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A B S T R A C T

Mitochondria, also known as the powerhouse of cells, have an important role in cellular metabolism and energy 
production. However, during Mitochondrial Dysfunction (MD), it is known to generate reactive oxidative species 
and induce cellular apoptosis. A number of research findings have linked MD to various diseases, highlighting its 
critical role in maintaining health and contributing to disease development. In this regard, recent research has 
revealed that disruptions in lipid metabolism, especially in fatty acid oxidation, are significant contributors to 
MD. However, the precise mechanisms by which these defects lead to disease remain poorly understood. This 
review explores how disruptions in lipid metabolism are responsible for triggering oxidative stress, inflamma
tion, and cellular damage, leading to impaired mitochondrial function. By examining specific fatty acid oxidation 
disorders, such as carnitine palmitoyltransferase deficiency, medium-chain acyl-CoA dehydrogenase deficiency, 
and very long-chain acyl-CoA dehydrogenase deficiency, this review aims to uncover the underlying molecular 
pathways connecting lipid metabolism to mitochondrial dysfunction. Furthermore, MD is a common underlying 
mechanism in a wide array of diseases, including neurodegenerative disorders and metabolic syndromes. Un
derstanding the mechanisms behind mitochondrial malfunction may aid in the development of tailored therapies 
to restore mitochondrial health and treat intricate health conditions.

1. Introduction

Over the past three decades, substantial advancements in clinical 
research and mitochondrial biology have identified mitochondria as a 
potential target for the treatment of numerous prevalent diseases [1]. 
Apart from conventional roles in cellular metabolism, signaling, energy 
production, and apoptosis, recent research has linked Mitochondrial 
Dysfunction (MD) with various anomalies [2]. It is estimated that 1 in 
5,000 people worldwide suffers from MD, which has been connected to 
the etiology of numerous prevalent conditions, such as neurodegenera
tive disorders, lipotoxicity, and cardiovascular disorders [3]. In general, 
MD is involved in processes that lead to cellular toxicity, chronic ill
nesses, and metabolic disorders. Thus, with their complex functions and 
information-processing networks, mitochondria play critical roles in 
health maintenance and disease development. However, its diverse 
structure and subtle phenotypic thresholds hinder our understanding of 

its contributions to illnesses [1].
Current evidence suggests that MD is primarily caused by mutations 

in the mitochondrial genome, whether inherited or acquired, as well as 
by anomalies in lipid metabolism that impair the oxidation of fatty acids 
[4]. These lipid metabolism disorders arise from defects in the break
down of endogenous triglyceride stores, mitochondrial uptake of fatty 
acids, and the β-oxidation of fatty acids within mitochondria [5]. Diet 
and cellular lipogenic pathways typically influence an organism’s lipid 
levels, which can subsequently impact cancer development and pro
gression. Mitochondria play a central role in these processes, acting as 
regulators that can determine the fate of cancer cells through their in
teractions with dietary lipids [6].

The buildup of lipid intermediates can initiate inflammatory re
actions by activating (Nuclear factor Kappa B (NF-κB) and inflamma
somes [7]. Over-accumulation of lipids can activate the mitochondria- 
cytoplasmic stress response (MCSR), and resultantly, reactive oxygen 
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species (ROS) are produced, which target polyunsaturated fatty acids 
(PUFAs). This may result in PUFA peroxidation, which modifies mito
chondrial permeability and ultimately causes MD [8]. Furthermore, al
terations in cellular energetics result from age-related deficiencies in 
mitochondrial activity and elevated ROS generation [9]. Excessive ROS 
exacerbates MD by oxidizing lipids, leading to lipid peroxidation and 
damaged respiratory chain proteins, affecting protein import and 
metabolism and promoting DNA damage [10].

Additionally, abnormalities in mitochondrial lipid metabolism, 
particularly involving cardiolipin and fatty acids, further disrupt the 
composition and operation of mitochondria. Such lipid metabolic dis
orders are associated with the dysfunction of the endoplasmic reticulum 
and mitochondria, contributing to various conditions, including neuro
logical damage, such as Parkinson’s disease (PD) [11]. Although the 
underlying molecular pathways remain unclear, integrated genome- 
wide association studies (GWAS) of PD suggest that various processes 
linked to lipidosis—such as modifications in protein degradation sys
tems, altered vesicular and intracellular trafficking, inflammation, and 
mitochondrial dysfunction [12]. Specifically, the interaction between 
misfolded α-synuclein and cardiolipin, a glycerophospholipid in mito
chondrial membranes, compromises mitochondrial membrane stability 
and performance, thereby emphasizing the intricate relationship be
tween lipid metabolism and mitochondrial health in neurodegenerative 
diseases [13]. In this regard, innovative therapies aimed at restoring 
mitochondrial function may be developed by focusing on particular 
facets of lipid metabolism.

This review aims to clarify a central concern: the intricate relation
ship between mitochondrial dysfunction and β-oxidation and its 

implications for health and medicine. A deeper understanding of this 
interaction could pave the way for novel treatments targeting a wide 
range of serious conditions, including neurodegenerative disorders.

2. Fatty acid oxidation in mitochondria

Mitochondria are the key organelles responsible for cellular pro
cesses such as energy metabolism and signal transduction [14]. Recent 
research has shown that mitochondrial interactions with endoplasmic 
reticulum (ER) and lipid droplets (LD) play critical roles in controlling 
cellular lipid metabolism. These interactions are essential to processes 
that generally involve mitochondrial membranes [15].

A significant aspect of this regulation is the carnitine pathway [16], 
which is essential for the transfer of long-chain fatty acids (LCFAs; pri
marily C16 and C18) across the inner mitochondrial membrane for 
subsequent β-oxidation (as shown in Fig. 1). Although short and 
medium-chain fatty acids, ranging from C4 to C12, are believed to be 
capable of entering the mitochondria without the assistance of carnitine 
[17,18]. Since LCFAs cannot cross the mitochondrial membrane, these 
molecules must be transformed into acyl-CoA esters in the cytosol and 
subsequently transported into the mitochondria via the carnitine shuttle 
pathway. The carnitine cycle involves the coordinated action of carni
tine palmitoyltransferases 1 (CPT1), carnitine acylcarnitine translocase 
(CACT), and carnitine palmitoyltransferases 2 (CPT2) [19]. This process 
is especially critical in mitochondrial fatty acid β-oxidation disorders, 
where the accumulation of fatty acyl-CoAs in organs, such as the heart, 
can lead to inflammation and apoptosis [20].

Carnitine palmitoyl transferase 1 (CPT1) is a rate-limiting step in 

Fig. 1. Schematic representation of the carnitine shuttle pathway for transporting fatty acids into the mitochondria for subsequent β-oxidation and energy pro
duction (modified from Natesan and Kim [16]).
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FAO because it shuttles long-chain fatty acids into mitochondria [21]. 
There are three isoforms of CPT1: CPT1A, CPT1B, and CPT1C [22]. 
Among these, CPT1A facilitates the uptake of fatty acids into mito
chondria for oxidation CPT1A is highly expressed in the liver, kidney, 
pancreas, adipose tissue, lymphocytes, and fibroblasts, whereas CPT1B 
and CPT1C are restricted to specific tissues [23]. The upregulation of 
CPT1A has been correlated with genetic mutations of metabolic disor
ders and various malignancies, including breast cancer [24]. In the 
second step of the carnitine shuttle, acyl carnitines are transported into 
the mitochondrial matrix in exchange for free carnitine via CACT, an 
important inner mitochondrial membrane protein. Unlike other mito
chondrial metabolite transporters, CACT’s function is bidirectional [25]. 
Therefore, the deficiency of CACT results in severe non-ketotic hypo
glycemia, hyperammonemia, arrhythmias, and occasionally a sudden, 
unexpected mortality in infancy [26]. Finally, CPT2 transforms the 
transported long-chain acylcarnitines into long-chain acyl-CoAs, facili
tating their entry into the fatty acid oxidation pathway. CPT2 addi
tionally liberates free carnitine for reutilization in the carnitine shuttle. 
Similar to CACT, a deficiency or absence of CPT2 results in the accu
mulation of long-chain acylcarnitines, which cannot be metabolized by 
the mitochondrial fatty acid oxidation pathway for energy, particularly 
during fasting or periods of significant energy demand [27].

Under physiological conditions, peroxisomes are involved in the 
oxidation of medium- and long-chain fatty acids to a lesser extent, with 
mitochondrial β-oxidation as the primary pathway for their breakdown 
[18,28]. Additionally, under normal circumstances, ω-oxidation con
tributes to a negligible breakdown of fatty acids. General indicators of 
compromised fatty acid metabolism include high levels of ω-oxidation 
and dicarboxylic acids [29]. This increased ω-oxidation may serve as a 
compensatory mechanism in genetic disorders where fatty acid oxida
tion in peroxisome or mitochondria is disturbed. In this regard, Wanders 
et al. [30] proposed that ω-oxidation could provide an alternative 
pathway to break down fatty acids that accumulate due to defects in 
enzymes or transporters, thus potentially mitigating some of the meta
bolic consequences of these disorders.

3. Impacts of enzyme deficiencies on mitochondrial fatty acid 
oxidation

Mitochondrial long-chain fatty acid β-oxidation (mtLCFAO) is the 
predominant pathway that facilitates fatty acid breakdown and energy 
generation within cells, and abnormalities related to this process can be 
fatal [29]. In experimental animal models, defective mtLCFAO causes a 
malfunction in several organ systems, including the heart and liver [31]. 
These inherited metabolic diseases result from deficiencies in the 
enzyme activities or transport proteins essential for mitochondrial fatty 
acid catabolism. As a consequence, there is an accumulation of free fatty 

acids and L-carnitine derivatives, such as acetyl-L-carnitine and 
propionyl-L-carnitine, within the tissues [4]. The buildup of free fatty 
acids and long-chain acylcarnitines can interfere with the electrical 
impulses of cardiac cells, causing arrhythmias. Additionally, in some of 
these conditions, sustained exercise can lead to muscle fiber breakdown, 
resulting in myoglobinuria [29].

One of the rarest subtypes of fatty acid oxidation disorders (FAODs) 
is carnitine transport system disorders, including Carnitine- 
Acylcarnitine Translocase Deficiency (CACTD), carnitine palmitoyl
transferase I/II deficiency (CPT-IAD/CPT-IID), and carnitine uptake 
defects [32]. Symptoms can vary widely and may include sudden epi
sodes of low blood sugar (hypoketotic hypoglycemia) in infants, recur
rent rhabdomyolysis triggered by exercise or stress in adolescents and 
adults, and cardiomyopathy, peripheral neuropathy, arrhythmias, hep
atopathy, or myopathy, which can manifest at any age [33]. In this re
gard, more than 15 distinct illnesses have been reported [5]. The most 
prevalent fatty acid oxidation disorders are addressed here and sum
marized in Table 1.

3.1. Carnitine-acylcarnitine translocase deficiency

Carnitine-Acylcarnitine Translocase Deficiency (CACTD) includes a 
range of energy metabolism disorders resulting from the inability of 
long-chain acylcarnitines to cross the mitochondrial inner membrane 
and participate in β-oxidation. Due to enzyme deficiency, vital organs 
such as the heart, liver, skeletal muscle are majorly affected [50]. This 
defect results in an inefficient removal of acylcarnitines from the mito
chondrial matrix in return for L-carnitine [51]. In CACTD neonatal 
screenings for Carnitine Palmitoyl Transferase (CPT)-II deficiency, 
abnormal acylcarnitine profiles reveal elevated levels of C16-carnitine 
and (C16 + C18:1)/C2, together with C14/C3 [52]. The majority of 
newborns with CACTD exhibit severe clinical symptoms, frequently 
resulting in serious consequences [53]. CACTD in neonates is charac
terized by hypoketotic hypoglycemia, hyperammonemia, weak skeletal 
muscles, cardiomyopathy with arrhythmia, and, ultimately, cardiac ar
rest in the majority of patients (~82 %) [54].

The SLC25A20 gene, positioned on chromosome 3p21.31, encodes 
the CACT protein and is the site of mutations that lead to the disease. 
This gene comprises nine exons and is highly expressed in the heart, 
liver, and skeletal muscle [43]. Recently, Yuan et al. [55] identified 
SLC25A20 as one of the top three prognostic biomarkers in hepatocel
lular carcinoma. According to the human gene mutation database, more 
than 42 detrimental mutations associated with CACT deficiency have 
been found in the SLC25A20 gene [56]. There are 20 missenses, 10 small 
deletions, 2 small insertions, 1 small in-frame deletion, 4 large deletions, 
and 5 splicing mutations in the mutation spectrum [57]. Table 2 displays 
the most significant mutations that have been recorded in the literature.

Table 1 
Summary of disorders associated with impaired fatty acid oxidation.

Disorder Gene Common Variants Worldwide 
Prevalence Rate [5]

Clinical Features

MCADD ACADM gene on chromosome 1p31 
[34]

c.985A > G (p.K304E) in Northern 
European [35]

1:4000 to 1:15,000 Severe hypoglycemia, seizures, sudden death, with symptoms 
such as hepatomegaly and arrhythmias often present [36]

LCHADD HADHA gene on chromosome 
2p23.3 [37]

c.1528G > C [38] 1:110,000 to 
1:150,000

Skeletal myopathy with or without recurrent rhabdomyolysis, 
peripheral neuropathy, and retinopathy [39]

MTPD HADHA and HADHB gene on 
chromosome 2p23.3 [37]

N.A. Rare Early symptoms similar to LCHAD deficiency but often more 
severe [40]

VLCADD ACADVL gene on chromosome 
17p13 [41]

c.848 T > C (p.Val283Ala) [42] 1:30,000 to 
1:100,000

Liver failure, hypertrophic cardiomyopathy, hypoketotic 
hypoglycemia, rhabdomyolysis [43,42,43]

CACTD SLC25A20 gene on chromosome 
3p21.31 [43]

c.199–10 T > G in China, Thailand, 
Japan and Vietnam [44]

Rare Hypoketosis, hyperammonemia, elevated Creatine kinase and 
transaminases

CPT1D CPT1A gene on chromosome 11q 
[45]

c.1436C > T (p.P479L) in Alaskan 
native, Canadian First Nations [46]

1:500,000 Elevated L-carnitine levels in plasma, hepatomegaly and 
hyperammonemia [45]

CPT2D CPT2 gene on chromosome 1 
(1p32) [47]

p.Ser113Leu, 60 % of white 
populations [48]

Rare Myalgia, muscle weakness, elevated creatine kinase levels, and 
myoglobinuria, rhabdomyolysis [49]

*N.A. = Not available.
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Among these, the c.199–10 T > G mutation in intron 2 is particularly 
notable. This mutation has been observed as the most prevalent among 
East Asian patients [44]. Fukushima et al. [58] discovered two unique 
CACT variants, c.576G > A and c.106-2A > T, that had not previously 
been described in the literature. The c.576G > A mutation was found in 
both affected newborns and may be unique to Japanese sufferers. The 
c.576G > A mutation results in the substitution of tryptophan with a 
stop codon at position 192 [43]. The rat CACT’s three-dimensional 
structure suggests that this mutation could provide an inadequate 
binding-site configuration for cytosol fatty acids, perhaps resulting in 
reduced enzymatic functions [59].

Patients with CACTD experience hypoglycemia during acute 
decompensation as a result of inadequate gluconeogenesis and hepatic 
glycogen depletion. Abnormalities in the movement and breakdown of 
fatty acids result in hypoketosis. Hyperammonemia is the consequence 
of reduced N-acetylglutamate availability and urea cycle failure. N- 
acetylglutamate levels decline due to increased propionyl CoA and 
decreased acetyl CoA. Creatine kinase and transaminases are elevated 
due to muscle and liver injury [44]. These cases emphasize the necessity 
to integrate metabolomic and genomic analyses into autopsies for pre
sumed inheritable metabolic conditions and highlight the importance of 
prenatal metabolic and genetic screening for prospective parents [60].

3.2. Carnitine palmitoyltransferase deficiency

Carnitine Palmitoyltransferase (CPT) enzymes are required to deliver 
β-oxidation-related long-chain fatty acids into the mitochondria. CPT is 
present in two isoforms: CPT1, which lies on the outer mitochondrial 
membrane, and CPT2, which is situated in the inner mitochondrial 
membrane [67] The human CPT1 enzyme is present in three distinct 
forms: CPT1A, CPT1B, and CPT1C (discussed in section 2). Two trans
membrane (TM) helices separate the small N-terminal regulatory region 
from the large C-terminal catalytic region, anchoring the CPT1A and 
CPT1B isoforms to the outer mitochondrial membrane. The N- and C- 
terminal catalytic domains of CPT1A are oriented towards the cyto
plasm. In contrast, CPT1C is exclusively found in the endoplasmic re
ticulum of neurons, where it regulates neural activity through ceramide 
signaling [45].

Mutations in CPT1A gene cause CPT1A deficiency. The CPT1A gene 
in humans is located on chromosome 11q and spans approximately 60 
kb of DNA. It consists of at least 19 exons (ranging from 62 to 195 bp) 
and 18 introns (ranging from 0.5 to 8.9 kb)[45]. While the global 
prevalence of CPT1A mutations is generally low, recent work by 
Phowthongkum et al.[68] identified two novel variants in CPT1A, spe
cifically c.1964A > G and c.988-11G > A, that were found to be detri
mental. Moreover, Choi et al. [45] reported two novel mutations, 

c.1163 + 1G > A and c.1393G > A (p.Gly465Arg), from patients who 
showed cholestatic jaundice as the primary manifestation rather than 
hypoglycemia. Patients carrying these CPT1A mutations exhibit 
impaired mitochondrial fatty acid oxidation (FAO) and commonly pre
sent with hypoketotic hypoglycemia and hepatic encephalopathy.

In contrast to other mtLCFAO disorders, elevated levels of plasma L- 
carnitine are consistently linked to CPT1A deficiency, which aids in its 
identification. Additional symptoms include hyperammonemia and he
patomegaly. The absence of liver CPT1A activity prevents acylcarnitines 
from entering mitochondria for oxidation. The absence of acetyl-CoA 
and reducing equivalents, essential for glucose production and the 
activation of the urea cycle, hinders gluconeogenesis [45].

One of the most common genetic manifestations of mtLCFAO is CPT2 
deficiency, resulting from mutations in both alleles of CPT2 gene [69]. In 
humans, the CPT2 gene covers 20 kb of DNA and comprises of five exons 
on chromosome 1 (1p32). Among its mutations, the p.Ser113Leu variant 
is the most common, affecting 60 % of white individuals [47]. Addi
tionally, the unique p.Ser373Pro mutation, which segregates with the 
condition and is likely harmful, has also been reported [48]. CPT2 
deficiency is the most prevalent lipid metabolism disorder affecting 
skeletal muscles and typically presents in childhood, leading to repeated 
episodes of rhabdomyolysis triggered by exercise, illness, or fasting. 
Symptoms may include acute renal failure, myalgia, muscular weakness, 
elevated creatinine kinase levels, and myoglobinuria. Despite its auto
somal recessive inheritance pattern, males are more frequently affected 
by this condition [49].

3.3. Medium-chain acyl-CoA dehydrogenase deficiency

The rare autosomal recessive condition known as medium-chain 
acyl-CoA dehydrogenase deficiency (MCADD) has detrimental meta
bolic implications. It is distinguished by deficiencies in the β-oxidation 
of mitochondrial long-chain fatty acids [70]. The acyl-CoA dehydroge
nase (ACAD) family contains eleven mitochondrial flavoenzymes, each 
with distinct substrate specificities and tissue expression profiles (shown 
in Table 3), and play critical roles in various metabolic pathways. 
Medium-Chain Acyl-CoA Dehydrogenase (MCAD) belongs to this family 
[71]. MCAD primarily targets medium-chain fatty acids (MCFAs) with 
carbon chains between C6 and C12 by catalyzing the two-electron 
oxidation of fatty acyl-CoA thioesters to 2-enoyl-CoA [36]. The 
ACADM nuclear gene (located on 1p31) encodes this enzyme, directing 
its synthesis as a 421-amino-acid polypeptide chain in the cytosol [71].

Mutations in the ACADM gene are responsible for MCADD. MCADD 
usually develops in infancy due to extended fasting or illnesses. Severe 
hypoglycemia can cause seizures, vomiting, and coma. In severe cir
cumstances, MCADD can cause abrupt death with hepatomegaly and 

Table 2 
Molecular and clinical characterization of SLC25A20 mutations.

Mutation type Location in gene 
(SLC25A20)

Location in 
protein

Clinical presentation References

Missense 
mutation

67 T > C C23R Severe hypoglycemia, cardiomyopathy. [61]
397C > T R133W Lethargy, profound hypoketotic hypoglycemia, elevated acylcarnitine species, hypokalemia, 

moderately abnormal liver function, mild left ventricular dysfunction.
164C > A T55N Hypoketotic hypoglycemia, abnormal acylcarnitine profile.
260C > T A87V N.A.
824G > A R275Q Hypoglycemia and arrhythmia. [62]
10 T > G N.A. N.A. [63]
199–10 T > G Hepatic dysfunction and hypoglycemia. [56]
689C > G P230R hypoketotic hypoglycemia, hyperammonemia, liver function damage and elevated creatine kinase. [64]
535G > A D179N hypoglycemia, hyperammonemia. [65]
82G > T G28C
49G > C G17R Hypoglycemia. [66]

In frame 
deletion

779_781delAAG E260del Lethargy, profound hypoketotic hypoglycemia, elevated acylcarnitine species, hypokalemia, 
moderately abnormal liver function, mild left ventricular dysfunction.

[61]

Nonsense 
mutation

823C > T R275X Hyperammonemia, hypoketotic hypoglycemia.

*N.A.= Not available.
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arrhythmias [36]. In order to reduce associated morbidity and mortality, 
many nations now include MCADD testing in their newborn screening 
(NBS) programs [72].

A single nucleotide change on exon 11 of the ACADM gene, c.985A >
G, is the most prevalent mutation in European citizens. At position 304 
of the mature protein, this mutation causes glutamate to replace lysine 
(p.Lys304Glu) (shown in Fig. 2). Approximately 18% of individuals with 
MCADD are heterozygous, carrying both the p.Lys304Glu mutation and 
another variant. In comparison, 81 % are homozygous for the p. 
Lys304Glu genotype [35]. As a result of these mutations, the translated 
protein misfolds, resulting in the MCAD enzyme’s diminution or absence 
of function [70].

Deficiency of MCAD impede the dehydrogenation step in mito
chondrial β-oxidation, resulting in the buildup of medium-chain fatty 
acyl-CoAs in the mitochondrial matrix. This accumulation leads to the 
formation of medium-chain acylcarnitines as these acyl-CoAs bind with 
mitochondrial carnitine [83]. Another effect of this disruption is 
decreased acetyl-CoA production, which is a necessary substrate for 
ketogenesis. The generation of ketone bodies, critical for energy during 
prolonged fasting or metabolic stress, is hampered in the lack of enough 
acetyl-CoA [70].

3.4. Long-chain hydroxy acyl-CoA dehydrogenase deficiency and 
trifunctional protein deficiency

Another disorder of mtLCFAO is Long-Chain 3-Hydroxyacyl-CoA 
Dehydrogenase Deficiency (LCHADD), which is inherited in an auto
somal recessive manner. One component of the mitochondrial trifunc
tional protein (MTP) is long-chain 3-hydroxyacyl-CoA dehydrogenase 
(LCHAD), which regulates fatty acid metabolism at chain lengths 
ranging from C12 to C16 [84]. Regarding mtLCFAO, it is important to 
mention that MTP consists of two other enzymes, particularly long-chain 
ketoacyl-CoA thiolase (LCKAT) and long-chain enoyl-CoA hydratase 

(LCEH). The active sites of the enzyme are located on the α- and 
β-subunits [85]. When these subunits combine, an octameric complex 
comprising four α and β subunits is produced. LCHAD and LCEH, found 
on the α-subunit, are encoded by the HADHA gene. The HADHB gene is 
responsible for encoding LCKAT, located on the β-subunit. On chromo
some 2p23.3, both genes lie in head-to-head orientation [37] and have 
20 and 16 exons, respectively [86].

Although mitochondrial trifunctional protein deficiency (MTPD) can 
involve defects in all three enzymatic components of MTP, most patients 
typically experience only LCHAD deficiency . LCHADD results from 
mutations in the HADHA gene, leading to mtLCFAOD [87]. In the 
LCHAD active site of TFPα, the most prevalent pathogenic mutation 
associated with LCHADD causes a glutamic acid to glutamine substitu
tion (E510Q), which reduces the enzyme’s activity while largely pre
serving the functionality of the other two enzymatic activities (shown in 
Fig. 3). This particular genetic variation is found in 87–91 % of European 
individuals who have obvious symptoms of the condition [38] The 
biochemical consequences include reduced fatty acid oxidation capac
ity, activation of alternative energy metabolism pathways, and accu
mulation of partially oxidized plasma 3-hydroxy-acylcarnitines [88]. 
However, Diebold et al. [37] reported that the molecular basis of MTPD 
is more diverse than that of LCHADD, with several variants found in the 
HADHA and HADHB genes that exhibit poor genotype-phenotype 
connection. Sudden Infant Death Syndrome (SIDS), a notable pheno
type seen in babies with MTP deficiency, usually manifests when the 
baby starts drinking lipid-rich breast milk. Although the precise mech
anism of action of mtLCFAO defects is yet unknown, they contribute to a 
pro-arrhythmic cardiac milieu, and presently, no viable therapeutics are 
available [89].

Individuals with LCHADD or MTPD commonly carry the symptoms 
of hypoketotic hypoglycemia, liver failure, and dilated cardiomyopathy 
in infancy, similar to those with other mitochondrial long-chain fatty 
acid oxidation (mtLCFAO) disorders. However, they may later 

Table 3 
Substrate specificity and expression profile of acyl alcohol dehydrogenases involved in oxidation of fatty acids.

Enzyme name Substrate involved Inhibitors Structural organization Cellular location References

Short-chain acyl-CoA 
dehydrogenase (SCAD) 
(EC:1.3.8.1)

C2 to C4; Butyryl-CoA Acetoacetyl-CoA Homo-tetramer with a subunit 
mass of 43 kDa

Mitochondrial 
matrix

[73]

Medium-Chain Acyl-CoA 
Dehydrogenase (MCAD) 
(EC:1.3.8.7)

C6 to C12-CoAs; 3-thiaoctanoyl-CoA Spiropentaneacetic acid 
(SPA)

Homotetramer of 41–45 kDa [74]

Long-chain acyl-CoA 
dehydrogenase (LCAD) 
(EC:1.3.8.8)

C6 to C18- CoAs; lauroyl-CoA N.A. Homotetramer containing one 
FAD per 43 kDa subunit.

[75]

Very Long-Chain Acyl-CoA 
Dehydrogenase (VLCAD) 
(EC:1.3.8.9)

C14 to C20-CoAs; Palmitoyl-CoA Dimer of 70 kDa subunit, each 
containing extra polypeptide of 
29 kDa.

Mitochondrial 
inner membrane

[76]

Acyl-CoA dehydrogenase 9 
(ACAD9) EC (1.3.99.13)

Similar to VLCAD; Palmitoyl- and oleoyl- 
CoA

Dimer of 68.8 kDa [77]

Acyl-CoA dehydrogenase 10 
(ACAD10)

Branched-chain substrates R and S, 2 
methyl-C15-CoA

118.834 kDa Mitochondrial 
matrix

[78,79]

Acyl-CoA dehydrogenase 11 
(ACAD 11)

Primary carbon chain lengths between 20 
and 26, with optimal activity towards C22- 
CoA

48.917 kDa

Isovaleryl-CoA 
dehydrogenase (IVAD) 
(EC 1.3.99.10)

isovaleryl-CoA (Methylenecyclopropy1) 
acetyl-CoA

Homo-tetramer with 44.773 
kDa subunit.

Mitochondrial 
matrix

[27]

Short/branched chain acyl- 
CoA dehydrogenase 
(ACADSB) (EC:1.3.8.5)

(S)-2-methylbutyryl-CoA, but also reacts 
significantly with other 2-methyl branched 
chain substrates and with short straight 
chain acyl-CoAs.

N.A. Homo-tetramer with a subunit 
molecular mass of 43.7 kDa

[80]

Isobutyryl-CoA 
dehydrogenase (IBD) 
(EC:1.3.8.5)

Isobutyryl-CoA Homotetramer with a subunit 
molecular mass of ~43 kDa

[81]

Glutaryl-CoA 
dehydrogenase (GCD) 
(EC:1.3.8.6)

Glutaryl-CoA 2-Alkynoyl-CoA; 2- 
pentynoyl-CoA

Monomer of 43.3 kDa [82]

*N.A.= Not available.
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experience recurrent episodes of rhabdomyolysis [90]. Nonetheless, 
certain complications are specific to disorders impacting MTP activity, 
including progressive retinopathy, which causes visual loss, and pe
ripheral axonal sensory neuropathy. Recently, Gaston et al. [88] re
ported the development of a G1528C mutation in the HADHA knock-in 
mouse model produced using CRISPR/Cas9. Several features of the real 
LCHADD phenotype were mimicked in this model, such as compromised 
cone function, retinal pigment epithelium destruction and decreased 
visual performance. In contrast to the possible consequences of harmful 
circulating metabolites such as 3-hydroxy acylcarnitine, the study 
highlights the tissue-specific effects of poor fatty acid oxidation. Future 
research using this unique LCHADD model will provide deeper insights 
into the disease’s pathophysiology and offer a platform for evaluating 
various therapeutic strategies.

3.5. Very long-chain acyl-CoA dehydrogenase deficiency

Mutations in the ACADVL gene result in the hereditary metabolic 
disease known as very long-chain acyl-CoA dehydrogenase deficiency 
(VLCADD) [91]. These mutations result in a defective, Very Long-Chain 
Acyl-CoA Dehydrogenase (VLCAD) enzyme, which initiates mtLCFAO 
specifically for fatty acids containing 14 to 20 carbon atoms. Due to this 

defect, the breakdown of very long-chain fatty acids is impaired, leading 
to their accumulation and causing a range of clinical symptoms, 
including muscle weakness, cardiomyopathy, and hypoglycemia [41]. 
All Acyl-CoA dehydrogenases (ACADs) are localized to the mitochon
drial matrix and share a homotetrameric structure, commonly referred 
to as “dimer of dimers” [75]. Each monomer of these homo-tetramers 
has an approximate molecular weight of 45 kDa (shown in Table 2). 
This structural organization is critical for their enzymatic function in 
catalyzing the initial step of fatty acid oxidation by dehydrogenating 
acyl-CoA substrates of varying chain lengths. In contrast, VLCAD 
monomers are about 70 kDa in size due to a lengthy 180-amino-acid C- 
terminal domain. Furthermore, VLCAD typically forms homodimers 
rather than tetramers [76].

The genetic basis of VLCADD is complex, with a wide range of mu
tations occurring across the 20 exons of the ACADVL gene. These mu
tations exhibit significant variation and are responsible for the diverse 
clinical symptoms associated with VLCADD [92]. However, among this 
extensive array of mutations, only a few variants are notably more 
common, suggesting that certain regions within the ACADVL gene may 
be more susceptible to mutation [93]. In this regard, Miller et al. [94]
conducted investigations that suggest the following ACADVL gene mu
tations are likely to be virulent: c.1001 T > G (p.M334R), c.1273G > A 

Fig. 2. (A) The wild-type structure of mammalian Medium-Chain Acyl-CoA Dehydrogenase (PDB ID: 1UDY) with a total structure weight of 180.92 kDa is displayed, 
featuring four distinct chains, each differentiated by unique colors. (B) In the wild-type structure, residue K304 is highlighted as red spheres in all four chains. (C) The 
superimposed structures of the wild-type and mutant chain A, where K304 in the wild-type is replaced by E304 in the mutant. The inset panels provide close-up views 
of key interacting residues with the wild-type and mutant residues in chain A, where polar contacts are highlighted in yellow. In the wild-type, K304 forms polar 
contacts with Q342, A308, D300, and M301, whereas in the mutant, E304 does not form a polar contact with Q342. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)
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(p.A425T), c.640 T > G (p.F214V), c.1076C > T (p.A359V), c.1019G > T 
(p.G340V), c.538G > A (p.A180T), c.889_891delGAG (p.E297del), and 
c.1103A > C (p.Q368P). Nevertheless, a variant that is frequently 
observed in the early-onset type is c.848 T > C (p.Val283Ala) in exon 10 
of ACADVL (shown in Fig. 4) [42].

Additionally, the structurally uncharacterized C-terminal domain of 
VLCAD is the site of distinct mutations that induce enzymatic deficiency 
through a mechanism that has not yet been thoroughly elucidated [50]. 
Recently, Prew et al. [95] conducted an in-depth structural and func
tional investigation to characterize specific defects in membrane in
teractions of full-length human VLCAD that are associated with the 
clinically observed mutations A450P and L462P. This data supports a 
structural basis for VLCADD mutations in patients with distinct muta
tions in an α-helical membrane-binding motif, which leads to patho
logical enzyme delocalization.

Since LCFAs are the body’s primary energy source, blocking VLCAD 
action causes energy depletion, particularly in organs with high energy 
demand [42]. VLCADD is classified into three subtypes based on the 
clinical phenotype. The first subtype, severe neonatal-onset myocardial 
form, is associated with a high mortality rate and leads to 

cardiomyopathy. The second subtype, the infantile-onset hepatic 
variant, is characterized by liver damage and non-ketotic hypoglycemia. 
The third subtype, teenage or adult-onset myopathy, typically presents 
with rhabdomyolysis, pain, muscle weakness, and spasms that are trig
gered by fasting or exercise [96]. Therefore, further research into the 
pathophysiology and management strategies for each subtype is essen
tial for advancing our knowledge and improving care for individuals 
affected by VLCADD.

4. Other diseases caused by mitochondrial dysfunction

Mitochondrial damage is identified as a significant contributor to 
several non-communicable chronic illnesses [97]. Here, we discuss the 
impacts of mitochondrial dysfunction on a number of diseases, which 
are listed below.

4.1. Lipotoxicity and insulin resistance

The defects in fatty acid oxidation resulting from the mechanisms 
mentioned above can increase the levels of fatty acids in the 

Fig. 3. (A) The wild-type structure of the human mitochondrial trifunctional enzyme subunit alpha was generated using AlphaFold 4.0 [157]. In this structure, 
residue E510 is shown in blue sticks, while its mutation to Q510 is represented in red sticks. (B) Superimposed structures of wild-type and mutant alpha subunits are 
shown. The inset panels show detailed views of key interacting residues in the alpha subunit, in addition to the wild-type and mutant residues, with polar contacts 
highlighted in yellow. Polar interactions are reduced with mutated amino acids when compared to the wild type. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)
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process and export FFAs as triglycerides (TGs). CD36/FAT fatty acid 
translocase is well recognized to enhance FFA absorption, which speeds 
up the onset of hepatosteatosis and may contribute to its development in 
NASH [115] (Fig. 5). Clinical investigations have reaffirmed the rele
vance of CD36 by finding higher content in the liver of individuals with 
NAFLD [116].

Recent research reveals that the consumption of saturated fatty acids 
(SFA) induces MD, which subsequently exacerbates the progression of 
NAFLD by altering mitochondrial architecture and functionality. This 
leads to hepatic steatosis, decreased respiratory chain efficiency, acti
vation of the unfolded protein response (UPR), disruption of calcium 
transport, elevated ROS, and inflammation [117,118]. Notably, alter
ations in the mitochondrial lipidome, specifically a decrease in car
diolipin and an increase in phosphatidic acid, occur before hepatic 
fibrosis and are associated with increased coenzyme Q levels and 
oxidative stress. These changes indicate MD’s progression and NAFLD’s 
advancement [119]. Lipophagy, which involves the selective degrada
tion of lipid droplets by lysosomes, is dysregulated in NAFLD. This is 
because the disease is exacerbated by the improper breakdown of lipids, 
which is a result of deficient autophagy. Lipophagosomes may function 
as indicators of the severity of the disease [120].

4.3. Optic neuropathies

Defects in mitochondrial fatty acid β-oxidation are inherited meta
bolic disorders that can cause life-threatening complications in infants 
and children. Among these conditions, only LCHAD deficiency is asso
ciated with progressive pigmentary retinopathy, a severe complication 
that may lead to blindness [121] Fahnehjelm et al. [122] examined 12 
Swedish patients with LCHADD and a huge number of patients had 
developed pathological or subnormal retinal function due to accumu
lation of β-oxidation toxic intermediates. Among the recognized diseases 
associated with inherited (MD), dominant optic atrophy (DOA) is a he
reditary condition that causes the retinal ganglion cells that make up the 

optic nerve to degenerate, resulting in blindness [123]. Mutations in the 
OPA1 gene are the most common genetic cause of DOA. A mitochondrial 
dynamin-like GTPase essential to the fusion process and maintaining 
mitochondrial integrity is encoded by the OPA1 gene. Recent studies 
have demonstrated that mutations within the OPA1 gene result in 
distinct mitochondrial structural abnormalities [124] and impairs fatty 
acid oxidation in brown adipose tissues [125]. The degenerative 
symptoms in DOA patients are replicated in a mouse model with the 
OPA1delTTAG mutation. Ataxia, cardiomyopathy, and peripheral neu
ropathy are further features of this model’s multi-systemic phenotype. 
This mutation has been shown to induce instability in mitochondrial 
complexes, leading to cell death [126].

Although the effects of MD on the posterior portion of the eye 
(including the retina and optic nerve) are well known, few studies link 
these dysfunctions to diseases affecting the anterior segment (such as the 
cornea, iris, and lens). The progression of Fuchs endothelial corneal 
dystrophy (FECD) and keratoconus is significantly influenced by 
inherited MD [127,128]. Case studies have connected mitochondrial 
diseases with corneal cloudiness, perforation, and edema [123]. More
over, mitochondrial defects have been linked to ROS production in 
ocular surface pathologies and inflammatory conditions [129]. 
Although MD correlates with lens opacification, there is no evidence 
connecting DOA to ocular surface defects. The direct impact of MD on 
corneal biology remains elusive despite the existence of these 
investigations.

4.4. Neurodegenerative diseases

Neurodegenerative disorders caused by MD lead to progressive 
neuronal loss and significant cognitive and physical impairment [130]. 
To sustain neuronal activity and ensure survival, the central nervous 
system (CNS) predominantly relies on mitochondrial energy sources 
[131]. Degenerative brain disorders, including amyotrophic lateral 
sclerosis, Parkinson’s, Alzheimer’s, and Huntington’s, have been linked 

Fig. 5. Dietary lipids are absorbed, integrated into intestinal chylomicrons (CMs), and transferred to adipose tissue and the liver in NAFLD. The liver receives fatty 
acids (FA) from adipose tissue’s hydrolysis of triglycerides (TG) into glycerol and free fatty acid (FFA). Fatty acids are accumulated in lipid droplets and de novo 
lipogenesis increases in hepatocytes. Fatty acids undergo oxidation in mitochondria and peroxisomes, leading to increased reactive oxygen species (ROS). Very-low- 
density lipoprotein (VLDL) secretion rises but cannot totally offset fat buildup(modified from Geng et al.[156] ).
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to MD. Structural and functional anomalies in mitochondria are sug
gested to play a major part in the development of the disease [130].

4.4.1. Alzheimer�s disease
A comprehensive study has revealed severe mitochondrial abnor

malities in the brains of Alzheimer’s patients, with poor energy meta
bolism recognized as an early and critical element in the disease’s 
etiology [130]. Alzheimer’s disease (AD) is categorized into two types: 
late-onset Alzheimer’s disease (LOAD), which is multifactorial and ac
counts for more than 95 % of cases, and early-onset Alzheimer’s disease 
(familial AD or fAD), which is autosomal dominant and resulting from 
infrequent mutation in amyloid-processing genes such as presenilin-1 
(PSEN1), amyloid precursor protein (APP), and presenilin-2 (PSEN2) 
[132]. According to Fonteh et al. [133], when CPT1A expression levels 
are decreased, fatty acid β-oxidation dysfunction can lead to an increase 
in free fatty acids. It has been shown that C16:0 and C18:0 is signifi
cantly increased in the CSF of AD patients. Increased concentrations of 
free fatty acids, along with their metabolic intermediates, acyl- 
carnitines and acyl-CoA, exhibit neurotoxicity and may lead to bio
energetic dysfunction and mitochondrial uncoupling [134]. However, 
CPT1A mRNA levels have been found to be higher in the frontal cortex, 
temporal cortex, and parahippocampal gyrus of patients with late-onset 
AD. Therefore, the expression level of CPT1A in AD and the role it plays 
is somewhat controversial. Recently, Ju et al. [135]confirmed that the 
downregulated CPT1A could be a novel potential target for the pre
vention and treatment of AD.

Alzheimer’s disease is defined by the buildup of beta-amyloid (Aβ) 
peptides, which impair mitochondrial function by decreasing energy 
metabolism enzymes and affecting the balance of mitochondrial fission 
and fusion [136]. Zy�sk et al. [137] demonstrated that the accumulation 
of Aβ in human astrocytes significantly impacted mitochondria and fatty 
acid β-oxidation. Interestingly, Aβ toxicity could be attenuated by 
enhancing mitochondrial fatty acid β oxidation in an AD model of the 
nematode Caenorhabditis elegans [138]. These studies suggest that fatty 
acid metabolism is strongly associated with AD pathogenesis and 
mitochondrial health, as disruptions in β-oxidation can exacerbate 
oxidative stress, impair energy production, and contribute to the accu
mulation of toxic lipid intermediates, all of which drive neurodegener
ative processes.

4.4.2. Amyotrophic lateral sclerosis
The pathophysiology of amyotrophic lateral sclerosis (ALS) has been 

significantly influenced by mitochondrial disorder. ALS, commonly 
known as motor neuron disease, is a severe neurodegenerative condition 
characterized by the loss of upper motor neurons, resulting in progres
sive denervation of voluntary muscles [139]. Recently, Guo et al. [140]
found significant alterations in lipid metabolism during advanced stages 
of ALS, with cross-sectional plasma analysis revealing disrupted 
β-oxidation, as indicated by the accumulation of partially metabolized 
acylcarnitine intermediates. In ALS model systems and patient bio- 
samples, the following have been extensively described: changed en
ergy production, excess formation of ROS, disruption of mitochondrial 
axonal transport, altered mitochondrial structure and dynamics, modi
fication of mitophagy and calcium buffering, and activation of apoptosis 
[141,142].

MD has been associated with mutations in specific genes that are 
associated with ALS through a variety of mechanisms. Additionally, 
numerous ALS-related proteins have been demonstrated to interact 
directly with mitochondria, significantly compromising their function 
[143]. For instance, in ALS, mutant superoxide dismutase 1 (SOD1) has 
been implicated in causing mitochondrial transport abnormalities, 
which hinder the movement of mitochondria along axons. This 
impairment can lead to a failure of mitochondria to reach synaptic ter
minals, contributing to the selective degeneration of motor neurons 
[144]. The resulting bioenergetic deficits and increased oxidative stress 
are critical in the progression of ALS, highlighting the importance of 

mitochondrial health in neuronal survival.

4.4.3. Parkinson�s disease
Parkinson’s disease (PD) is the most common neurological move

ment condition, affecting up to 2 % of those over 60 years old [145]. The 
mitochondrial theory of pathogenesis is predicated on two fundamental 
principles: neurons have a high bioenergetic demand and are signifi
cantly dependent on mitochondria for the production of ATP. The 
neurons at risk for PD may be disproportionately affected by compro
mised mitochondrial function [146]. Saiki et al. [147]demonstrated that 
early PD patients suffer from β-oxidation disruption characterized by 
insufficient CPT1 activity. CPT1 is a potential key candidate for the 
regulation of neurodegeneration, acting as the gate-keeper molecule in 
the homeostasis of lipid and glucose metabolism. Similarly, Trabjerg 
et al. [148] demonstrated that downregulation of lipid metabolism via 
CPT1 alleviates pathological motor and non-motor behavior, oxidative 
stress, and disrupted glucose homeostasis in Park2 knockout mice.

Impaired mitophagy, the selective degradation of damaged mito
chondria, is another critical aspect of MD in PD. Shree et al. [149] noted 
that mutations in genes associated with familial PD, such as PINK1, 
directly impact mitochondrial function and quality control mechanisms. 
This impairment can lead to the accumulation of dysfunctional mito
chondria, contributing to the loss of dopaminergic neurons. Therefore, 
understanding the role of MD in PD opens avenues for potential thera
peutic interventions. For example, targeting mitochondrial function 
through lifestyle modifications, pharmacological agents, or mitochon
drial replacement therapies may provide novel strategies for managing 
PD. Payne et al. [150]emphasize the importance of multimodal assess
ments of mitochondrial function in PD, which could result in the dis
covery of novel therapeutic targets.

5. Conclusion and future perspective

Over the past ten years, mitochondria have become more understood 
as fundamental participants in several cellular functions, including 
signal transduction, immunological response, and energy generation. 
This increased understanding has highlighted that MD is a key factor in 
many diseases. Mitochondrial disorders were traditionally attributed to 
hereditary anomalies; however, contemporary insights have expanded 
to include other prevalent pathologies, with disruptions in fatty acid 
oxidation being a significant factor. Specifically, the toxic effects of 
certain fatty acids and acylcarnitine derivatives, which accumulate in 
these disorders, disrupt mitochondrial homeostasis and contribute to 
both chronic and acute symptoms.

The challenge of determining the incidence of mitochondrial disease 
stems from incomplete case ascertainment, influenced by diverse clin
ical features, genotype-phenotype heterogeneity, and the intricate na
ture of referral care pathways. A major hurdle in treatment emerges 
from the highly diverse phenotype-genotype relationship observed in 
individuals with mitochondrial disorders. Current medicines still need 
to be more effective and encompass the extensive range of mutations in 
mtDNA. For instance, in contrast to heteroplasmic situations, mito
chondrial diseases resulting from homoplasmic mtDNA mutations have 
yet to benefit from advancements in molecular methodologies.

However, applying CRISPR-Cas9 technology for treating fatty acid 
oxidation abnormalities and the associated MD represents a significant 
advancement in genetic medicine. Studies have demonstrated the effi
cacy of CRISPR-Cas9 in editing mitochondrial genomes, which is crucial 
since many FAODs are linked to mutations in mitochondrial DNA [151]. 
Recently, D’ Annibale et al.[152]used CRISPR-Cas9 to knock out
ACADVL in HEK293T cells to treat VLCADD and the results appeared to 
be fruitful. However, the clinical application of CRISPR-Cas9 in treating 
FAODs is still in its infancy, and several challenges remain. Mitochon
drial transplantation is another appealing approach to replacing un
healthy mitochondria in dysfunctional cells and tissues [153].

Research on mitochondrial replacement therapy (MRT) shows high 
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