbiome: implications in autism
spectrum disorders. Microbial ecology in health and disease. 2012; 23.

32. Park J, KimM, Kang SG, Jannasch AH, Cooper B, Patterson J, et al. Short-chain fatty acids induce
both effector and regulatory T cells by suppression of histone deacetylases and regulation of the
mTOR-S6K pathway. Mucosal immunology. 2015; 8(1):80–93. https://doi.org/10.1038/mi.2014.44
PMID: 24917457

33. Metzler-Zebeli BU, Ganzle MG, Mosenthin R, Zijlstra RT. Oat beta-glucan and dietary calcium and
phosphorus differentially modify intestinal expression of proinflammatory cytokines and monocarboxy-
late transporter 1 and cecal morphology in weaned pigs. The Journal of nutrition. 2012; 142(4):668–74.
https://doi.org/10.3945/jn.111.153007 PMID: 22357741

34. Guarner F, Malagelada JR. Gut flora in health and disease. Lancet. 2003; 361(9356):512–9. https://doi.
org/10.1016/S0140-6736(03)12489-0 PMID: 12583961

35. Slattery J, MacFabe DF, Kahler SG, Frye RE. Enteric Ecosystem Disruption in Autism SpectrumDisor-
der: Can the Microbiota and Macrobiota be Restored? Current pharmaceutical design. 2016; 22
(40):6107–21. PMID: 27592717

36. Slattery J, MacFabe DF, Frye RE. The Significance of the Enteric Microbiome on the Development of
Childhood Disease: A Review of Prebiotic and Probiotic Therapies in Disorders of Childhood. Clinical
medicine insights Pediatrics. 2016; 10:91–107. https://doi.org/10.4137/CMPed.S38338 PMID:
27774001

Mitochondrial dysfunction in the autism gut

PLOSONE | https://doi.org/10.1371/journal.pone.0186377 October 13, 2017 16 / 19

https://doi.org/10.3402/mehd.v26.26878
http://www.ncbi.nlm.nih.gov/pubmed/25956237
https://doi.org/10.1001/jamapediatrics.2013.497
http://www.ncbi.nlm.nih.gov/pubmed/23400224
https://doi.org/10.1186/s40168-016-0225-7
http://www.ncbi.nlm.nih.gov/pubmed/28122648
https://doi.org/10.1097/MPG.0b013e3182514805
http://www.ncbi.nlm.nih.gov/pubmed/22437476
http://www.ncbi.nlm.nih.gov/pubmed/10451392
https://doi.org/10.1177/088307380001500601
http://www.ncbi.nlm.nih.gov/pubmed/10868777
https://doi.org/10.1038/tp.2016.189
http://www.ncbi.nlm.nih.gov/pubmed/27779624
https://doi.org/10.1371/journal.pone.0103740
http://www.ncbi.nlm.nih.gov/pubmed/25170769
https://doi.org/10.1371/journal.pone.0076993
http://www.ncbi.nlm.nih.gov/pubmed/24130822
https://doi.org/10.1016/j.mehy.2007.07.019
http://www.ncbi.nlm.nih.gov/pubmed/17904761
https://doi.org/10.1099/jmm.0.46101-0
http://www.ncbi.nlm.nih.gov/pubmed/16157555
https://doi.org/10.1128/AEM.70.11.6459-6465.2004
https://doi.org/10.1128/AEM.70.11.6459-6465.2004
http://www.ncbi.nlm.nih.gov/pubmed/15528506
https://doi.org/10.1038/mi.2014.44
http://www.ncbi.nlm.nih.gov/pubmed/24917457
https://doi.org/10.3945/jn.111.153007
http://www.ncbi.nlm.nih.gov/pubmed/22357741
https://doi.org/10.1016/S0140-6736(03)12489-0
https://doi.org/10.1016/S0140-6736(03)12489-0
http://www.ncbi.nlm.nih.gov/pubmed/12583961
http://www.ncbi.nlm.nih.gov/pubmed/27592717
https://doi.org/10.4137/CMPed.S38338
http://www.ncbi.nlm.nih.gov/pubmed/27774001
https://doi.org/10.1371/journal.pone.0186377


37. Hornig M, Briese T, Buie T, BaumanM, G L. Lack of association betweenmeasles virus vaccine and
autism with enteropathy: a case control study. PloS one. 2008; 3:e3140. https://doi.org/10.1371/journal.
pone.0003140 PMID: 18769550

38. Richler J, Luyster R, Risi S, HsuW, Dawson G. Is there a ‘regressive phenotype’ of Autism Spectrum
Disorder associated with the measles-mumps-rubella vaccine? A CPEA Study. Journal of autism and
developmental disorders. 36:299–316. https://doi.org/10.1007/s10803-005-0070-1 PMID: 16729252

39. Spinazzi Marco. Assessment of mitochondrial respiratory chain enzymatic activities on tissues and cul-
tured cells. Nature protocols. 2012; 7(6):1235–46. https://doi.org/10.1038/nprot.2012.058 PMID:
22653162

40. Saba Hamida, Munusamy SMacMillan-Crow LA. Cold preservation mediated renal injury: involvement
of mitochondrial oxidative stress. Renal failure. 2008; 30(2):125–33. https://doi.org/10.1080/
08860220701813327 PMID: 18300110

41. DharmasenaMN, Feuille CM, Starke CE, Bhagwat AA, Stibitz S, Kopecko DJ. Development of an Acid-
Resistant Salmonella Typhi Ty21a Attenuated Vector For Improved Oral Vaccine Delivery. PloS one.
2016; 11(9):e0163511. https://doi.org/10.1371/journal.pone.0163511 PMID: 27673328

42. Brunet S, Dumont J, Lee KW, Kinoshita K, Hikal P, Gruss OJ, et al. Meiotic regulation of TPX2 protein
levels governs cell cycle progression in mouse oocytes. PloS one. 2008; 3(10):e3338. https://doi.org/
10.1371/journal.pone.0003338 PMID: 18833336

43. Cybulsky AV, Takano T, Guillemette J, Papillon J, Volpini RA, Di Battista JA. The Ste20-like kinase SLK
promotes p53 transactivation and apoptosis. Am J Physiol Renal Physiol. 2009; 297(4):F971–80.
https://doi.org/10.1152/ajprenal.00294.2009 PMID: 19640899

44. Amemiya Y, Azmi P, Seth A. Autoubiquitination of BCA2 RING E3 ligase regulates its own stability and
affects cell migration. Mol Cancer Res. 2008; 6(9):1385–96. https://doi.org/10.1158/1541-7786.MCR-
08-0094 PMID: 18819927

45. Alvarez B, Stroeken PJ, Edel MJ, Roos E. Integrin Cytoplasmic domain-Associated Protein-1 (ICAP-1)
promotes migration of myoblasts and affects focal adhesions. J Cell Physiol. 2008; 214(2):474–82.
https://doi.org/10.1002/jcp.21215 PMID: 17654484

46. Laird NM,Ware JH. Random-effects models for longitudinal data. Biometrics. 1982; 38(4):963–74.
PMID: 7168798

47. Frye RE. Biomarker of abnormal energy metabolism in children with autism spectrum disorder. North
American Journal of Medicine and Science. 2012; 5:141–7.

48. Frye RE, Melnyk S, Macfabe DF. Unique acyl-carnitine profiles are potential biomarkers for acquired
mitochondrial disease in autism spectrum disorder. Translational psychiatry. 2013; 3:e220. https://doi.
org/10.1038/tp.2012.143 PMID: 23340503

49. Frye RE, Naviaux RK. Autistic disorder with complex IV overactivity: A newmitochondrial syndrome.
Journal of Pediatric Neurology. 2011; 9:427–34.

50. Frye RE. Novel cytochrome B gene mutations causing mitochondrial disease in autism. Journal of Pedi-
atric Neurology. 2012; 10:35–40.

51. Palmieri L, Papaleo V, Porcelli V, Scarcia P, Gaita L, Sacco R, et al. Altered calcium homeostasis in
autism-spectrum disorders: evidence from biochemical and genetic studies of the mitochondrial aspar-
tate/glutamate carrier AGC1. Molecular psychiatry. 2010; 15(1):38–52. https://doi.org/10.1038/mp.
2008.63 PMID: 18607376

52. Rose S, Frye RE, Slattery J, Wynne R, Tippett M, Pavliv O, et al. Oxidative stress induces mitochondrial
dysfunction in a subset of autism lymphoblastoid cell lines in a well-matched case control cohort. PloS
one. 2014; 9(1):e85436. https://doi.org/10.1371/journal.pone.0085436 PMID: 24416410

53. Rose S, Frye RE, Slattery J, Wynne R, Tippett M, Melnyk S, et al. Oxidative stress induces mitochon-
drial dysfunction in a subset of autistic lymphoblastoid cell lines. Translational psychiatry. 2014; 4:e377.
https://doi.org/10.1038/tp.2014.15 PMID: 24690598

54. Rose S, Bennuri SC, Wynne R, Melnyk S, James SJ, Frye RE. Mitochondrial and redox abnormalities
in autism lymphoblastoid cells: a sibling control study. FASEB J. 2016.

55. Hsiao EY, McBride SW, Hsien S, Sharon G, Hyde ER, McCue T, et al. Microbiota modulate behavioral
and physiological abnormalities associated with neurodevelopmental disorders. Cell. 2013; 155
(7):1451–63. https://doi.org/10.1016/j.cell.2013.11.024 PMID: 24315484

56. Finegold SM, Downes J, Summanen PH. Microbiology of regressive autism. Anaerobe. 2012; 18
(2):260–2. https://doi.org/10.1016/j.anaerobe.2011.12.018 PMID: 22202440

57. Finegold SM, Molitoris D, Song Y, Liu C, Vaisanen ML, Bolte E, et al. Gastrointestinal microflora studies
in late-onset autism. Clinical infectious diseases: an official publication of the Infectious Diseases Soci-
ety of America. 2002; 35(Suppl 1):S6–S16.

Mitochondrial dysfunction in the autism gut

PLOSONE | https://doi.org/10.1371/journal.pone.0186377 October 13, 2017 17 / 19

https://doi.org/10.1371/journal.pone.0003140
https://doi.org/10.1371/journal.pone.0003140
http://www.ncbi.nlm.nih.gov/pubmed/18769550
https://doi.org/10.1007/s10803-005-0070-1
http://www.ncbi.nlm.nih.gov/pubmed/16729252
https://doi.org/10.1038/nprot.2012.058
http://www.ncbi.nlm.nih.gov/pubmed/22653162
https://doi.org/10.1080/08860220701813327
https://doi.org/10.1080/08860220701813327
http://www.ncbi.nlm.nih.gov/pubmed/18300110
https://doi.org/10.1371/journal.pone.0163511
http://www.ncbi.nlm.nih.gov/pubmed/27673328
https://doi.org/10.1371/journal.pone.0003338
https://doi.org/10.1371/journal.pone.0003338
http://www.ncbi.nlm.nih.gov/pubmed/18833336
https://doi.org/10.1152/ajprenal.00294.2009
http://www.ncbi.nlm.nih.gov/pubmed/19640899
https://doi.org/10.1158/1541-7786.MCR-08-0094
https://doi.org/10.1158/1541-7786.MCR-08-0094
http://www.ncbi.nlm.nih.gov/pubmed/18819927
https://doi.org/10.1002/jcp.21215
http://www.ncbi.nlm.nih.gov/pubmed/17654484
http://www.ncbi.nlm.nih.gov/pubmed/7168798
https://doi.org/10.1038/tp.2012.143
https://doi.org/10.1038/tp.2012.143
http://www.ncbi.nlm.nih.gov/pubmed/23340503
https://doi.org/10.1038/mp.2008.63
https://doi.org/10.1038/mp.2008.63
http://www.ncbi.nlm.nih.gov/pubmed/18607376
https://doi.org/10.1371/journal.pone.0085436
http://www.ncbi.nlm.nih.gov/pubmed/24416410
https://doi.org/10.1038/tp.2014.15
http://www.ncbi.nlm.nih.gov/pubmed/24690598
https://doi.org/10.1016/j.cell.2013.11.024
http://www.ncbi.nlm.nih.gov/pubmed/24315484
https://doi.org/10.1016/j.anaerobe.2011.12.018
http://www.ncbi.nlm.nih.gov/pubmed/22202440
https://doi.org/10.1371/journal.pone.0186377


58. Donohoe DR, Garge N, Zhang X, SunW, O’Connell TM, Bunger MK, et al. The microbiome and buty-
rate regulate energy metabolism and autophagy in the mammalian colon. Cell Metab. 2011; 13(5):517–
26. https://doi.org/10.1016/j.cmet.2011.02.018 PMID: 21531334

59. Kratsman N, Getselter D, Elliott E. Sodium butyrate attenuates social behavior deficits and modifies the
transcription of inhibitory/excitatory genes in the frontal cortex of an autismmodel. Neuropharmacology.
2016; 102:136–45. https://doi.org/10.1016/j.neuropharm.2015.11.003 PMID: 26577018

60. Takuma K, Hara Y, Kataoka S, Kawanai T, Maeda Y,Watanabe R, et al. Chronic treatment with valproic
acid or sodium butyrate attenuates novel object recognition deficits and hippocampal dendritic spine
loss in a mousemodel of autism. Pharmacology, biochemistry, and behavior. 2014; 126:43–9. https://
doi.org/10.1016/j.pbb.2014.08.013 PMID: 25240644

61. Kim JW, Seung H, Kwon KJ, Ko MJ, Lee EJ, Oh HA, et al. Subchronic treatment of donepezil rescues
impaired social, hyperactive, and stereotypic behavior in valproic acid-induced animal model of autism.
PloS one. 2014; 9(8):e104927. https://doi.org/10.1371/journal.pone.0104927 PMID: 25133713

62. Thomas RH, Foley KA, Mepham JR, Tichenoff LJ, Possmayer F, MacFabe DF. Altered brain phospho-
lipid and acylcarnitine profiles in propionic acid infused rodents: further development of a potential
model of autism spectrum disorders. Journal of neurochemistry. 2010; 113(2):515–29. PMID:
20405543

63. Huttemann M, Helling S, Sanderson TH, Sinkler C, Samavati L, Mahapatra G, et al. Regulation of mito-
chondrial respiration and apoptosis through cell signaling: cytochrome c oxidase and cytochrome c in
ischemia/reperfusion injury and inflammation. Biochimica et biophysica acta. 2012; 1817(4):598–609.
https://doi.org/10.1016/j.bbabio.2011.07.001 PMID: 21771582

64. Gorrindo P, Lane CJ, Lee EB, McLaughlin B, Levitt P. Enrichment of elevated plasma F2t-isoprostane
levels in individuals with autism who are stratified by presence of gastrointestinal dysfunction. PloS one.
2013; 8(7):e68444. https://doi.org/10.1371/journal.pone.0068444 PMID: 23844202

65. Adams JB, Audhya T, McDonough-Means S, Rubin RA, Quig D, Geis E, et al. Effect of a vitamin/min-
eral supplement on children and adults with autism. BMC pediatrics. 2011; 11:111. https://doi.org/10.
1186/1471-2431-11-111 PMID: 22151477

66. Frye RE, Delatorre R, Taylor H, Slattery J, Melnyk S, Chowdhury N, et al. Redoxmetabolism abnormali-
ties in autistic children associated with mitochondrial disease. Translational psychiatry. 2013; 3:e273.
https://doi.org/10.1038/tp.2013.51 PMID: 23778583

67. Rose S, Melnyk S, Pavliv O, Bai S, Nick TG, Frye RE, et al. Evidence of oxidative damage and inflam-
mation associated with low glutathione redox status in the autism brain. Translational psychiatry. 2012;
2:e134. https://doi.org/10.1038/tp.2012.61 PMID: 22781167

68. Sajdel-Sulkowska EM, Xu M, Koibuchi N. Increase in cerebellar neurotrophin-3 and oxidative stress
markers in autism. Cerebellum (London, England). 2009; 8(3):366–72.

69. Sajdel-Sulkowska EM, Xu M, McGinnisW, Koibuchi N. Brain region-specific changes in oxidative stress
and neurotrophin levels in autism spectrum disorders (ASD). Cerebellum (London, England). 2011; 10
(1):43–8.

70. Macfabe D. Autism: metabolism, mitochondria, and the microbiome. Global advances in health and
medicine: improving healthcare outcomes worldwide. 2013; 2(6):52–66.

71. MacFabe DF. Enteric short-chain fatty acids: microbial messengers of metabolism, mitochondria, and
mind: implications in autism spectrum disorders. Microbial ecology in health and disease. 2015;
26:28177. https://doi.org/10.3402/mehd.v26.28177 PMID: 26031685

72. MacFabe DF, Cain DP, Rodriguez-Capote K, Franklin AE, Hoffman JE, Boon F, et al. Neurobiological
effects of intraventricular propionic acid in rats: possible role of short chain fatty acids on the pathogene-
sis and characteristics of autism spectrum disorders. Behavioural brain research. 2007; 176(1):149–69.
https://doi.org/10.1016/j.bbr.2006.07.025 PMID: 16950524

73. MacFabe DF, Cain NE, Boon F, Ossenkopp KP, Cain DP. Effects of the enteric bacterial metabolic
product propionic acid on object-directed behavior, social behavior, cognition, and neuroinflammation in
adolescent rats: Relevance to autism spectrum disorder. Behavioural brain research. 2011; 217(1):47–
54. https://doi.org/10.1016/j.bbr.2010.10.005 PMID: 20937326

74. MacFabe DF, Rodrı́guez-Capote K, Hoffman JE, Franklin AE, Mohammad-Asef Y, Taylor AR, et al. A
Novel Rodent Model of Autism: Intraventricular Infusions of Propionic Acid Increase Locomotor Activity
and Induce Neuroinflammation and Oxidative Stress in Discrete Regions of Adult Rat Brain. American
Journal of Biochemistry and Biotechnology. 2008; 4(2):146–66.

75. Foley KA, MacFabe DF, Kavaliers M, Ossenkopp KP. Sexually dimorphic effects of prenatal exposure
to lipopolysaccharide, and prenatal and postnatal exposure to propionic acid, on acoustic startle
response and prepulse inhibition in adolescent rats: relevance to autism spectrum disorders. Beha-
vioural brain research. 2015; 278:244–56. https://doi.org/10.1016/j.bbr.2014.09.032 PMID: 25300465

Mitochondrial dysfunction in the autism gut

PLOSONE | https://doi.org/10.1371/journal.pone.0186377 October 13, 2017 18 / 19

https://doi.org/10.1016/j.cmet.2011.02.018
http://www.ncbi.nlm.nih.gov/pubmed/21531334
https://doi.org/10.1016/j.neuropharm.2015.11.003
http://www.ncbi.nlm.nih.gov/pubmed/26577018
https://doi.org/10.1016/j.pbb.2014.08.013
https://doi.org/10.1016/j.pbb.2014.08.013
http://www.ncbi.nlm.nih.gov/pubmed/25240644
https://doi.org/10.1371/journal.pone.0104927
http://www.ncbi.nlm.nih.gov/pubmed/25133713
http://www.ncbi.nlm.nih.gov/pubmed/20405543
https://doi.org/10.1016/j.bbabio.2011.07.001
http://www.ncbi.nlm.nih.gov/pubmed/21771582
https://doi.org/10.1371/journal.pone.0068444
http://www.ncbi.nlm.nih.gov/pubmed/23844202
https://doi.org/10.1186/1471-2431-11-111
https://doi.org/10.1186/1471-2431-11-111
http://www.ncbi.nlm.nih.gov/pubmed/22151477
https://doi.org/10.1038/tp.2013.51
http://www.ncbi.nlm.nih.gov/pubmed/23778583
https://doi.org/10.1038/tp.2012.61
http://www.ncbi.nlm.nih.gov/pubmed/22781167
https://doi.org/10.3402/mehd.v26.28177
http://www.ncbi.nlm.nih.gov/pubmed/26031685
https://doi.org/10.1016/j.bbr.2006.07.025
http://www.ncbi.nlm.nih.gov/pubmed/16950524
https://doi.org/10.1016/j.bbr.2010.10.005
http://www.ncbi.nlm.nih.gov/pubmed/20937326
https://doi.org/10.1016/j.bbr.2014.09.032
http://www.ncbi.nlm.nih.gov/pubmed/25300465
https://doi.org/10.1371/journal.pone.0186377


76. Foley KA, MacFabe DF, Vaz A, Ossenkopp KP, Kavaliers M. Sexually dimorphic effects of prenatal
exposure to propionic acid and lipopolysaccharide on social behavior in neonatal, adolescent, and adult
rats: implications for autism spectrum disorders. International journal of developmental neuroscience:
the official journal of the International Society for Developmental Neuroscience. 2014; 39:68–78.

77. Farup PG, Rudi K, Hestad K. Faecal short-chain fatty acids—a diagnostic biomarker for irritable bowel
syndrome? BMC gastroenterology. 2016; 16.

78. Valeur J, MorkenMH, Norin E, Midtvedt T, Berstad A. Intestinal fermentation in patients with self-
reported food hypersensitivity: painful, but protective? Clinical and experimental gastroenterology.
2010; 3:65–70. PMID: 21694848

79. Riviere A, Selak M, Lantin D, Leroy F, De Vuyst L. Bifidobacteria and Butyrate-Producing Colon Bacte-
ria: Importance and Strategies for Their Stimulation in the Human Gut. Frontiers in microbiology. 2016;
7:979. https://doi.org/10.3389/fmicb.2016.00979 PMID: 27446020

80. Delhey LM, Nur Kilinc E, Yin L, Slattery JC, Tippett ML, Rose S, et al. The Effect of Mitochondrial Sup-
plements on Mitochondrial Activity in Children with Autism SpectrumDisorder. Journal of clinical medi-
cine. 2017; 6(2).

Mitochondrial dysfunction in the autism gut

PLOSONE | https://doi.org/10.1371/journal.pone.0186377 October 13, 2017 19 / 19

http://www.ncbi.nlm.nih.gov/pubmed/21694848
https://doi.org/10.3389/fmicb.2016.00979
http://www.ncbi.nlm.nih.gov/pubmed/27446020
https://doi.org/10.1371/journal.pone.0186377

