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Abstract
Mitochondria play an essential role in maintaining energy homeostasis and cellular survival. In the brain, higher ATP production
is required by mature neurons for communication. Most of the mitochondrial proteins transcribe in the nucleus and import in
mitochondria through different pathways of the mitochondrial protein import machinery. This machinery plays a crucial role in
determining mitochondrial morphology and functions through mitochondrial biogenesis. Failure of this machinery and any
alterations during mitochondrial biogenesis underlies neurodegeneration resulting in Alzheimer’s disease (AD), amyotrophic
lateral sclerosis (ALS), and Parkinson’s disease (PD) etc. Current knowledge has revealed the different pathways of mitochon-
drial protein import machinery such as translocase of the outer mitochondrial membrane complex, the presequence pathway,
carrier pathway, β-barrel pathway, and mitochondrial import and assembly machinery etc. In this review, we have discussed the
recent studies regarding protein import machinery, beyond the well-known effects of increased oxidative stress and bioenergetics
dysfunctions. We have elucidated in detail how these types of machinery help to import and locate the precursor proteins to their
specific location inside the mitochondria and play a major role in mitochondrial biogenesis. We further discuss their involvement
in mitochondrial dysfunctioning and the induction of toxic aggregates in neurodegenerative diseases like AD and PD. The review
supports the importance of import machinery in neuronal functions and its association with toxic aggregated proteins in mito-
chondrial impairment, suggesting a critical role in fostering and maintaining neurodegeneration and therapeutic response.
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Introduction

Mitochondria are double-membrane organelles that are widely
distributed in cells. These are commonly regarded as either
“bioenergetics center” or “apoptosis regulator” and play both
functional and detrimental roles respectively [1, 2]. Healthy
mitochondria maintain cellular homeostasis, energy produc-
tion, and cell survival etc. The formation of the new functional
mitochondria, i.e., mitochondrial biogenesis, is one of the cru-
cial processes of the cell. Newmitochondria generate from the

pre-existing ones via mitochondrial fission-fusion processes
and get involved in the mitochondrial DNA (mtDNA) repli-
cation, transcription, translation, and also in the loading of
membrane phospholipids and proteins [3–6]. Additionally,
mitochondria play a crucial role in the synthesis of essential
metabolites, heme and lipid metabolism, calcium homeosta-
sis, and regulation of the intrinsic pathway of apoptosis [3–5,
7, 8].

Maintenance of newly forming mitochondria takes place
by both nuclear and mitochondrial genome, which comprises
approximately 1500 mitochondrial proteins [9–11]. The mito-
chondrial genome encodes 13 essential proteins belonging to
the mitochondrial respiratory chain and requires for the proper
functioning of mitochondria [12]. The majority of mitochon-
drial proteins transcribes on the nuclear genome. Furthermore,
they translate in the cytosolic ribosome and import into mito-
chondria through different pathways of protein import ma-
chinery of mitochondria [4, 13]. Mitochondrial protein import
machinery is complex of multimeric proteins known as
translocases [14]. Translocase of outer membrane complex,
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i.e., TOM complex, provides general gate entry through which
all cytosolic translated mitochondrial proteins enter and local-
ize at their specific location [13, 14]. Furthermore, these lo-
calized proteins ensure the central role of mitochondria in
bioenergetics, calcium homeostasis, metabolism, and cellular
health [13, 15]. For successful mitochondrial biogenesis, the
nuclear genome and mitochondrial genome work in a coordi-
nated manner [5]. Any disruption in this co-ordination can
impair mitochondrial biogenesis that leads to mitochondrial
dysfunction and oxidative stress [16]. Furthermore, the mito-
chondrial network can also be compromised and disturbed
due to imbalanced mitochondrial dynamics (mitochondrial
fission-fusion balance) [17]. Altogether, mitochondrial dys-
function results in the form of neurodegeneration and causes
incurable neonatal developmental disorders and adult-onset
neurodegenerative diseases (Table 1) [5, 18, 33, 34].
Neurodegenerative diseases are the incurable diseases, which
lead to slow, and progressive memory loss, behavioral impair-
ment, and uncontrolled motor functions caused by pathogenic
abnormal assembly of proteins in the nervous system [35, 36].
The brain cells are susceptible to mitochondrial dysfunction as
they require the high number of healthy mitochondria near
synapse to provide calcium and adenosine triphosphate
(ATP) as an energy source that regulates neuronal communi-
cation and survival [37]. Therefore, healthy mitochondria re-
quire healthy protein import machinery for appropriate mito-
chondrial biogenesis and strictly essential for cell viability

[38, 39] (Table 1). However, several studies reported the role
of the pathogenic protein aggregates such as α-synuclein,
amyloid-β, and tau in the impairment of these import machin-
eries that lead to mitochondrial pathophysiology and neurode-
generation [19, 23, 40–42]. Mitochondrial defects and dys-
functions have been reported in the association with pathogen-
esis of several neurodegenerative disorders [43–46].
Therefore, targeting mitochondrial dysfunction is a promising
therapeutic approach for these debilitating diseases [47–53].

Overall, this review is mainly focused on our emerging
understanding of the underlying role of protein import
machinery-mediated mitochondrial biogenesis in the context
of neuronal vulnerability and neurodegeneration. We discuss
the regulation and interplay between different import path-
ways responsible for the defective mitochondrial network.
We also discuss the influence of the defective import on the
functioning of mitochondrial biogenesis associated with key
toxic protein aggregates and their implications in the patho-
genesis of various neurodegenerative diseases like
Alzheimer’s disease (AD) and Parkinson’s disease (PD).

Mitochondrial Protein Import Machinery

The field of mitochondrial protein import machinery linked
with mitochondrial biogenesis has experienced rapid expan-
sion in recent years [13, 34, 54–56]. Several studies have

Table 1 Adult-onset neurodegenerative diseases associated with mitochondrial anomalies

No Neuro-
degenerative
disease

Pathogenic protein/
mutation (associated brain
region)

Clinical impression Mitochondrial machineries
involved in protein import

Involved mitochondrial
anomalies

References

1. Alzheimer’s
disease
(AD)

β-amyloid and Tau
(hippocampus and cortex)

Cognitive
impairments
with dementia,
sleeping
changes, and
speech problems
etc.

TOM complex (Tom40),
presequence pathway
(Tim23)

Impaired mitochondrial
biogenesis and oxidative
phosphorylation (OXPHOS)
activity, abnormal mito-
chondrial architecture and
dynamics

[18–22]

2. Parkinson’s
disease
(PD)

α-synuclein, Parkin,
LRRK2and DJ-1
(substantia nigra and stri-
atum)

Tremor,
Bradykinesia,
body imbalance,
speech
impairment,
rigidity

TOM complex (TOM20/40),
Presequence pathway
(Tim23)

Altered mitochondrial
biogenesis and reduced
OXPHOS activity, abnormal
mitochondrial structure,
function and dynamics

[5, 18, 19,
23]

3. Amyotrophic
lateral
sclerosis
(ALS)

TDP-43, superoxide
dismutase1, (brainstem,
frontal lobe, Motor cortex,
basal ganglia, cervical
spinal cord and thalamus)

Dysphagia,
respiratory
muscle
weakness

TOM complex (Tom40),
mitochondrial import and
assembly (MIA) machinery
(Mia40)

Impaired mitochondrial
respiration, Oxidative
damage involving damage
of mtDNA

[18, 21,
24–29]

4. Huntington
disease
(HD)

Huntingtin
(striatum and cortex)

Dementia and
cognitive
impairment,
Choreo-athetosis

TIM23, TOM complex
(Tom40), mitochondrial
import and assembly (MIA)
machinery (Mia40) and
Presequence pathway
(Tim23)

Impaired mitochondrial
biogenesis and OXPHOS
activity, abnormal
mitochondrial architecture
and dynamics

[5, 18, 19,
29–32]
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explored the direct connection between mitochondrial dys-
function and neurodegeneration [54, 57, 58]. However, mito-
chondrial import machinery linked studies with mitochondrial
dysfunction and neurodegeneration have been accomplished
in the last 20 years [38–40, 59–61]. Initially, the pre-sequence
pathway and the carrier pathway were only known, but with
the time, three important import pathways such as sorting and
assembly machinery, mitochondrial intermembrane space im-
port and assembly machinery, and mitochondrial import com-
plex have been explored. The integral networks of these dif-
ferent types of protein import machinery regulate mitochon-
drial function, biogenesis, architecture, and dynamics as the
main regulatory center [39]. Here, we have discussed the re-
spective area detail.

Mitochondrial Biogenesis and Dynamics

Mitochondria are known for its formation from pre-existing
mitochondria, where it inherits in daughter cells in a cell
cycle-dependent manner [62–64]. There are many essential
processes, which work in a regulated and coordinated manner
to complete healthy mitochondrial biogenesis [3]. These pro-
cesses include transcription and translation of nuclear DNA-
encoded mitochondrial proteins, post-translational modifica-
tion of mitochondrial proteome, correct integration of mito-
chondrial targeting sequence (MTS) on mitochondrial pre-
proteins followed by accurate import, folding, and assembly
inside the mitochondria [3, 60]. Altogether, these processes
maintain mitochondrial proteostasis and its turnover, which
make functional mitochondria. Furthermore, calcium signal-
ing, ATP production, oxidative phosphorylation (OXPHOS),
intracellular signaling, regulation of cytochrome-c, and apo-
ptosis etc. are the main functions of mitochondria [60, 65].

Generally, the human mitochondrial genome is built of
16,569 base pairs, where it encodes mRNA essential for 13
OXPHOS proteins, 2 ribosomal ribonucleic acid (rRNA), and
22 transfer ribonucleic acid (tRNA) synthesis [66]. Newly
encoded mtDNA proteins localize itself in the mitochondria
and play an essential role in the electron transport chain and
adenosine triphosphate (ATP) production. Also, un-folding or
re-folding of imported mitochondrial proteins is essentially
required for the normal functioning of mtDNA proteins [41].
Nuclear DNA (nDNA) and mtDNA act in a tight regulation to
also promote assembly of mtDNA encoded factors [41].
Therefore, coordinated communication between the nucleus
andmitochondria is required for successful mitochondrial bio-
genesis. The fusion-fission processes of mitochondrial dy-
namics are associated with precursor protein import and
mtDNA-related protein translation. Altogether, these process-
es make successful mitochondrial biogenesis and regulate mi-
tochondrial mass and number [67, 68].

Generally, mitochondrial dynamics is the tightly regulated
continuous process of fusion and fission events [67]. Fusion is

regulated by optic atrophy protein 1 (OPA1), mitofusins
(MFN) 1&2, and fission by dynamin-related protein 1
(DRP1) and mitochondrial fission 1 protein (Fis-1).
Mitochondrial dynamics regulates the mitochondrial mor-
phology and maintains the healthy mitochondrial pool in neu-
rons [47]. Under the overfed condition, mitochondria follow
the fission (fragmentation) process to create new mitochon-
dria. While under the starvation condition, mitochondrial fu-
sion follows mitochondrial elongation to avoid mitochondrial
degradation and increases ATP production [67, 69]. These
fission-fusion processes are required as a quality control
mechanism [67]. Following the fission process, defective mi-
tochondria are removed by mitophagy process [67, 70], while
healthy mitochondria are selected based on the number of
mtDNA copies, optimum matrix metabolites, and the compo-
nent of the mitochondrial membrane [67]. During a high level
of stress, fission enhances prolong mitochondrial fragmenta-
tion that leads to cellular apoptosis [70, 71]. In contrast, the
impaired fusion process allows uneven mitochondrial elonga-
tion [70]. These impairments accumulate defective mitochon-
dria, and affect mitochondrial functions as well as morpholo-
gy [70].

The translocase of the outer membrane (TOM) complex, a
general entry gate on the mitochondrial outer membrane, al-
lows the import of all mitochondrial precursor proteins [62,
72]. The higher level of TOM complex imports a high level of
mitochondrial pre-proteins across the membrane. Therefore,
during fission, TOM complex level (Tom6) elevates in the
mitotic (M) phase of the cell cycle to induce mitochondrial
biogenesis and transfer their copy in next-generation cells via
regulated mitochondrial dynamics [62, 73].

Moreover, large-sized developing and mature neurons are
highly sensitive for their parental organelle mitochondria, as
they need high ATP production on their synapses and during
cell to cell communication/neurotransmission [74]. For accu-
rate mitochondrial biogenesis in neurons, nuclear genes and
mitochondrial genes must work in a coordinated manner,
while the import of nuclear-encoded mitochondrial pre-
proteins must be in a regulated manner. Anterograde signaling
is associated with nuclear encoding mitochondrial transcrip-
tion factor, translation, and mitochondrial biogenesis [41],
while retrograde signaling is triggered by mitochondrial stress
such as reactive oxygen species (ROS) generation, mtDNA
defects, and mitochondrial membrane potential (MMP) loss.
This stress further activates the retrograde signaling by which
mitochondria send signals to trigger cell death or support cell
adaptation by the nucleus [41]. Several studies have reported
defects in different pathways of mitochondrial import machin-
ery leading to mitochondrial stress [34, 75, 76]. Defect in
TOM, translocase of the inner membrane (TIM), mitochon-
drial intermembrane space assembly (MIA) pathway results in
failure of respiratory chain complex I-V function, and ATP
production, due to which ROS generation occurs [75]. Any
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mutation in gene-encoding subunits of import machinery can
be responsible for the pathogenesis of mitochondrial diseases.
This can also lead to neurodegeneration, muscular dystrophy,
and congenital defects etc. [14]. Additionally, this can affect
the import and correct folding of pre-proteins that lead to the
formation of defective mitochondria. It can further lead to
apoptosis and possibly play an important role in the pathogen-
esis of neurodegenerative diseases (Table 1) [5, 73].

Role of Protein Import Machinery in Maintaining
Mitochondrial Architecture and Biogenesis

Double membrane mitochondria consist of an outer and inner
membrane (cristae), separating intermembrane space and ma-
trix [77]. Five different mitochondrial import machineries are
comprising of the most prominent protein complexes residing
on the mitochondrial membrane. Most of the mitochondrial
functional proteins characterized by specific mitochondrial
targeting signal and cellular metabolites are efficiently trans-
ferred across the membrane via these types of machinery [39].
Generally, the cytosolic precursor proteins are imported firstly
via the TOM complex, which is a general entry gate, located
on the outer membrane [56]. Then, pre-proteins containing
specific targeting signals follow the specific pathway of ma-
chinery respective to their destination [56, 78]. The pre-
sequence pathway involves the import of the cleavable
amino-terminus (N-terminal) pre-sequence which acts as a
targeting signal for the inner membrane andmost of the matrix
precursor proteins. Following the TOM complex, precursor
proteins import via further pre-sequence TIM23 complex to-
wards their destination [39, 60]. Precursor proteins carrying
pre-sequence are firstly identified by TOM20 and TOM22
receptors (members of TOM complex). These receptors im-
port proteins via the TOM40 channel across the outer mem-
brane. Furthermore, TIM50, a receptor of TIM23 complex
recognizes and binds with precursor protein, which further
transfers to TIM23, a channel-forming protein, closely asso-
ciated with TIM17. The import of matrix proteins is further
driven by ATP-dependent mitochondrial heat-shock protein
70 (mtHsp70) and the pre-sequence translocase-associated
motor (PAM). The mtHSP70 and TIM44 associate on the
TIM23 channel. Mitochondrial processing peptidase (MPP)
and other peptidases cleave off the pre-sequence of precursor
proteins in the matrix [39, 60]. Furthermore, chaperones heat
shock proteins such as HSP60 and HSP10 promote the matrix
proteins folding. Many of the precursor proteins carrying hy-
drophobic sorting signal laterally import in the inner mem-
brane after removing the sorting signal by inner-membrane
peptidase (IMP) and further release into IMS. The TIM23
complex interacts with complex III and IV of the electron
transport chain for lateral sorting of pre-proteins and encour-
ages their energy-driven import [39].

It is very clear that the TOM complex imports both cleav-
able and non-cleavable sequences containing precursor pro-
teins. Other than pre-sequence pathway, all four contain a
non-cleavable sequence in the form of an internal targeting
signal. The carrier pathway is the second import pathway,
where hydrophobic multispanning metabolic carrier pro-
teins of the inner membrane firstly bind to cytosolic chap-
erone HSP70 then both bind with the TOM70 receptor of
TOM complex [39]. Next, pre-proteins import across the
outer membrane in a loop form, after interacting with
TOM40. The N-terminal of TOM40 round-ups with the
small Tim chaperones from the intermembrane space,
which further plays a role to deliver pre-proteins onto the
carrier translocase of the inner membrane 22 (TIM22).
Furthermore, TIM54 intermembrane space domain interacts
with small Tim chaperones, which results in a change in
MMP. Due to which, pre-proteins destine at their location
in the inner membrane [39, 79].

Sorting assembly machinery 50 kDa subunit (SAM50)
and related core proteins of sorting and assembly machinery
(SAM) in mitochondrial outer membrane make the third
import pathway, i.e., the β-barrel pathway. This pathway
regulates the importing of nuclear-encoded outer membrane
mitochondrial proteins, which are known as β-barrel pre-
cursor protein via TOM, SAM, and small Tim chaperones
[39]. TOM22 receptor of the TOM complex and Sam37
membrane protein of SAM machinery together create a
transient large complex to import outer membrane precursor
proteins. Next, Sam35 and Sam50 fold pre-protein in the β-
barrel form, which further imports in the lipid layer of the
outer membrane [39].

The mitochondrial inter-membrane space pre-proteins con-
tain cysteine motifs, which import via the fourth import path-
way, i.e., the mitochondrial inter-membrane space import and
assembly (MIA) machinery, which follows redox-regulated
import pathway [39, 80]. This pathway comprises major pro-
teins such as Mia40 and Erv1 (essential for respiration and
vegetative growth) in yeast or Gfer (growth factor erv1-like)
or ALR (augmenter of liver regeneration) in mammals and
helper of Tim of 13 kDa (Hot13) [80–82]. This pathway is
chiefly involved in the oxidative folding of proteins through
the insertion of disulfide bonds. These disulfide bonds are
necessary for proper folding, stability, and activity of the es-
sential mitochondrial proteins [83]. Some of the specific sub-
strates or precursor proteins are retained in the reduced and
unfolding form in the cytosol, from where these are recog-
nized and import by the TOM40 channel. Furthermore,
Mia40 acts as a receptor to bind with reduced pre-proteins
via hydrophobic interaction and acquires intermolecular
bonds. After binding,Mia40 shows its oxidoreductase activity
and oxidizes pre-proteins by forming disulfide bonds in the
inter-membrane space [39]. Mia40 itself re-oxidizes via FAD
dependent ALR sulfhydrl oxidase activity with the help of
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Hot13, a zinc binding protein. Electron coming from the ear-
lier stage of pre-protein to Mia40 to ALR transfers to the
cytochrome-c (Cytc) or to the dioxygen molecule (O2), an
essential part of complex IV of the electron transport chain.
Overall, this electron-based pathway is known as a mitochon-
drial disulfide relay system (MDRS) [39, 84]. Therefore, be-
sides import, this pathway also contributes in respiratory chain
and cellular survival. Additionally, some matrix and inner
membrane proteins are also imported via the MIA pathway
along with IMS proteins [39].

The fifth pathway is the mitochondrial import (MIM) com-
plex, which promotes the import of α-helical transmembrane
segments containing outer membrane proteins. N-terminal
signal-anchor sequence contains by these outer membrane
precursor proteins recognizes by Tom70 and transfers them
to MIM specific insertase to destine proteins efficiently [39,
85]. The MIM imported small outer membrane proteins such
as Tom5 and Tom6 further participate and make a complex
with newly inserted Tom40 via the SAM pathway.
Altogether, SAM and MIM pathways together encourage
the steps of TOM subunits early assembly. Therefore, the
MIM pathway is also a versatile and important protein
translocase complex [86].

Taken together, these studies suggest the role of different
types of protein import machinery in protein importing, fold-
ing, and localization within mitochondria. These destined pro-
teins play a multifunctional role in respiration, ATP genera-
tion, mitochondrial morphology, biogenesis, apoptosis, and
cellular homeostasis.

Interplay Between Different Pathways of Protein Import
Machinery in Maintaining Mitochondrial Architecture
and Biogenesis

The interplay between different pathways of protein import
machinery is a complex biological process and different
translocases play an important role in its regulation. The ver-
satility and abundance of different translocases are reported by
identification of the absolute copy number of their compo-
nents [34, 87]. The TOM complex is identified as the most
abundant translocase, which makes supercomplex with dis-
tinct protein machineries such as TOM-SAM, and TOM-
TIM23-pre-proteins super-complexes [88, 89]. The TOM-
SAM super-complex is required to import β-barrel pre-pro-
teins [88]. However, the separate pool or one large dynamic
pool of the TOM complex is still in debate for the freely
interchangeable complexes. Apart from these super-com-
plexes, the TOM complex might also comprise of simple
TOM complex, where only the TOM40 channel may help in
the import of intermembrane space precursors, which are rec-
ognized by Mia40 receptors [34].

The coenzyme Q (CoQ) or ubiquinone is a key molecule
for respiratory chain activity, which is located in the inner

membrane towards the matrix side [90]. CoQ transfers elec-
trons from complex I and II to complex III and also acts as a
cofactor for several enzymes [90]. The subunits of the CoQ
complex encode in the nucleus and import into mitochondria
via the mutual function of TOM and TIM23 complexes [34].
Therefore, these import types of machinery are also function-
ally involved in the CoQ biosynthetic pathway and related
respiratory functions [34]. On the other hand, the respiratory
chain-dependent MMP is also required to import the precur-
sors through TOM-TIM23 super-complexes [34]. Therefore,
due to any disruption in respiratory activities, it is also essen-
tially required to maintain the MMP-dependent import ma-
chineries [34].

The components of different import types ofmachinery can
collaborate to generate a new pathway [34]. For example
Om45, a single-spanning protein of the outer membrane, lies
towards IMS [34, 91]. Om45 precursors import via TOM and
TIM23 complexes towards IMS, but escaping IMS, Om45
transport topological in opposite action via MIM complex to
locate into outer membrane [34, 91, 92].

The outer membrane TOM and SAM machineries are one
of the central components of ER-mitochondrial organizing
network (ERMIONE) [34]. These machineries are also asso-
ciated with another central component which is abundant on
cristae junctions of the inner membrane, i.e., mitochondrial
contact site and cristae organizing system (MICOS) complex
[34]. The Mic60, the largest subunit of the MICOS complex,
plays a crucial role in the outer and inner membrane contact
site formation. All these components are functionally required
for the mitochondrial architecture, dynamics, cellular respira-
tion, transport of ion and metabolites, and lipid and protein
biogenesis [34, 93]. Additionally, MICOS complex cooper-
ates in the close interaction of TOM complex with down-
stream positioned SAM and MIA machineries, to promote
the import of β-barrel proteins into the outer membrane and
cysteine-rich proteins into IMS [34]. The ERMOINE-
mediated TOM-SAM-MICOS network also interacts with
other machineries, which makes a large and complex mito-
chondrial functional network [34]. The MICOS and TOM
complex also helps in the accumulation of PTEN-induced
kinase-1 (PINK1) on the mitochondrial outer membrane dur-
ing damaged mitochondria, which induces mitophagy [34].

Altogether, the interplay between the different import ma-
chineries shows their potential involvement in mitochondrial
major functions and in maintaining architecture via ER linked
contact sites. However, more information still needs to be
explored with the other import machineries, cytosolic pro-
teins, and mitochondrial outer membrane [34].

Regulation of Mitochondrial Protein Import

The constitutively active mitochondrial protein import ma-
chinery regulates mitochondrial composition, biogenesis,
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turnover, and overall homeostasis, which are required for or-
ganelle fitness and cellular survival. However, mitochondrial
protein import itself is regulated at the different stages associ-
ated with cell signaling pathway, metabolism, stress, and path-
ological conditions [13].

Cytosolic precursor proteins essentially require different
types of protein import machinery to be imported into mito-
chondria [94]. The import of these proteins is regulated by
targeting signals and unfolded state. To import into mitochon-
dria, the targeting signals containing precursor proteins first
bind with mitochondrial receptors and import in an unfolded
state [94]. Any hindrance or modifications or masking in
targeting signals and unstable unfolded state or stable folded
state of proteins lead to the failure of mitochondrial import.
The folded state of precursor proteins can itself mask the
targeting signals and impair the import [13]. Depending on
metabolic conditions, feedback inhibition directly regulates
the import of crucial mitochondrial matrix enzyme 5-
aminolevulinate synthase, which is essential for an earlier
stage in heme biosynthesis. The metabolite heme binds to
enzyme precursor protein and impairs its recognition by
TOM receptors [13].

Kinases play a major role in the regulation of mitochon-
drial import, dynamics, and turnover [13, 95]. Critical pro-
tein kinases such as c-Jun N-terminal kinase (JNK), protein
kinase A (PKA), casein kinase (CK), and AMP-dependent
proteinkinase (AMPK)also translocateon themitochondrial
outer membrane [95]. These kinases further phosphorylate
their specific protein substrates or precursor proteins on the
outer membrane [13, 95]. This phosphorylation gets in-
volved in the crucial function of mitochondrial protein im-
port, dynamics, respiration chain activity, and apoptosis
[95]. The cytochrome P450 monooxygenase isoenzymes
contain dual mitochondria and ER targeting sequences. To
import this enzyme into mitochondria, PKA phosphorylates
its mitochondria targeting sequence, which increases the af-
finity of this enzyme to import via TOM complex, TIM23,
and HSP60 while impairing its transport towards ER [13].
Next, the subunits of theTOMcomplex also act as a substrate
for different kinases [95]. CK1 regulates the import of
TOM22 in the TOM complex [13]. MIM1/2 and TOM22/
70 are the substrates ofCK2,which import and assemble into
mitochondria following phosphorylation [94, 95]. This
phosphorylation is needed for the import of other TOM pro-
teins. Any disruption in CK2 can impair mitochondrial bio-
genesis and impair the pre-sequence and carrier pathway
[94].Next, in the case of glucose abundance, PKAphosphor-
ylates TOM22, TOM40, and inhibits their biogenesis, while
phosphorylates TOM70 to inhibit its activity [94, 95]. Due to
elevated adenosine 3′,5′-cyclicmonophosphate (cAMP) lev-
el, PKA also phosphorylates the Hsp70 chaperone binding
pocket of TOM70, which inhibits binding of Hsp70 to
TOM70 and related carrier import [94, 95].

The chaperones, ATP levels, and electron transport chain
activity also regulate the protein import as a sensitive indicator
of mitochondrial energetic stress and fitness [94]. First, the
TIM23 and TIM22 complexe-mediated pathways are depen-
dent on MMP and are intimately associated with mitochon-
drial ATP generating energetic state. Precursor proteins
importing towards the inner membrane are dependent only
on MMP. To make this import successful, mitochondrial
genome-required protein 2 (Mgr2) and Tim21 (subunits of
TIM23 complex) bind with supercomplex of cytochrome c
oxidase (complex IV) and bc1-complex (complex III) of the
electron transport chain. This association triggers the MMP-
dependent import of pre-proteins [94]. Second, along with
MMP, matrix pre-proteins require ATP as well to drive
mtHSP70 chaperone, to import towards the matrix. The
mtHSP70 helps in the import of pre-proteins by unfolding
their cytosolic side [94]. Third, the TIM23 complex interacts
with the TOM complex to import matrix protein from the
outer membrane to the inner membrane. Altogether, any dis-
ruption in respiratory chain activity, ATP production, and
mtHSP70 chaperone activity due to high occupancy by
misfolded proteins directly affect the activity of the protein
import pathway [94].

Sometimes, new coming precursor proteins get trapped
across the TOM complex and clogged the import channel.
Therefore, in addition to chaperones, surveillance of protein
machinery by ubiquitin-like (UBX)-domain-containing pro-
tein 2 (Ubx2) protein associated with the TOM complex is
also reported [96–98]. In this case, Ubx2 closely interacts with
the TOM complex and recrui ts Cdc48-mediated
ubiquitylation, which targets misfolded proteins and clears
clogged channels [96]. Ubx2 is a well-known populated pro-
tein involved in both endoplasmic-reticulum associated deg-
radation (ERAD) pathway andmitochondrial outer membrane
translocated protein associated degradation (MitoTAD) path-
way [96, 98]. The failure of the Ubx2-mediated MitoTAD
pathway can cause blockage in protein import capacity, which
leads to proteotoxic stress in mitochondria [96].

To maintain nuclear and mitochondrial communication,
retrograde (mitochondria to nuclear) and anterograde signal-
ing (nucleus to mitochondria) actively work in the cell [41, 99,
100]. In the case of retrograde signaling, increased nuclear
gene expression takes place due to the numerous mitochon-
drial stress and known as a mitochondrial stress response
(MSR) [41, 67]. MSR induces in the response of mitochon-
drial disruption such as the depletion of mtDNA and
OXPHOS content, energy metabolism, hypoxia, loss of
MMP, ATP decline, and defects in calcium homeostasis etc.
[41]. The mitochondrial stress triggers the series of calcium-
dependent retrograde signaling, i.e., JNK/mitogen-activated
protein kinases (JNK/MAPK), calcium/calmodulin-
dependent protein kinases (CAMKs), and calcium/
calcineurin-mediated cAMP response element-binding
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protein (CREB) [101, 102]. These signalings further activate
peroxisome proliferator-activated receptor-γ coactivator
(PGC-1α)-mediated mitochondrial biogenesis and OXPHOS
function related mitochondrial factors in the nucleus [103,
104]. Apart from other factors responsible for MSRs, mito-
chondrial unfolded protein response (UPRmt) activates during
misfolding and accumulation of mitochondrial proteins [105].
For the proper folding and correct functioning of the proteins,
co-translational and post-translational protein folding, pro-
teins maturation, and degradation processes are tightly regu-
lated [105]. However, dysregulation in mitochondrial protein
homeostasis, i.e., proteostasis triggers UPRmt via activating
transcription factor associated with stress-1 (ATFS-1) in yeast
and ATF4, ATF5 and C/EBP homologous protein (CHOP)-
CCAAT/enhancer-binding proteins (C/EBPβ) system in
mammals [67, 76, 102]. On the other hand, the nucleus works
in an anterograde signaling manner to induce mitochondrial
protein biogenesis, promote the functioning of the mitochon-
drial network by translating mitochondrial proteins into cyto-
sol, and import across the mitochondrial membrane [41].

The PTEN-induced putative kinase 1 (PINK1)-Parkin
(PINK-PRKN) pathway is a well-known quality control sys-
tem, where it couples TOM machinery-mediated defects in
protein import to the mitophagy under severe mitochondrial
stress [106]. Generally, PINK1 imports into mitochondria
through TOM40-mediated channel in MMP-dependent man-
ner and cleaves via PINK1/PGAM5-associated rhomboid-like
protease (PARL) and MPP proteolytic process [11, 107]. This
process suppresses the PINK1 levels constitutively [11]. But,
whenever mitochondrial MMP collapses (Fig. 2), PINK1 as-
sociates with TOM22, TOM20, TOM40, and TOM70 via
TOM complex and accumulates on the mitochondrial outer
membrane [11]. It causes blockage in protein import and
PINK1 acts as a flag to trigger the Parkin E3 ubiquitin-
protein ligase protein (PRKN/PARK2) recruitment [107].
The auto-phosphorylation of PINK1 by its kinase activity is
required in PARKIN recruitment [108]. Initially, recruited
PARKIN on the outer membrane associates with TOM70
and TOM22, where it eliminates all outer membrane proteins
via ubiquitylation and leads to the elimination of impaired
mitochondria (i.e., mitophagy) [19, 109–111].

Overall, these are the distinct regulatory pathways, which
regulate the protein import. However, the interaction between
different import machinery and regulation under pathological
and physiological conditions is still a major challenge to de-
fine the integrated mitochondrial network and related fitness
[13].

Intersections Between Different Protein Import
Machineries and Neurodegeneration

Here, we have discussed the interlinked mechanism of the β-
Barrel pathway, pre-sequence pathway, and redox-regulated

and carrier pathways of protein import machinery with the
accumulated toxic proteins such as amyloid-β (Aβ), tau, α-
synuclein (α-syn) and their association with the pathogenesis
of neurodegenerative disorders [19, 112]. The aggregation of
these toxic proteins result in defective mitochondrial import,
respiratory chain failure, disruption in mtDNA maintenance,
and ROS generation and finally neuronal demise [19, 112].
Besides protein toxicity, the related important novel findings
such as a mutation or any defect in nuclear-encodedmitochon-
drial factors, a mutation in translocation machinery proteins, a
mutation in mitochondria targeting signals, and mitochondrial
chaperones are also required to understand the central mech-
anism of mitochondrial machinery dysfunction-mediated neu-
rodegeneration [39, 113]. Furthermore, in this part of the re-
view, we have focused on the defects in protein import ma-
chinery due to toxic aggregates, causing different neurodegen-
erative disorders.

Protein Import Machinery Dysfunction in AD

AD is one of the most prevalent worldwide late-onset neuro-
degenerative diseases (Fig. 1) [114, 115]. AD pathogenesis
involved loss of neurons and impaired synaptic communica-
tion in the cortex, limbic system, hippocampus, and basal
forebrain that leads to cognitive deficits [116]. The process
of adult neurogenesis is also compromised in AD patients
and animal models [117–120] due to altered axonal patholo-
gy, spine morphology, and synaptic plasticity etc. [116, 121,
122]. The adult hippocampal neurogenesis contributes to the
storage and processing of new information and plays a crucial
role in learning and memory function [116]. The Aβ neurite
plaques and hyperphosphorylated Tau neurofibrillary tangles
(NFT) are the most common pathological hallmark in these
brain regions in AD, which are located intracellular and extra-
cellular, respectively [115, 123]. The Aβ alters neurogenesis
in the hippocampus and cortex which is responsible for altered
cAMP/CREB signaling cascade and promotes impairment of
learning and memory in AD [124].

The energy-driven mitochondria also play an essential role
in adult neurogenesis and maturation of newborn neurons
[124]. In recent studies, mitochondrial defects and dysfunc-
tions are well reported in causing neurodegeneration and re-
lated AD pathophysiology, which aggravates AD symptoms
[125–127]. A study also reported that the Aβ downregulates
the PGC-1α-mediated mitochondrial biogenesis leading to
reduced mitochondrial mass [124]. Aβ also inhibits mito-
chondrial import of nuclear-encoded proteins by blocking mi-
tochondrial import machinery, which affects mitochondrial
biogenesis in AD [68]. Aβ and tau imbalances mitochondria
dynamics by increasing Drp1 levels [68] and decreasing
mitofusins and OPA-1 [124]. Besides tau-mediated
mitophagy [68], Aβ also elevates the levels of the mature
form of microtubule-associated protein 1A/1B-light chain 3
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(LC3), i.e., LC3-II and sequestosome 1 (p62/SQSTM1),
which triggers excess mitophagy [124]. Therefore, these
mitochondria-related impairments are the intracellular earlier
steps, which affect neurogenesis and further lead to the weak-
ening of synaptic communication and neurodegeneration in
AD [68, 124].

Aβ is a natural metabolic product from the amyloid pre-
cursor protein (APP), and its distribution is reported in the
endoplasmic reticulum (ER), mitochondria, Golgi apparatus,
endosome, lysosome, and nucleus etc. [128]. Aβ is derived
from the catalytic action of β- and γ-secretase enzyme on the
APP, where Aβ1–42 is known the most toxic aggregates due
to high hydrophobic nature [115]. Generally, APP keeps sig-
nal peptide for targeting both ER and mitochondria. In normal
conditions, the APP targets ER and moves towards the plasma
membrane through the secretory pathway [129]. Although
due to APP high proportion, APP interacts with mitochondrial
translocation channels [129]. Furthermore, its acidic domain
interacts with active γ-secretase complex through

mitochondria-associated endoplasmic reticulum membranes
(MAM) [20, 130]. This results in the formation of Aβ from
APP cleavage in MAM, instead of inside the mitochondria
[115]. The newly formed Aβ is imported into the mitochon-
dria via the TOMcomplex, where mitochondrial pre-sequence
protease (PreP) degrades Aβ to control its mitochondrial tox-
icity and imbalance to keep it in precise concentration in the
cell [115]. PreP is a mitochondrial matrix pre-sequence pepti-
dase that degrades mitochondrial targeting signal sequence
(MTS) or pre-sequence possessing N-terminal from mito-
chondrial matrix pre-proteins [131, 132].

The Aβ peptides accumulate on and inside the mitochon-
dria and mediates toxicity, which is well reported in the AD
patients [133]. The toxic aggregation of Aβ protein directly
blocks the mitochondrial import channels and later blocks
the importing of nuclear-encoded mitochondrial proteins in
AD [20, 115, 129]. The import of toxic Aβ occurs by the
TOM40 channel and further, it targets the inner membrane
complex and matrix enzymes causing mitochondrial

Fig. 1 Schematic representation of the import of pathogenic proteins in
AD. The possible takeover of mitochondrial proteins by pathogenic
proteins as they possess mitochondrial targeting signals such as APP,
Aβ, and Tom40 mutant. (a) Aβ imports via Tom40 and blocks (red
dotted line) the function of inner membrane complex and matrix
enzymes. (b) APP blocks Tom40-Tim23 pathway, leading to no import
of OXPHOS proteins causing oxidative stress. (c) Aβ import changes the

MMP. (d) Aβ somehow recognizes by Tom22 receptor, from where it
imports via Tom40 and shows Aβ-mediated neurotoxicity. (e) APOE*4
allele mutates Tom40 gene, due to which it forms mutated and
dysfunctional Tom40 protein in TOM complex. It causes blockage of
imported new proteins. (f) Aβ directly inhibits the PreP peptidase, due
to which cleaving of signal sequence affected and immature new proteins
located in mitochondria leading to mitochondrial dysfunctioning in AD

1425Mol Neurobiol  (2021) 58:1418–1437



dysfunctioning in AD [19] (Fig. 1), which leads to cognitive
deficits and memory loss [134]. A study reported that Aβ
physically interacts with mitochondria and impairs cellular
respiration by altering the complex I and IV enzyme activity
and disturbs the fission-fusion process [135]. Additionally,
alteration leads to increased ROS production and distorted
mitochondrial morphology etc., resulting in mitochondrial
dysfunctioning [115, 131].

A study reported that Aβ toxic peptides affect PreP-
mediated pre-sequence processing machinery, i.e., late step
of mitochondrial import reaction (Fig. 1) [136]. Generally,
PreP/Cym provides them mature form, after degrading sig-
nal sequence. However, Aβ is reported to block this PreP/
Cym activity, and therefore, pre-sequence containing ma-
trix precursor proteins become abnormally matured due to
interfering with the activity of MPP and contributes to AD
pathology by dysfunctioning mitochondria [131, 136].
While in another study, the co-aggregation of Aβ peptides
and precursor proteins were reported, where co-aggregation
of Aβ42 showed a stronger inhibitory effect against mito-
chondrial protein import and significantly reduced the im-
port of precursor proteins [136].

A study on human AD pathology reported that the truncat-
ed form of non-glycosylated APP makes stable complex
through MitN-CytoC orientation with both outer membrane
TOM40 and inner membrane TIM23 and inhibits import and
localization of mitochondrial cytochrome C oxidase IV and
Vb proteins via two import pathways–mediated state (Fig. 1)
[20]. Therefore, the lower import of these proteins in mito-
chondria increases oxidative stress by increasing the hydrogen
peroxide (H2O2) level [20]. Due to this mitochondrial accu-
mulat ion chol inergic , gamma-aminobutyr ic acid
(GABAergic), dopaminergic, and glutaminergic neurons in
different brain regions such as the amygdala, hippocampus,
and cortex are affected in AD [20].

The gene variants of mitochondrial import pathways them-
selves transport from the cytoplasm and import inside mito-
chondria through their import pathways. Rather they could
have associated with mitochondrial dysfunction via a defect
in their protein structure and related faulty import [41].
However, in a study (Fig. 1), the outer membrane TOMM40
gene is reported as the possible late-onset Alzheimer’s disease
(LOAD) risk factor, where the mutated TOMM40 gene be-
comes responsible for the abnormal TOM40 protein [19, 137].
Generally, the TOMM40 gene remains in upstream and close
proximity to apolipoprotein E and C (APOE andAPOC) gene,
located on the 19q chromosome [19, 137]. These genes are
present in the tight cluster as TOMM40-APOE-APOC1-
APOC4-APOC2 in the strong linkage disequilibrium (LD)
pattern [19]. However, genome-wide association studies
(GWAS) reported that the LD locus of APOE has the stron-
gest association signal, which is assigned to APOE*4 allele
haplotype, known as the strong pathogenic factor in LOAD

[138]. Therefore, other genes present in the LD pattern are
also associated with strong significant signals contributing to
disease risk [19]. Therefore, TOMM40 single nucleotide poly-
morphisms (SNPs)-related genetic variations are also associ-
ated with LOAD [19, 139]. These variations contain polyT
repeats in variable-length within intron 6 at a single locus of
TOMM40, known as “TOMM40–523”, which varies in
length by race and individuality [19, 139]. As a result, the
mutated TOMM40-related cognate TOM40 protein (general
import pore) causes APP translocation arrest and cause AD-
mediated mitochondrial dysfunctioning [137]. Due to block-
age of the channel, the entry of other mitochondrial proteins
also hinders, which causes ROS production, decreased COX
activity, and mitochondrial defects [140]. In one study, in
yeast mitochondria (Fig. 1), cytosolic Aβ was specifically
recognized by the outer membrane TOM22 (Tomm22 in the
human) [141]. Based on this study, it is further reported that
Aβ transfers to another subunit of TOM complex, TOM40,
and imports into the mitochondria through the TOM channel.
This recognition is essential for the Aβ accumulation in mi-
tochondria in AD [141].

Generally, mitochondrial matrix proteins follow a common
inner membrane import route, where they require appropriate
MMP [142, 143]. Aβ does not follow this common route as
the C-terminal of Aβ is hydrophobic and can bind to import
receptors directly or import via vesicle transport [142].
Therefore, Aβ import can depend on its length and hydropho-
bicity etc. [142]. This study is related to the uptake of Aβ
inside the mitochondria that cause Aβ accumulation-
mediated mitochondrial dysfunction in AD patients [142].
One of the studies on the AD brain reported that (Fig. 1) Aβ
enters through TOM general entry gate into cristae and be-
comes responsible for lower MMP [133].

In a study, PC12 cells were transfected with GFP pro-
tein (mtGFP) tagged N′-terminal mitochondrial targeting
sequence followed by sub-lethal exposure of Aβ
(10 μmol/L) for 48 h [144]. As a result, GFP tagged mito-
chondrial precursor proteins were not able to import across
mitochondria. Therefore, their levels were significantly
higher in the cytoplasm, representing Aβ-mediated neuro-
toxicity. This study also reported the defective import of
TOM20 and mtHSP70/mortal in (nuclear-encoded
mitochondrial proteins) inside the mitochondria [144].
Generally, mortalin belongs to the mitochondrial chaper-
one mtHSP70 protein family, which helps in mitochondrial
protein import, protein folding, and cell survival [145].
Therefore, incomplete import of mortalin and TOM40 it-
self leads to the reduced MMP, increased ROS generation,
and altered mitochondrial morphology, contributing to AD
[144, 146]. In a study, Aβ-mediated TOM complex inter-
action also affects OXPHOS complex activities. Reduction
in TOM20 and TOM70 subunits also showed deficits in
OXPHOS complex I, III, IV, and V activities [147].
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In a study, it is reported that any defect in protein import
machinery can lead to precursor protein accumulation in the
cytosol [148]. The over-accumulation creates stress in the cell
that trigger apoptosis. This over-accumulation can also trigger
protein aggregation and mistargeting of proteins, which fur-
ther stimulate unfolded protein response (UPR), a mechanism
of cell survival [148–150]. In a study, reduced expression of
TOM40 leads to the accumulation of protein aggregates in the
cytosol and mistargeting of the proteins [148]. Defect in
TOM40 also reduced the proteasome activity, ATP produc-
tion, and increased ROS generation. This defect results in the
failure of autophagy and leading to protein aggregation and
neurodegeneration [148].

Altogether, these integrated facts in the context of neuronal
cells suggest that defective protein import causing impaired
mitochondria formation and their dysfunction. Therefore, de-
fective mitochondria have not any replacement and result in
neurodegeneration and worse the AD pathogenesis.

Protein Import Machinery Dysfunction in PD

PD is the second well -nown adult-onset neurodegenerative
disease, where α-synuclein (α-syn) aggregates form Lewy
bodies and affect dopamine neurons of the substantia nigra
pars compacta (SNpc) (Fig. 2). It is characterized by the loss
of dopaminergic neurons degeneration along with reduced
tyrosine hydroxylase expression in the SNpc of PD patients
and animal models [43, 53, 151, 152]. α-syn is a known caus-
ative agent, which directly inhibits mitochondrial enzyme ac-
tivity causing oxidative stress and leading to mitochondrial
dysfunction in PD [153]. Generally, α-syn is known for its
function in suppression of apoptosis, regulation of dopamine
biosynthesis, chaperone activity, and neuronal differentiation
etc. [154]. But any truncation in the carboxyl-terminus (C-
terminal) of α-syn leads to aggregation, which is responsible
for PD pathology [154].

It has been reported that likewise AD, the causative agent
of PD, i.e., truncated α-syn, interferes in mitochondrial pro-
tein import across the membrane where it triggers mitochon-
drial impairment and causes α-synucleinopathy [155]. A
study on post-mortem brain samples in human PD subjects
and α-syn transgenic mice have found the significantly lower
levels of TOM40, while no significant change in TOM20
levels [11]. Therefore, TOM40 has been reported as the main
target in PD. Oxidative damage and deletions inmitochondrial
DNA, reduced energy production, and reduced complex I
protein levels are associated with reduced TOM40 in α-syn-
transgenic mice [11]. Interestingly, after lentivirus-mediated
TOM40 overexpression, the reduced activities were amelio-
rated in transgenic mice [11]. In another study, cytosolic ag-
gregated α-syn interacts via TOM40 general pore to localize
in mitochondria (Fig. 2) [156]. After importing inside mito-
chondria, α-syn interferes with complex I activity of the

respiratory chain and induces ROS production and cyto-
chrome c release [156]. One study on cytosolic modified α-
syn specific interaction with TOM20 showed defects in mito-
chondrial protein import, which causes reduced OXPHOS and
increased ROS production [157]. However, no interaction
with TOM40, TIM23, and TOM22 was observed [11, 157].
Overexpression of TOM20 also ameliorated all deleterious
effects, showing potential therapeutic benefits against α-
synucleinopathy and neurodegeneration [11, 23, 157].
Another study further showed the mimicking nature of α-
syn with mitochondrial targeting sequence (MTS), through
which interaction of α-syn and TOM20 occurs [158]. This
interaction prevents the binding of TOM20 with co-receptor
TOM22 and disrupts the protein import [157]. This interaction
blocks the import of Ndufs3, a nuclear-encoded mitochondrial
protein as well as induces aberrant oligomerization and aggre-
gation of α-syn, in the rotenone-induced mouse PD models
[158].

These studies also indicate the strong relationship between
α-syn overexpression and reduced MIM expression, where
decreased OXPHOS activity, imbalanced mitochondrial dy-
namics, and mtDNA damage etc. are also reported [159].
However, the effectiveness of physical exercise is previously
reported for reducing mitochondrial dysfunctions and motor
deficits etc. [159]. It is also suggested that the levels of TH
induce due to exercise on a treadmill, which further reduces
dopaminergic neuronal loss and alleviates PD-like symptoms
[159]. Interestingly, treadmill exercise also induces the anti-
oxidant enzyme levels, which further reduces the levels of α-
syn protein [159]. On the other hand, several studies have also
reported the association of physical exercise withMIM, where
TOM20, TOM22, TOM40, and TIM23 expression increases
in skeletal muscle due to 7 days of electrical stimulation to PD
mouse models [159–161]. Altogether, these studies suggested
the association of reduced α-syn and induced MIM by phys-
ical exercise, which increases protein import and improves
mitochondrial function. This also further reduces the dopami-
nergic neuronal cell death and may improve the partial motor
deficits in MPTP-induced PD mouse models [159].

It has been observed that PD linked defects in protein ma-
chinery including the TOM complex also interfere in cell
quality control mechanism and survival [106]. Several studies
have also reported the role of PINK-PARKIN pathway-medi-
ated protein import in PD pathology [106, 162–165].
Mutation in PINK-PARKIN affects the mitophagy and causes
mitochondrial pathology, which later becomes the reason for
the dopaminergic neuronal loss, causing autosomal recessive
PD [19]. In one study on familial PD, the mutation in C-
terminal negative charged motif of PINK1 or deletion of
TOM7 causes defects in import arrest [166]. Later, PINK1
fails to locate and accumulates on the outer membrane and
imports inside depolarized mitochondria. Furthermore,
OMA1 protease degrades PINK1, instead of PARL and
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affects PARKIN-mediated mitophagy, leading to PD [166].
Interestingly, on another side, subunits of the TOM complex
act as a molecular switch in the PINK-PARKIN pathway reg-
ulated mitophagy process [110]. During PD causing loss of
function mutation in the Parkin gene, PARKIN loses the in-
teraction with TOM70 and TOM40 subunits, while overpro-
duction of TOM22 and TOM40 reverses the mitophagy reg-
ulated by the PINK-PARKIN pathway followed by MMP
loss. This dysregulation of mitophagy leads to the accumula-
tion of defective mitochondria [110, 167]. Therefore, the loss
of coupling between import machinery and mitophagy con-
tributes to the pathogenesis of PD [11, 110].

One of the studies on the PINK1 reported that PINK1 in-
teracts with TOM40-TIM23 multi-subunit complex and gets
cleaved by proteolytic activity [168], while mutant PINK1
following the same route of import as wild type but cleavage
of PINK1 impairs PINK1 cleavage site that affects on func-
tional and structural level (Fig. 2). Due to which, full-length
protein PINK1 does not accumulate on the OMM during

stress in mitochondria. This leads to loss of kinase activity
of PINK1 that results in neurodegeneration and PD pathogen-
esis [169, 170].

Unlike mitophagy, which eliminates defective mitochon-
dria, mitochondrial unfolded protein response (UPRmt) res-
cues and recovers most of the organelle, which can be sal-
vaged and show a protective role [171]. Efficient mitochon-
drial protein import machinery regulates those upstream
regulatory proteins, which further regulate both mitophagy
and UPRmt [171]. Protein import acts as a post-translational
process and regulates the function of individual organelle as
well as the complete organelle pool. In the case of UPRmt,
like PINK1, ATFS-1 keeps the MTS signal and import into
mitochondria and degrades via Lon protease in healthy mi-
tochondria. While in the case of mitochondrial stress,
ATFS-1 increases its levels throughout the cytosol in pro-
portion to mitochondrial stress levels [171–173]. Avoiding
degradation in the cytosol, ATFS-1 with its targeting nucle-
ar localization sequence (NLS) migrates into the nucleus

Fig. 2 Schematic representation of the import of pathogenic proteins in
PD. The possible seizing of mitochondrial proteins by pathogenic
proteins as they possess mitochondrial targeting signals such as PINK1,
DJ-1, and α-syn. (a) α-syn imports via Tom40 channel and blocks inner
membrane complex function and inhibits complex I activity, leading to
redox misbalancing. (b) Mutated mortalin import via Tom40-Tim23-
Tim44 channel and folded by HSP60, leading to immature
mitochondrial biogenesis. (c) DJ-1 binds with mortalin and affects their

functionality, causes oxidative stress. (d) In case of change in MMP in
healthy mitochondria, PINK1 exports outside mitochondria, where it
recruits Park2. Park2 recognizes via Tom70 and Tom22, leading to
mitophagy. (e) Generally, wild-type PINK1 imports via Tom40-Tim23
channel and cleaved by MPP in the matrix. But in the case of mutant
PINK1, it imports via the same channel but does not cleaved properly,
leading to reduced neuroprotection
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and induces transcription of more than 400 nuclear genes
[171–173]. These ATFS-1-induced nuclear-encoded pro-
teins are involved in detoxification, protein import, homeo-
stasis, components of mitochondrial fission, and glycolysis
process etc. [171]. These proteins must import into mito-
chondria to recover mitochondria via protein import ma-
chinery. One study reported that rotenone-induced PD-like
symptoms including impair complex I activity and
paraquat-induced superoxide radicals trigger the UPRmt re-
sponse [171], while another study on transgenic nematodes
revealed the dysregulation of UPRmt by co-expression of α-
syn and ATFS-1, causing dopaminergic neurotoxicity and
neurodegeneration as characteristics of PD [172].

Due to the crucial role of protein import machinery, these
types of machinery remain under surveillance of chaperones
[60, 174]. The essential mitochondrial chaperone and only
ATPase or core subunit of PAM motor, mortalin mtHSP70,
helps to import mitochondrial proteins and can extend the
life span of normal human cell and nematodes [174, 175].
Generally, mortalin interacts with N-terminal domain of
TIM44 (a member of TIM23 complex) (Fig. 1) and acts as
the main platform to connect the inner membrane transloca-
tion channel and matrix import motor [174–176], whereby
energy is driven through ATPase activity of mortalin that
lead to MTS containing pre-proteins import in the matrix
through TIM44 [174, 175, 177]. Later, mortalin interacts
with HSP60 chaperone that helps in protein folding and
assembly [145]. Any loss in the mortalin function can cause
a fault in protein quality control and impair mitochondrial
function and dynamics in PD [178]. Cellular redox sensor
DJ-1 protein interacts with mortalin (Fig. 1) and manages
oxidative stress and mitochondrial homeostasis, which is
critically involved in neurodegeneration [178, 179]. But
due to mutation in mortalin, mitochondrial morphology
and functions diminish and modification occurs in response
to oxidative stress that leads to PD [178].

Besides the role of chaperones in organelle proteostasis,
chaperones are also involved in providing degradation tag
and eliminating selective proteins for autophagy [180, 181].
Generally, leucine-rich repeat kinase 2 (LRRK2) is degrad-
ed by chaperone-mediated autophagy (CMA), while mutat-
ed LRRK2 is not able to degrade via this pathway and cause
PD [181]. The autosomal dominant mutation, G2019S, is
the pathogenic mutant form of LRRK2 which causes famil-
ial PD [167, 181]. In many studies, LRRK2 involvement
has been reported in the mitochondrial fission/fusion pro-
cess and has been associated with mitochondrial outer mem-
brane proteins [167]. Generally, LRRK2 recruits Drp1 on
the outer membrane and stimulates mitochondrial fission
and acts as an essential regulator of mitochondrial dynamics
[182]. However, two mutant forms of LRRK2 (G2019S and
R1441C) increase their interaction with Drp1. As a result,

Drp1 hyperphosphorylation leads to excessive fragmenta-
tion, oxidative stress, mitochondrial dysfunctioning, and
neuronal anomalies [42, 183]. Besides Drp1, the association
of LRRK2 with ubiquitous mitochondrial creatine kinase
(uMtCK) is also reported [184]. The uMtCK is involved in
mitochondrial membrane permeability and plays an impor-
tant role in energy transduction [184]. LRRK2 mutant di-
rectly inhibits the processing of immature form of uMtCK
precursor protein and block its import in the IMS inside
mitochondria by retaining it on the mitochondrial outer
membrane [184]. This results in the lack of uMtCK and
energy channeling inhibition in the mitochondria, which
promotes the voltage-dependent anion channel (VDAC)
and (adenine nucleotide translocator (ANT) interaction.
This VDAC/ANT interaction allows the opening perme-
abilization transition pore, cytochrome c release that leads
to the neuronal intrinsic pathway of apoptosis [184].

The importance of the specific localization of mitochondri-
al protein machinery is as crucial as their function for cell
survival [185]. However, their localization takes place in mi-
tochondrial outer membrane, inner membrane, and intermem-
brane space [186]. Therefore, the healthy composition of the
mitochondrial membrane is important for successful localiza-
tion of mitochondrial protein import machineries.
Phospholipids are the major building block for these mem-
branes, where cardiolipin (CL) is the most unique enriched
phospholipid in mitochondrial inner membrane [185, 187,
188]. The function of CL is involved in protein import, mito-
chondrial membrane morphology, biogenesis and dynamics,
electron transport chain and ATP production, mitophagy, and
mitochondrial specific role in apoptosis etc. [185, 187]. CL
shows its involvement in the biogenesis of TOM complexes
and SAM machinery [185]. In the case of protein import of
precursor protein, when matrix associated precursor protein
import via TOM complex and inter-membrane space, then it
interacts with TIM23 machinery [189]. Furthermore,
membrane-bound subunit TIM23 and polypeptide substrate
receptor TIM50 interaction occurs which is dependent on
MMP [189]. This interaction is modulated and stabilized by
CL in such a manner, where the TIM50 domain binds with a
specific site of TIM23. Furthermore, precursor proteins import
into the matrix, which is driven via ATPase dependent PAM
complex [189]. Altogether, CL plays a major role in TIM23
dependent import [189]. Therefore, any disruption in CL me-
tabolism or its deficiency can also interfere in this transmem-
brane import that can lead to mitochondrial dysfunction [185,
189]. Next, the role of CL has also been established in
mitophagy, where CL gets externalize from the inner mem-
brane to the outer membrane [190]. CL on the outer mem-
brane is identified by the basic amino acid cluster of
microtubule-associated protein 1A/1B-light chain 3 (LC3),
which also leads to mitophagy. In one study, it has been
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reported that the mutation in the basic amino acid of LC3 leads
to the failure of LC3 recruitment on mitophagosome [190].
Another study reported that the depletion of CL can interfere
or inhibit the mitophagy in rotenone or 6-hydroxydopamine-
induced parkinsonian models [190]. However, extensive stud-
ies on the effects of CL with protein machinery in case of PD
still need more understanding. Altogether, these studies on
protein import machinery and linked essential components
play a crucial role in understanding pathophysiology of PD.

Conclusion and Future Perspectives

Mitochondria have emerged as a potential target not only in
chronic diseases like cancer, diabetes, obesity, and ischemia-
reperfusion injury but also in several neurodegenerative dis-
eases [191]. Neurons are highly sensitive for mitochondria as
they highly require ATP for synaptic communication and
brain functions [192]. Therefore, healthy mitochondrial bio-
genesis and proper functioning are essential for neuronal ho-
meostasis, which is dependent on nuclear and mitochondrial
genome co-ordination [193]. Protein interactions through this
co-ordination are further regulated by different pathways of
mitochondrial import machineries [193]. These different types
of import machinery play a crucial role in the regulation of
coordination of nuclear and mitochondrial genome, mitochon-
drial biogenesis, dynamics, and neuronal cell communication
etc. [41]. However, any error in the import of precursor pro-
teins or members of protein machineries itself undoubtedly
affects new mitochondrial formation and functions. This leads
to apoptosis and neurodegeneration, which are associatedwith
the pathogenesis of neurodegenerative diseases [5, 40].

The TOM, TIM23, TIM22, SAM50, MIA-ALR com-
plexes, and TOM-SAM-mediated complex are involved in
the general entry gate, pre-sequence, carrier, SAM,MIA path-
ways, and MIM complex respectively, as the essential differ-
ent pathways of mitochondrial import machineries [39, 194].
These pathways import and locate the precursor proteins at
their specific location in the outer membrane, IMS, inner
membrane, and matrix in the mitochondria [39, 194]. To an
extent, several studies have reported the interplay between
different import machineries [39, 88, 89, 194]. Although,
there is still a need for deeper studies related to their interac-
tion with each other, whether TOM-mediated supercomplexes
act as a single complex or freely interchangeable separate way
and regulate respiratory functions [34]. The import machiner-
ies and electron transport chain derived MMP also work in a
coordinated manner to import several nuclear-encoded respi-
ratory proteins such as subunits of CoQ complexes etc. Any
disruption directly affects protein import and respiratory func-
tions [34]. Import machineries like TOM and SAM act as a
central component of ER-mitochondrial (ERMIONE)

network and help in maintaining mitochondrial architecture
and network with other organelles [34]. These import machin-
eries are also involved in the contact site of the outer and inner
membrane and are associated with another central component
of mitochondrial architecture, i.e., MICOS complex [34].

Due to the crucial role of import machineries, they are
strictly regulated by several physiological and pathological
conditions [13]. They are regulated by targeting sequence
and folding state of precursor proteins, metabolic conditions,
several kinases, chaperones, respiration activity (ATP level
and MMP), surveillance proteins, mitochondrial stress re-
sponse (UPRmt), cell signaling, stress, and mitophagy etc.
[13]. Altogether, these are essentially required for mitochon-
drial import, folding, biogenesis, architecture, dynamics, cel-
lular respiration, turnover, and overall mitochondrial fitness
and cellular survival [13].

Any disruption or impairment in components of import
machineries or their regulatory mechanism can lead to the
neurodegeneration and cause several chronic neurodegenera-
tive diseases [40, 59]. For an instance, an error in the TOM
complex during the M phase of the cell cycle can lead to the
failure of mitochondrial biogenesis and dynamics [62].
Another instance of the error in the MPP (mitochondrial pro-
cessing peptidase)-mediated proteolytic maturation of the
newly imported matrix proteins can lead to the defective pro-
tein [195]. Additionally, any genomic mutation encoding mi-
tochondrial proteins or aggregated protein likeα-syn, Aβ tox-
icity are the basis of the failure of mitochondrial protein im-
port, respiratory failure, ROS generation, mitochondrial
dysfunctioning, and apoptosis, leading to neurodegeneration
in AD and PD [59, 196, 197]. In this review, we have
discussed the alterations in protein import being linked to
mitochondrial bioenergetics, mitophagy, morphology, dy-
namics, biogenesis, and apoptosis etc. in AD and PD.

Since mitochondrial protein import occurs via MMP gen-
eration in the inner membrane and this process is the sensor
for the health status of mitochondria and cells, therefore, pro-
tein import has become a new therapeutic strategy against
neurodegenerative diseases [68]. Recent findings suggested
the role of the PINK1/PARKIN pathway as a sensor of import
defects, and give us a hint to understand this pathway based
mitochondrial regeneration in the case of PD. Still, muchwork
lies ahead to understand the role of protein import and PINK1/
PARKIN pathway in the context of healthy and unhealthy
mitochondria [106]. Herein, we have also summarized the
basic current understanding of the import pathways and their
role in mitochondrial biogenesis and dynamics. Furthermore,
we have also highlighted the import defects, the underlying
general mechanism of mitochondrial pathophysiology in the
case of AD and PD. However, the complete mechanism of the
import of precursor proteins is still uncovered and needs more
understanding in the future.
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The next challenge is to better understand the molecular
interaction between different pathways of import machiner-
ies, which might be a therapeutic target against AD and PD
in future studies. To achieve this, induced pluripotent stem
cells (iPSCs)–derived PDmodel approach to assess PD neu-
rons is reported useful for understanding mitochondrial
phenotyping [198].

Besides this, the connection between lipids especially CL
and membrane insertion of proteins is also an emerging field
[141]. The essential role of CL is well reported in maintaining
the mitochondrial membrane architecture and morphology.
However, it needs further studies about connectivity and
cross-talk between several factors involved in CL biosynthe-
sis, cristae formation and remodeling, the establishment of
protein import machinery and mitochondrial dynamics
[187]. More studies are needed to understand how CL biosyn-
thesis impairment can lead to the failure of import machinery
establishment and causes neurodegenerative diseases etc.
Effects of therapeutic drugs such as melatonin have been re-
ported to preserve CL integrity while their knowledge is still
rudimentary regarding protein machinery-mediated disease
progression [187]. Altogether, under stress conditions, the
regulation of protein import machineries and their down-
stream effect on cellular homeostasis and proteostasis are ex-
citing topics to cover the pathophysiology of mitochondrial
biogenesis in neurodegeneration in future studies.

The mitochondrial protein import machinery is highly
conserved from lower to higher eukaryotes, i.e., yeast to
humans. However, their regulatory mechanism may differ
as per cell types in different organisms. Till date, most of
the regulatory studies of protein import are studied in a
limited number of organisms. Therefore, it is important to
discuss the conserved or non-conserved regulatory studies
in specific species in future studies [13]. Therefore, exten-
sive and variable studies to discover more key proteins and
regulatory approaches associated with the network of im-
port machineries may offer promising therapeutic strate-
gies targeting mitochondrial protein import and related
proteostasis in neurodegenerative diseases.
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