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Abstract

Increasing evidence has pinpointed that loss of mitochondrial function or regula-
tion is a critical player toward the pathogenesis of various metabolic,
neurodevelopmental, and neurodegenerative disorders, including autism spec-
trum disorders (ASD) and Alzheimer’s disease (AD). The lacuna in understand-
ing these diseases’ underlying biology is that pathology develops through the
interaction of various biological pathways rather than a defined mechanism.
Mitochondria are dynamic organelles that perform diverse functions, including
cellular energy production, calcium homeostasis, apoptosis, and innate immune
regulation. Hence, mitochondria integrate various cellular pathways, and any
exogenous or endogenous perturbation may result in their dysfunction. Herein,
we explore the latest research insights that have evolved our understanding of
ASD and AD pathogenesis with the perspective of mitochondrial dysregulation
as the underlying phenomenon. We discuss the pathological relevance of cause
and effect of mitochondrial dysregulation, such as increased reactive oxygen
species (ROS) production, mitochondrial DNA damage, aberrant immune
responses, impaired energy metabolism, and altered gut microbiome in the
etiology of ASD and AD. Being at the center stage, mitochondria have emerged
as a novel target with considerable therapeutic potential, which can be exploited
to delay, manage, or treat ASD, AD, and other neurological disorders. We also
discuss the novel therapeutic options such as H2S therapy, dynamic microbiome
modulation, ketogenic diet, and cofactor therapy that are emerging as a plausible
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treatment regimen and have shown favorable outcomes in initial studies. Hence,
this article summarizes the current understanding of the functional and structural
disturbances in the mitochondria that lead to ASD and AD and could be
harnessed for better diagnostic and prognostic outcomes.
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2.1 Introduction

Mitochondria are a double membrane organelle of approximately 0.75–3 μm2 size
present in all cells of the eukaryotes and almost all prokaryotes. They act as the
powerhouse of cells by producing energy in the form of adenosine triphosphate
(ATP), which is required for cellular functions. Other functions of mitochondria
include cellular differentiation, signaling, cell growth, death, and cell-cycle regula-
tion. Mitochondrial structural and functional abnormalities have been demonstrated
as a common shared mechanism across multiple neurodegenerative disorders that
include diseases/syndromes such as cardiovascular disease; diabetes; schizophrenia;
myopathy; stroke; endocrinopathy; bipolar disorder; chronic fatigue syndrome;
Pearson syndrome; dementia; Kearns-Sayre syndrome; Parkinson’s disease; Leber’s
hereditary optic neuropathy; Barth syndrome; retinitis pigmentosa; Alzheimer’s;
Friedreich’s ataxia; mitochondrial encephalopathy, lactic acidosis, and stroke
(MELAS) syndrome; Wilson’s disease; progressive external ophthalmoplegia; myo-
clonic epilepsy with ragged red fibers (MERRF); hereditary spastic paraplegia; etc.
But most often, it presents itself in the form of neurological diseases such as ASD
and AD. Present epidemiological data confirms that almost 5–80% of children
affected by ASD show mitochondrial dysfunction compared to only 0.1% among
the general population (Rose et al. 2012; Bayer 2015). Pathophysiological studies
have shown a distinct connection between mitochondria and AD; however, an exact
epidemiological data is not available thus far.

ASD represents a group of confounding diseases that include autism, Asperger’s
syndrome, and pervasive developmental disorders. ASD is marked by developmen-
tal and neurological syndromes that lead to impaired social communication abilities
and repetitive behavior. ASD symptoms start to manifest during early childhood and
last throughout the lifetime. On the other hand, AD is a progressive degradation of
brain cells, usually in the elderly, leading to dementia, which affects a person’s social
abilities. Though both disorders are at the two ends of the age spectrum, they have
common clinical manifestations such as language impairment, a problem in
executing functions, dementia, and motor disability (Khan et al. 2016). Understand-
ing ASD and AD from a biological perspective becomes complex due to its diagno-
sis solely through behavioral criteria directed by the Diagnostic and Statistical
Manual of Mental Disorders (DSM), which keeps being revised based on
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identifying more contemporary patients’ patterns. The identification of ASD and AD
through behavioral benchmarks is partly due to an insufficient understanding of the
biological processes and the non-availability of quantitative biomarkers for these
diseases. The cavities in understanding these diseases’ biology is that the pathology
develops through a complex interaction of several biological pathways rather than a
defined mechanism. It involves biological components as diverse as bioenergetics,
epigenetics, and genetics, besides having environmental effectors.

The pathologies observed in ASD and AD, such as toxic accumulation of protein
aggregates in AD, and increased white matter neurons together with a substantial
decrease in the GABAergic cerebellar Purkinje cells in ASD, can be due to mutation,
rearrangements, or point mutations in mitochondrial DNA (mtDNA). Recent
researches indicate that diseases such as Parkinson’s disease, AD, Rett syndrome,
and ASD plausibly share a common mechanism of mitochondrial dysfunction
leading to disease progression (Frye 2020). Over the last few decades, despite a
compelling problem of underdiagnosis, there has been a surge in the prevalence of
ASD worldwide (Chiarotti and Venerosi 2020; Maenner et al. 2020). Many studies
indicate that mitochondrial dysfunction may have an essential role in the develop-
ment of ASD. It is also reinforced by the evidence that several comorbidities that
develop due to mitochondrial defect such as epilepsy, sleep apnea, gastrointestinal,
and immune dysfunction share an association with ASD. Mitochondria are sensitive
organelles susceptible to endogenous alterations such as iatrogenic medications,
toxicants, immune activation, and metabolic disruption besides the exogenous
environment. The general effectors for mitochondrial dysfunction that facilitate
progress toward AD and ASD are illustrated in Fig. 2.1. Many of these stressors
have also been demonstrated in the etiology of ASD. Hence, there seems a clear
link between these two disorders, which points to a possible shared etiological
mechanism.

Furthermore, AD also has multiple etiological factors, and aging is considered a
significant risk factor. Most studies on AD have focused on τ (tau) and amyloid-beta
(amyloid-β) pathology as underlying factors. Some studies have demonstrated that τ
pathology contributes to mitochondrial dysfunction leading to neurodegeneration.
Amyloid-β protein has been shown to accumulate in the mitochondrial matrix
hampering its function, such as failure of energy metabolism, generation of reactive
oxygen species (ROS), and permeability transition pore (PTP) formation. Hence, it
could be conjectured that brain metabolism in AD may be deranged due to altered

Fig. 2.1 The effectors of mitochondrial dysfunction associated with ASD and AD
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mitochondrial functionality. This hypothesis had opened up new frontiers to explore
alterations in mitochondrial bioenergetics as a possible cause of ASD, AD, and
associated pathologies. Recent research studies have provided insight into novel
metabolic targets to treat or prevent ASD and AD pathogenesis.

In this article, we discuss the latest findings that support that mitochondrial
dysfunction and functional and structural abnormalities in mtDNA are the central
mechanisms toward the pathogenesis of ASD and AD. We will also analyze the
association of ASD and AD with respective co-occurring medical conditions in the
light of mitochondrial dysfunction at the center stage. The review will also focus on
understanding the advancement in the therapeutic approaches used for remodeling
and enhancing mitochondrial functions, leading toward novel treatment
methodologies for treating or managing ASD and AD.

2.2 Increased Oxidative Stress Linked to Mitochondrial
Dysfunction in ASD and AD

The regulation of cellular survival, orchestration of biosynthetic metabolic
pathways, and ROS signaling are the canonical functions of mitochondria. These
organelles are integral to supporting the energy requirement of our body’s metabolic
processes during the resting, active, and stressed state. They populate the cells of the
body and harbor their mtDNA (mitochondrial DNA). Besides catabolizing glucose
and oxidizing fatty acids to generate ATP, mitochondria play a distinct role in
forming reactive oxygen species (ROS), calcium signaling and homeostasis, and
the regulation of programmed cell death (Malek et al. 2018).

The accumulation of τ-protein and amyloid-β plaques is a pathological hallmark
of AD that consequently progresses toward developing the disease. On the other
hand, behavioral challenges mark the identification of ASD. Studies spanning the
past few decades have determined that many factors, including biological, environ-
mental, lifestyle, epigenetics, and genetics, influence the development of the two
diseases. However, the mechanism of pathogenesis remains elusive. Recent studies
have furnished distinctive insights that underscore mitochondrial dysfunction as an
early event in ASD and AD pathogenesis (Rossignol and Frye 2012; Frye 2020).
Oxidative stress plays a pivotal role in linking mitochondrial dysfunction and
neurological disorders. Imbalances in the cellular milieu rendered through the
presence of pro-oxidant metabolites, activated immune cells, toxicants, etc. subse-
quently lead to mitochondrial dysfunction.

The notion that mitochondrial abnormalities may be the cause of ASD came up in
1985, with the observation of lactic acidosis in children with ASD. Presently, ASD is
quite common among children and is noted to be affected by different triggering
etiologies, one of them being physiological abnormalities of mitochondrial dysfunc-
tion widely ranging from 5 to 80% (Rose et al. 2012). Similarly, metabolic changes
and increased ROS production in AD brains underscore mitochondrial abnormalities
at their nexus. With the advent of more recent techniques, considerable evidence has
now accumulated that pinpoints oxidative stress, and calcium homeostasis
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alterations precede the formation of pathological identifiers in AD, such as plaques
and tangles in the brain (Von Bernhardi and Eugenín 2012).

The mitochondrial electron transport chain (ETC) is the underlying source of
ROS production. ROS serves as a signaling molecule under normal concentrations,
modulating numerous physiological reactions, including the ETC, ion transport, and
neurotransmitter receptors. If ROS production exceeds the physiological system’s
buffering capacity, it manifests in the form of oxidative stress. The primary cause of
oxidative stress is the abnormality in ETC. Increased ROS in the AD brains, as well
as a region-specific reduction in the blood flow and oxygen utilization, provide
ample evidence implicating compromised mitochondrial physiology in the develop-
ment and progression of the disease (Bonda et al. 2014). Unregulated ROS produc-
tion causes damage to cellular lipid, protein, and DNA, leading to derangement in
the metabolic processes or development of anatomical lesions. The brain regions that
were found to be most vulnerable to high ROS were the frontal, parietal, and
temporal lobes. These areas overlap the areas that are found to be affected in AD
patients (Wang et al. 2006).

Higher ROS levels induce ASD cascade, which posits mitochondrial
abnormalities as the critical origin of neurodevelopmental impairment in ASD.
However, these deficits in the mitochondria’s ETC complex activity are distinct
from the abnormalities observed in classical mitochondrial diseases. Studies have
identified higher ETC complex IV, III, and I activity in ASD animal models and
patients (Frye and Naviaux 2011; Delhey et al. 2017; Valiente-Pallejà et al. 2018).
Others have linked reduced antioxidant capacity and increased ROS levels at the
systemic level in ASD. Molecules of oxidative stress have been shown in the brains
of ASD patients and also in their parents (Ohja et al. 2018). Another study
demonstrated impairments in the glutathione redox balanced in cerebella and tem-
poral cortices of autistic patients (Rose et al. 2012). Transcriptional profiling of
84 genes of oxidative stress machinery identified a signature pattern of eight genes,
namely, glutamate-cysteine ligase modifier (GCLM), superoxide dismutase
2 (SOD2), neutrophil cytosol factor 2 (NCF2), prions (PRNP), prostaglandin-
endoperoxide synthase 2 (PTGS2), thioredoxin (TXN), and ferritin heavy chain
(FTH1), involved in ROS metabolism which were downregulated in autistic
individuals (Bolotta et al. 2018). Further, RBC damage through ROS that causes
altered RBC shape and morphology has been a significant feature in autistic patients
(Bolotta et al. 2018).

Interestingly, immune dysfunction identified as one of the pathological features
of ASD has a close link with oxidative free radicals accumulation. Altered redox
balance either in the prenatal or postnatal period is associated with immunological
activation, which increases the risk of autism in children. Though prenatal immune
dysregulation is not clearly understood, exposure to unhealthy postnatal
environments is linked to a distinct immune dysregulation pattern, endogenous
autoantibodies, and inflammation observed in autistic patients. Mitochondrial func-
tional abnormalities can initiate specific stress signals leading to an aberrant immune
response. Nonetheless, a meticulous approach toward understanding the molecular
pathways that trigger inflammasome cascade resulting from mitochondrial
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dysfunction needs further research (Chen et al. 2018). A thorough understanding of
metabolic circuitry that underscores mitochondrial dysfunction in ASD and AD may
facilitate novel treatment strategies.

2.3 Mitochondrial DNA Damage Promotes the Development
of ASD and AD

Mitochondria are present in every cell at varying numbers depending upon the
difference in tissue origin. Cells of tissues with greater metabolic demands like the
brain, cardiac, and skeletal muscle tissues have many mitochondria. Each mitochon-
drion harbors many copies of mtDNA. Moreover, mitochondrial genomes have
10–20-fold high mutation rates compared to nuclear DNA, which renders them
inherently heteroplasmic (Stein and Sia 2017). Studies have reported that
mitochondria have a skewed concentration of nucleotides that compromise
mtDNA polymerase subunit gamma (PolG) enzyme fidelity, corroborating higher
mutation rates in mitochondrial DNA. Consequently, these mutations accumulate
more in tissue with higher metabolic activity, such as the brain, leading to more
pronounced phenotypes.

Additionally, mitochondria are subjected to oxidative stress due to their respira-
tion function, which can induce oxidative lesions in their genome (Sharma and
Sampath 2019). ASD and AD, besides other neurodegenerative diseases, have
higher ROS concentrations, and reports have demonstrated its association with the
deletion of mtDNA. Diminished mitochondrial genome integrity has now been
understood to predispose early- and late-onset metabolic diseases such as ASD,
Parkinson’s disease, and Alzheimer’s disease.

mtDNA mutations occur across polypeptide mutations, rRNA and tRNA
mutations, rearrangement mutations, and mutations in the regulatory region affecting
mtDNA replication and transcription. A study on ASD children indicated that
around 28.6% of ASD subjects displayed mutations commonly associated with
mitochondrial disorders, such as the presence of low mtDNA content and putative
pathogenic mtDNA mutations (Varga et al. 2018). mtDNA haplogroup differences
can contribute to the modulation of the ASD risk. A cohort study of 1624 patients
with ASD identified many mtDNA haplogroups across different clusters in ASD.
Hence, mitochondrial haplogroups associated functional variants could be a risk
factor for developing ASD (Chalkia et al. 2017). Using databases of mtDNA
sequence and variation (comprehensive MITOMAP, A Human Mitochondrial
Genome Database initiative), many mutations in mtDNA have been identified that
are linked to pathologies and comorbidities associated with ASD and AD (Sharma
and Sampath 2019). Several genetic anomalies are related to mitochondrial defects
in ASD, including mitochondrial DNA mutations and deletions and chromosomal
abnormalities. These abnormalities have been identified in buccal cells and cells of
the immune system, fibroblasts, gastrointestinal tissue, and muscle, besides in the
brain tissue of patients with ASD.
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Studies on AD brains have shown reduced mtDNA content and mass, increased
fragmentation of mtDNA, deletion, and apoptotic cell loss, associated with elevated
free radicals linked with a reduced cyclooxygenase (COX) level. In a downstream
signaling cascade that perpetrates with mitochondrial stress, cell apoptosis is trig-
gered. These innate immune mechanisms are susceptible to nuclear and mtDNA and
any other type of DNA from the phagolysosomal compartment. The presence of
apoptotic vesicles in the blood from ASD patients, which in turn contain a consider-
able concentration of mtDNA, is plausibly recognized as an innate pathogen in ASD.
These vesicles enter the microglia of ASD patients through blood and lymphatic
systems and triggering an immune response (Pangrazzi et al. 2020). Many studies
have also observed sporadic mtDNA deletions in brain tissues obtained after the
postmortem of late-onset AD patients. In a study, mtDNAΔ4977 showed a 15-fold
hike in its occurrence in AD subjects’ cortical neurons (Phillips et al. 2014). Visible
chromosomal lesions and slight copy number variants at 16p11, an inverted dupli-
cation on one of the domains of chromosome 15q11-q13, are also commonly
observed in 10–20% of ASD cases (Cook Jr et al. 1997; Qureshi et al. 2014).

2.4 Calcium Homeostasis Imbalance Perpetrates
Mitochondrial Dysfunction in ASD and AD

The function of mitochondria in regulating and buffering cytoplasmic Ca2+ (calcium
ion) manifests as a central player in normal neurotransmission, neuronal plasticity,
gene transcription regulation, and excitotoxicity (Celsi et al. 2009). Different studies
have cited the function of mitochondria in Ca2+ buffering impairment in the aging
brain and AD (Camandola and Mattson 2011). Disturbances in the Ca2+ homeostasis
are closely connected with mitochondrial permeability transitions potentiated by
high ROS generation, elevated phosphate concentrations, and ATP depletion. This
eventually leads to the release of pro-apoptotic factors and cell death (Toglia and
Ullah 2016; Granatiero et al. 2019). Predominantly, the function of most of the ions
is limited to electrical conduction at the cell membrane. However, calcium addition-
ally integrates signaling to cellular transcriptional, translational, metabolic, and
biochemical events. The intrinsic function of calcium as a second messenger
arbitrates diverse cellular processes through spatial and temporal alteration in con-
centration (Berridge et al. 2000). This function is carried out by a multitude of
calcium-binding proteins, transporters, and voltage-dependent ligand-gated ion
channels. Since calcium plays a ubiquitous role in cell physiology, any regulatory
defects in the calcium signaling pathway can disrupt neurological function as
demonstrated by several pathological conditions, including ASD (Nguyen et al.
2018). Derangement in calcium signaling potentially causes many abnormalities
associated with ASD pathogenesis, such as mitochondrial function defects,
neurotransmitter signaling, and synaptic plasticity. Mechanistic variants have been
identified in calcium signaling pathways related to the endoplasmic reticulum
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(ER) and mitochondrial organelle dysfunction in ASD and AD. Though organelles
are inherent to all cells throughout the body, the central nervous system (CNS) is
profoundly affected by organellar diseases (Nguyen et al. 2018). Some genetic
studies have also identified ion channel gene mutations in ASD subjects, suggesting
it to be a channelopathy and a plausible reason for associated comorbidities (Noebels
2017).

Cognitive functions such as memory, neuron excitability, synaptic plasticity,
axon growth, the release of neurotransmitter, and precise modulation of calcium
gradients are regulated through intracellular calcium homeostasis (Wen-hong et al.
1998; Hernández-López et al. 2000; Neher and Sakaba 2008). Nerve stimulation is
achieved by increasing cytosolic calcium from a resting concentration of ~100 nM
by mobilizing calcium from intracellular ER stores or extracellular milieu.
Mitochondria play a pivotal role during this signal transduction process by immedi-
ately sequestering Ca2+ through its calcium uniporter. Hence, the extracellular signal
impulse is swiftly propagated through a tightly regulated mitochondrial process
(Giorgi et al. 2012). Mutations in mtDNA affect calcium homeostasis, such as
reduced Ca2+ sequestration, which consequently disturb ETC, mitochondrial mem-
brane potential, and ATP production. ATP production is reduced due to the inability
of Kreb’s cycle enzymes to function in the absence of calcium. Positive feedback is
generated with subsequent loss of ATP synthesis, which affects overall cell physiol-
ogy. Besides, Ca2+ homeostasis derangement can also lead to intracellular Ca2+

overload within the mitochondria. In AD, the accumulation of amyloid-β facilitates
ROS generation, which causes the accumulation of Ca2+ and PTP opening in
mitochondria (Giorgi et al. 2012). Vitamin D is a key modulator of calcium
homeostasis, which functions through its nuclear receptor, thereby controlling
gene expression. It plays a crucial role in cellular proliferation and fine-tuning
voltage-gated calcium channels. Furthermore, mitochondria are imperative in pro-
ducing the active form of vitamin D, D3 (1α,25-dihydroxyvitamin-D3). The defi-
ciency of D3 during fetal life is strongly linked with the pathogenesis of ASD
(Vinkhuyzen et al. 2017).

2.5 Neuronal Mitochondrial Dysbiogenesis Underlies
the Development of ASD and AD

Many studies have demonstrated that mitochondrial biogenesis is fundamental to
neuronal growth. Cellular pathways that are functional during neuronal development
also promote mitochondrial biogenesis to arbitrate developing neurons’ energy
requirements. Mitochondrial biogenesis is regulated through a concerted mechanism
manifested through crosstalk between mitochondrial and genomic DNA
counterparts. Mitochondria proliferate and constantly fuse as a part of healthy
cellular mechanisms and respond to enhanced energy needs, oxidative stress, and
disease conditions. Mitochondrial biogenesis is controlled through checkpoints
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during transcription, translation, and post-translation. This process is activated by
peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α) (Jones et al.
2012). Further, sequential activation of nuclear respiratory factor-1 and nuclear
respiratory factors-2 (NRF-1 and NRF-2) transcription factors leads to mitochondrial
biogenesis. These newly formed mitochondria are integrated into the mitochondrial
metabolic machinery, while the ones that are nonfunctional or damaged or demon-
strate possible membrane disruption are tagged for degradation and removal. The
removal of damaged mitochondria follows an autophagy-dependent mechanism
called mitophagy (Lou et al. 2020).

Additionally, mitochondrial dynamics are regulated through fusion and fission
processes, which counteract cellular damage by complementing cellular
components, besides removing damaged mitochondria through autophagy. The
mitochondrial biogenetic pathways functional through NRF 1, NRF 2, PGC-1α,
etc. are demonstrated to be impaired in neurological diseases such as ASD and
AD. A number of mitochondria and biochemical mediators such as NRF 1, NRF
2, and mitochondrial transcription factor A (TFAM) and PGC-1α are shown to be
decreased in the hippocampus of AD brains, which diminish AMP-activated protein
kinase (AMPK)-induced neuronal growth. Disturbed mitochondrial biogenesis,
demonstrated by altered expression of mitochondrial fission (Fis1 and Drp1) and
fusion (Mfn1/2 and Opa1) proteins and in the temporal cortex, indicated its relation
to differences in the morphology and function of mitochondria in ASD (Tang et al.
2013). Many studies have correlated this deranged biogenesis potential of
mitochondria to the disruption of neuronal plasticity and compromised cellular
resilience. This process is demonstrated to eventually regulate psychotic disorders
regularly observed in psychiatric comorbidities (Quiroz et al. 2008).

Another feature of mitochondrial biogenesis is an interconnected network of
proteases and chaperones that maintains the quality of proteins and remove damaged
proteins from the mitochondrial compartment (Folisi 2015). During homeostasis,
mitochondrial chaperons facilitate protein folding and translocation, while proteases
degrade and remove misfolded and damaged proteins from the mitochondria.
Impaired chaperons and proteases consequently lead to the accumulation of protein
aggregates, such as τ-protein and amyloid-β in AD, which ensues in the form of
mitochondrial dysfunction (Ruan et al. 2013; Deepa et al. 2016). Notably, genetic
mutations could cause impaired functions of mitochondrial chaperones and
proteases and are extensively demonstrated to precipitate severe neurological
diseases (Martinelli and Rugarli 2010; Goo et al. 2013; Strauss et al. 2015). Though
few studies have linked the impaired function of proteases and chaperons with AD,
others have shown their upregulation to be a priming episode in amyloid progression
and τ-pathology in AD (Beck et al. 2016; Sorrentino et al. 2017). Similarly, few
researchers have identified impaired inner membrane protease polymorphic forms of
IMMP2L in ASD. Recently, the identification of protease malfunction and its
reciprocal effect in the development of ASD have also gained momentum.
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2.6 Impaired Mitochondrial Energy Metabolism Propels
the Development of AD and ASD

Brain function is a composite of neuronal and glial cell function and synaptic
efficiency. Healthy neuronal function demand higher energy needs, and hence
numerous mitochondria are present in the brain cells (Picard and McEwen 2014).
The mitochondria carry out their primary function to synthesize ATP. Coherence
with other cellular organelles provides buffering machinery that regulates calcium
levels during nerve impulses and signal transduction. Besides, they are instrumental
in the biosynthesis of heme and iron-sulfur (Fe-S) clusters required to synthesize
presynaptic neuronal transmitters in synapses (Lin and Beal 2006). Hence, it is
discernible that disruption of mitochondrial functions is likely to cause nervous
system abnormalities leading to neurodegenerative or neurodevelopmental disorders
(Alexiou et al. 2018).

The brain is one of the highest energy-consuming organs, which approximately
uses 25% of total energy in the resting state. Hence, a deficit in the energy fuel
supply, such as the availability of glucose, or metabolic machinery like mitochon-
drial dysfunction, negatively impacts brain function. Neurons highly depend on
oxidative phosphorylation as a source of energy, which renders them susceptible
to mitochondrial dysfunction (Cardoso et al. 2016. Studies using
fluorodeoxyglucose positron emission tomography (FDG- PET) have identified
low glucose metabolic rates in AD patients, especially in the posterior cingulate,
temporal, and parietal lobes and the hippocampus (Kapogiannis and Mattson 2011).
These regions are dedicated to cognition and memory, and hence defects in energy
metabolism could be a proximate source of pathologies in neurological disorders
such as AD and ASD. The hypometabolism of glucose in the AD brain is
compensated by shifting to amino acid and lipids as energy sources (Toledo et al.
2017). Metabolomics and lipidomic studies have identified at least six central
metabolic pathways, including glycerophospholipid and aspartate metabolism in
human autopsy samples to be defective.

Similarly, essential amino acids, branched-chain amino acids (BCAAs), poly-
amine metabolism, and serotonin pathways in the APPswe/PS1deltaE9 double
transgenic AD mouse model were found to be altered. Though these studies provide
a direct link with AD, not all of these metabolic findings were replicated (Casanova
et al. 2016; Pan et al. 2016). Presently, molecular networks, viz., systems biology
approach, have identified metabolic connections in varied metabolic pathways,
highlighting the dysregulation of biochemical reactions at different disease progres-
sion stages (Santiago and Potashkin 2014). This approach provides distinct mecha-
nistic insight into complex diseases such as AD and ASD, which stem from changes
in multiple genes, proteins, and metabolites.

Metabolites such as glutamate and glycolytic intermediates, lactate, and pyruvate
were observed to be increased. In contrast, carnitine, the fatty acid carrier from the
cytosol to the mitochondria, and glutathione were demonstrated to be lower than
expected in the serum of ASD and AD patients (Shimmura et al. 2011; Frye et al.
2013; Bjørklund et al. 2020; Oh et al. 2020; Xie et al. 2021). Contrarily, fatty acid
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palmitate was shown to be increased in ASD plasma samples. Palmitic and stearic
acid and omega-6 fatty acids are also demonstrated to cause neuroinflammation and
hence τ-phosphorylation and its aggregation in AD disease models. Palmitate is
implicated as an intracellular signaling molecule that regulates the progression of
several pathologies as diverse as cardiovascular diseases, neurodegenerative
diseases, cancer, etc. (Fatima et al. 2019). It has also been proposed that metabolic
modifiers precede the onset of neurological symptoms.

2.7 Enteric Microbiome Alterations Modulate Mitochondrial
Function in ASD and AD

The enteric microbial flora (microbiome) influences the physiological and biochem-
ical status of humans. In the last two decades, understanding the gut microbiome
function in influencing health and disease has gained considerable scientific interest.
The communities of microbial cells that harbor within the gut are involved in
processes as diverse as metabolism, nutrition, and the host’s immune regulation
(Guinane and Cotter 2013). Besides a positive effect on human health, some
microbial cells also release chemical mediators that can potentially disrupt normal
cellular pathways, including mitochondrial functions. Diseases like gastrointestinal
complications, diabetes, and autism have been attributed to a microbiome-mediated
disruption in addition to other associated mechanisms. The chemical mediators
secreted by the microbes residing in the gut can travel through the bloodstream,
penetrating the blood-brain barrier (Guinane and Cotter 2013; Burokas et al. 2015).
Studies have identified that behavioral symptoms in autism can aggravate with
alterations in the diet and changes in the gut microbiota through early antibiotic
exposure, perinatal infection, hospitalization, etc. The gut microbe produces short-
chain fatty acids (SCFA) upon dietary carbohydrates fermentation, which serve as an
essential trigger to modulate mitochondrial functions and other cellular regulatory
pathways (Saint-Georges-Chaumet and Edeas 2016). These SCFA produced by
gut microbes, most notably propionate, have been concomitant with the develop-
ment of ASD to affect mitochondrial function (MacFabe 2015) directly. Some
microbial products induce a damaging immune response in their immediate vicinity
and travel to invade the blood-brain barrier inducing a pro-inflammatory state in
the sentinel microglia. This pro-inflammation is associated with derangement in
the normal mitochondrial functions and progression toward hypoxia as well as
neuroinflammatory and epigenetic modifications (Siniscalco et al. 2013; MacFabe
2015). An SCFA component, propionate, is demonstrated to increase anti-
nitrotyrosine immunoreactivity indicating oxidative stress. Propionate is also
demonstrated to increase glutamate cysteine ligase modifier (GFA), a marker of
immunoreactivity, and reactive astrocytes in the hippocampus of ASD subjects
(Edmonson et al. 2014).

The microbiota of the intestinal system is altered as a result of unhealthy lifestyles
such as food, sleep problems, circadian rhythm disturbance, and sedentary routines.
Multifactorial changes spanning quantitative and qualitative differences have been
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documented in the gut microbiome of AD patients and are considered a significant
risk factor for sporadic pathogenesis of AD. Studies using specific pathogen-free
mice and microbiome-reconstituted mice models have revealed increased brain-
derived neurotrophic factor (BNDF) in the amygdala and reduced serotonin receptor
(5HT1A) mRNA and NR2B subunit of the N-methyl-D-aspartate (NMDA) receptor
mRNA expression. Also, in the hippocampus, this decrease is associated with an
insufficiency of working and spatial memory (Neufeld et al. 2011). In another study,
intestinal dysbiosis induced through ampicillin reduces the mineralocorticoid level
and NMDA receptors in the amygdala, impaired spatial memory, and increased test
animals’ aggressiveness. However, this was restored through the Lactobacillus
fermentum NS9 strain as a part of the intestinal microbiome (Wang et al. 2015).
Studies using matched cohorts have also pointed toward an association of
microbiome composition with AD (Haran et al. 2019). Metagenomics
complemented by clinical data has also confirmed a nexus between microbiome
disturbance, neuroinflammation, intestinal disturbances, and AD/ASD disease.

The presence of acute stress and infection with conditional pathogenic bacteria
Citrobacter rodentium are also reported to cause memory disorders in C57BL/6
mice (Gareau et al. 2011). A study conducted by Alzheimer’s Disease Research
Center (Wisconsin, USA) in 2017 demonstrated marked changes in the gut
microbiome of AD patients matched to healthy individuals. This study decreased
bacterial numbers belonging to Firmicutes and Actinobacteria phyla (particularly
genus Bifidobacterium), and a surge in Bacteroidetes and Proteobacteria phyla
bacteria in the gut microflora of AD patients was observed. Hence, the study
distinctly demonstrated that intestinal microflora’s functional component and taxon-
omy influence brain functions (Vogt et al. 2017). The human intestinal microflora
has a direct regulatory role that works along the gut-brain-mitochondrial axis,
modulating the development of neurological diseases such as ASD and AD.

2.8 Biomarkers of AD and ASD Linked to Mitochondrial
Dysfunction

The pathological markers of AD include β-amyloid and τ-accumulation in the brain
of AD patients. τ-protein regulates microtubule stability. However, modified τ
aggregates in the neurons and is identified as a significant player in neurodegenera-
tive diseases. In mice studies, τ-ablation has been concurrent with the enhanced ATP
production and improvement in attentive capacity and recall memory (Jara et al.
2018). Mechanistically, τ-deletion reduced oxidative damage, thereby restoring the
mitochondrial pro-fusion state besides inhibiting mitochondrial PTP formation, thus
enhancing positive mitochondrial dynamics. There are reports that β-amyloid and
τ-protein accumulation and apolipoprotein E (APOE) genes (a sporadic AD risk
factor gene) could trigger mitochondrial dysfunction, which exacerbates the
pathology.

Another pathological marker of AD, amyloid precursor protein, APP, together
with amyloid-β, has a more direct link with mitochondria as compared to τ-protein
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(Zhang et al. 2021; Mantzavinos and Alexiou 2017). These proteins localize to
mitochondrial membranes and interact with other mitochondrial proteins besides
disrupting ETC and importing nuclear-encoded mitochondrial proteins. They are
shown to increase the production of ROS. However, it is also reported that the
declining function of disrupted mitochondria leads to the accumulation of β-amyloid
proteins besides several other comorbidities of AD. However, the existence of
feedback loops makes a blurred understanding of the cause and effect. Recent
researches have revealed that a highly toxic oligomeric form of β-amyloid protein
(OAβ) disrupts normal mitochondrial function leading to a cascade mechanism
responsible for severe deficit in the energy deficits preceding the development of
AD (Sackmann and Hallbeck 2020).

Though ASD is identified mainly through behavioral pattern changes, several
pathological markers have recently been correlated with the disease, including
biomarkers of fatty acid metabolism, buccal cell enzymology, apoptotic markers,
and ROS alteration. Most of these biomarkers are directly related to mitochondrial
dysfunction, indicating an active role of mitochondrial disruption in the pathogenesis
of ASD (Rose et al. 2018). Environmental exposure to toxicants and microbiome
metabolites vis-a-vis oxidizing microenvironment is demonstrated to modulate
mitochondrial function in ASD models.

2.9 Mitochondrial Targeting as a Therapeutic Approach
for ASD and AD

The current therapy for AD relies on administering either glutamate-NMDA receptor
antagonist like memantine or cholinesterase inhibitors, such as galantamine,
rivastigmine, and donepezil. However, drug therapy is not approved by the Food
and Drug Administration (FDA) for treating symptoms of autism. Autism is usually
treated through behavioral management therapy, speech language, nutritional ther-
apy, cognitive behavior therapy, joint attention therapy, physical therapy, etc.
Regardless of the underlying mechanism that finally results in the development of
ASD and AD, early diagnosis and intervention would lead to better treatment
outcomes. As the knowledge of these neurodevelopmental diseases’ pathogenesis
is advancing, the prospects of better treatments can be augmented with targeted
approaches (Fig. 2.2). Besides the present methodology of the drug-based treatment,
many novel therapies are being explored and are continually evolving. Some of the
new treatment approaches are discussed here.

2.9.1 H2S Therapy

As observed in AD and ASD, enhanced ROS production affects mitochondrial
function, contributing to the onset of neurodegeneration. Immediate consequences
of high oxidative stress include lipid and protein oxidation and mtDNAmutation that
induces neuronal cell death. Hydrogen sulfide (H2S) has been demonstrated to
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mitigate these effects of oxidative stress by elevating glutathione (GSH)
concentrations through the potassium (KATP/K

+) and calcium (Ca2+) ion channels.
H2S exerts its antioxidant effect through inorganic and organic compounds that
mediate the activities of GSH, glutathione peroxidase, and superoxide dismutase,
which in turn neutralizes hydrogen peroxide (H2O2)-induced oxidative damage.

Endogenously, H2S is produced through pyridoxal phosphate-dependent
enzymes in tissues, namely, cystathionine β-synthase (CBS), cystathionine γ-lyase
(CγL), cysteine aminotransferase (CT), and 3-mercaptopyruvate sulfur transferase
(MST). The normal level of H2S for both plasma and tissue is 50–160 μM. CBS
expression is very high in the hippocampus and cerebellum areas of the central
nervous system (CNS). H2S is a gasotransmitter that functions as a powerful
antioxidant during the mitochondrial oxidation process to reduce oxidative stress
generated in neurodegenerative diseases. Besides, H2S can exert its protective effects
as an anti-inflammatory molecule in the CNS to dissipate neuroinflammation (Zhang
et al. 2017). Treatment with H2S donor, sodium hydrosulfide (NaHS), has proven
efficacy in suppressing hypoxia-induced neuronal apoptosis by blocking the H2O2-
activated Ca2+ signal pathway. H2S could also augment anti-apoptosis through
nuclear translocation of nuclear factor kappa B (NF-κB) regulation (Zhang et al.
2017). Furthermore, the enzyme cystathionine γ-lyase (CSE), which produces H2S,
binds to τ-protein to exert its catalytic activity. Recently, this enzyme is shown to be
depleted in AD human brains and 3xTg-AD mouse models, which leads to lower
production and hence diminished concentrations of H2S (Giovinazzo et al. 2021).
Therefore, in the absence of H2S, hyperphosphorylation of τ-proteins progresses as
observed in AD. On the other hand, H2S prevents this phosphorylation by
sulfhydrating the τ-protein kinase, namely, glycogen synthase kinase 3β (GSK3β).
This understanding has been furthered in the study by Giovinazzo et al. that

Fig. 2.2 Therapeutic modulation strategies for the restoration of mitochondrial dysfunction in
ASD/AD patients
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demonstrated the amelioration of both motor and cognitive deficits in AD upon
administration of the H2S donor sodium GYY4137 to 3xTg-AD mice (Giovinazzo
et al. 2021).

2.9.2 Microbiome Modulation and Probiotic Therapy

ASD and AD have a compelling association with mitochondrial dysfunction.
Besides, gastrointestinal symptoms are an essential indicator of ASD and are
strongly associated with mitochondrial dysfunction. It is noticeable that the gut
microbial flora can orchestrate immune modulation and inflammasome activation
in both these diseases, as previously described. Furthermore, mitochondrial damage-
associated molecular patterns (DAMPs) are signals to activate innate immunity.
Hence, a cascade of molecular events triggered by a dysbiotic gut microbiome
could stimulate the production of metabolites that target and damage mitochondria.
Recent research has indicated that the plasma levels of pro-inflammatory cytokines
such as IL-2, IL-4, IL-6, TNF-α, TNF-β, IFN-γ, etc. are significantly high in subjects
with ASD. The increase in cytokines TNF-α and IL-6 is distinctly associated with
the pathogenic gut microbiome, which constitutes the microbiota unique to ASD
individuals in most of the disease cases. Beneficial gut microbiota, which includes
Lachnospiraceae and Bacteroides and negatively correlates with pro-inflammatory
cytokines, is present at reduced levels or absent in ASD (Cao et al. 2021). Hence,
disturbances in plasma cytokine profile that link with alterations in the abundance of
healthy gut microbiota in ASD patients could be considered an early diagnostic
mechanism for ASD.

On the contrary, a specified microbial population with positive effectors harbors
the ability to enhance oxidative capacity and be exploited as treatment strategies.
Such a therapeutic approach holds the potential of slowing the onset of several
metabolic and neurodegenerative diseases such as ASD and AD. Probiotics have
shown promise in improving autistic symptoms by directly restoring intestinal
microflora balance with subsequent positive effects in strengthening the gastrointes-
tinal barrier. A study conducted on ASD children used four bacterial strains plus a
prebiotic, fructooligosaccharide. It helped to normalize the gut microbiome and
gastrointestinal functions, besides ameliorating the typical behaviors in autistic
children. The probiotic therapy also increased the bacteria population, such as
Bifidobacteriaceae and B. longum, which are beneficial. It reduced the existing
potentially disease-causing bacteria such as Clostridium and Ruminococcus
associated with autism symptomatology (Wang et al. 2020). Hence, probiotics are
being tested as a promising treatment for ASD associated with gastrointestinal
symptoms and can be utilized as a safe and effective treatment.

Future AD therapies can also involve the use of probiotics, especially as prophy-
laxis methodology, when mild cognitive impairment is observed or AD is first
diagnosed. A healthy gastrointestinal tract harbors facultative anaerobic or
microaerophilic Lactobacillus and Bifidobacterium species, which metabolize gluta-
mate to produce gamma-aminobutyric acid (GABA). GABA is an important
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inhibitory neurotransmitter in the CNS, and dysfunction of GABA is connected to
dysfunction of synaptogenesis, cognitive impairment, and AD (Bhattacharjee and
Lukiw 2013). Hence, restoring the typical microbiome in AD patients may have
enormous effects and may facilitate customized microbiome manipulative strategies
for the therapeutic management of AD and other neurodegenerative disorders.

2.9.3 Ketogenic Diet

A ketogenic diet has shown beneficial effects in children with ASD in improving the
primary and associated symptoms of epilepsy. Unlike antiepileptic drugs, they are
not related to adverse effects. The ketogenic diet exerts its beneficial effects, possibly
through cerebral glucose metabolism, to improve mitochondrial morphology and
white matter development in the brain. The ketogenic diet’s positive influence has
been observed in children with pyruvate dehydrogenase complex deficiency, with
improvement in speech, language, and social functioning. In a case study, early
initiation of a ketogenic diet has been associated with longevity and mental growth.
From the mitochondrial standpoint, the ketogenic diet seems to be a promising
therapy in both ASD and AD. In these neurodegenerative diseases, mitochondrial
dysfunction and impaired bioenergetics can be salvaged through the use of ketone
bodies. Ketone bodies can serve as the primary energy source for many metabolic
processes instead of glucose. Besides, ketone bodies can exert neuroprotective
effects by reducing glucose levels and increasing ketone bodies’ formation by the
liver. An increase in ketone bodies is mainly through the oxidation of polyunsatu-
rated fatty acids (PUFA). PUFA increases peroxidases and reduces mitochondrial
membrane potential and ROS through enhanced mitochondrial uncoupling protein
expression (Milder and Patel 2012). A ketogenic diet also enhances the overall anti-
injury potential of neurons by increasing global metabolic efficiency even under
insufficient energy phases (Henderson et al. 2009). Ketogenic diet therapy seems to
be a promising candidate as it can reduce inflammation and ROS generation, delay
the progression of AD, and improve cognitive ability in AD patients.

2.9.4 Cofactor Supplementation

Besides many general cofactors that support improvement in the symptomatology
of ASD and AD, nicotinamide adenine dinucleotide (NAD), thiamine
tetrahydrofurfuryl disulfide (TTFD), biotin (B7), and methylcobalamin (B12) are
imperative to healthy mitochondrial functions. Thiamine facilitates normal cellular
energy metabolism, production of energy equivalence, and reduction of cellular
ROS besides maintaining the structure and function integrity of mitochondria. At
the same time, biotin attenuates the loss of mitochondrial membrane potential and
reduces ROS production. Methylcobalamin (B12) is an integral cofactor for the
regeneration of GSH and GSH/GSSG (James et al. 2004). It is vital for the proper
functioning of the brain and nerves and red blood cell production. In a randomized
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controlled trial, oral supplementation of cofactors (vitamin/minerals) for 3 months
has shown improvement in the symptoms of autistic children besides improving
methylation, glutathione, ATP, and NAD levels and reducing oxidative stress
(Adams et al. 2011).

Additionally, L-carnitine is an amino acid derivative, which affects CNS and
mitochondrial physiology. Studies have indicated altered metabolic channeling of
L-carnitine in ASD patients (Demarquoy and Demarquoy 2019; Malaguarnera and
Cauli 2019). Clinical trials are underway for the use of cofactor therapy in AD,
focusing on metabolic improvement through dietary supplementation of L-carnitine
tartrate, N-acetylcysteine, nicotinamide riboside, and serine. These studies aim to
increase mitochondrial activity in the brain cell types through simultaneous dietary
supplementation (ClinicalTrials.gov Identifier: NCT04044131) (Remington et al.
2016; Tardiolo et al. 2018; Peng et al. 2020). The cofactor therapies are well
tolerated throughout a person’s pathological status without any significant side
effects or long-term detrimental effects. Many of the cofactors are water-soluble
vitamin B supplements, which can be eliminated from the body through the kidneys.

2.10 Conclusion

Recent years have observed notable research advances in the field of mitochondrial
disease. The development of advanced techniques that provide the ability to uncover
novel mitochondrial gene mutations and associated metabolic derangements has
immensely improved our understanding of molecular mechanisms that lead to
mitochondrial dysfunction, which can influence a plethora of metabolic pathways
including amino acid, carbohydrate, and lipid metabolism. Additionally, mitochon-
drial derangement also affects regulatory networks modulating apoptosis, calcium
flux, hormonal and immunologic responses, and oxidative stress, eventually affect-
ing the brain function. Mitochondria posit an inherent tendency to adapt to changing
energy demands and microenvironments. However, increased environmental stress
such as oxidative stress and diminished defense responses potentially induce struc-
tural and functional abnormalities in the mitochondria. Induced or genetic defects in
the mitochondria thus act as the precursor of a plethora of neuronal disorders. In this
review, we have provided an integrated perception of the major aspects of mito-
chondrial functional and structural abnormalities such as imbalance in calcium
homeostasis, mitochondrial dysbiogenesis, gut microbiome alterations, mtDNA
defects, etc. and their implications for neurodevelopmental and neurodegenerative
disorders, namely, ASD and AD. Mitochondrial mechanistic failure is presently
established as a significant event that impinges upon the progression of these
diseases, and hence a potential target for therapeutic intervention.
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