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Abstract

and age-related disease such as diabetes.

age-related diseases such as T2D.

Introduction

Mitochondria play a critical role in maintaining cellular function
by ATP production. In addition to its role in energy production and
metabolism, mitochondria play a major role in apoptosis, oxidative
stress, and calcium homeostasis. A mitochondrial stress signal, or
a ‘mitokine’, could confer protection and promote survival, while
priming the cell’s readiness for subsequent insults with increasing
severity. The term ‘mitohormesis’ for such a phenomenon has been
created [1]. The mitochondrial unfolded protein response (UPRmt)
is a central part of the “mitohormetic” response. The UPRmt may be
an alternative way in relationship with mitochondria signal in the
cell. The mitochondria produce some specific peptides that mediate
transcriptional stress response by the translocation into the nucleus
and interaction with DNA. Mitochondrial derived peptides (MDPs)
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are regulators of metabolism and various studies have shown that
MDPs exerted cytoprotective effects through anti-oxidative stress,
anti-inflammatory responses and anti-apoptosis [2,3]. The goal of
this review is to discuss the newly emerging functions of MDPs and
their biological role in ageing and metabolic diseases such as T2D.

Mitochondrial Metabolism Modulation

Functions in the Mitonuclear Communication Pathways

Mitochondria booked a portion of the original bacterial
genomes that co-evolved with nuclear genome. However,
mitochondria import over a thousand proteins encoded in the
nuclear genome to maintain their diverse functions, reflecting their

adjacent relationship [4].
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The mitochondrial genome inherits bacterial-like traits: the
DNA molecules (mtDNA) are circular, double stranded, small
(16,569 nucleotides in humans) and compact. mtDNA contains
37 genes, including 22 tRNAs, 2 rRNAs (12S and 16S rRNA) and
13 mRNAs encoding the proteins of the electron transport chain
[5]. The mtDNA has no introns but a few non-coding nucleotides
between adjacent genes and small open reading frames that encode
functional MDPs. This class of peptides comprises humanin (HN)
and mitochondrial open reading frame of the 12S rRNA-c (MOTS-c)
and expands the expression of mitochondrial proteome [6]. It
has been established that mitochondria can export peptides and
also import cytosolic peptides. It is the class of “cell-penetrating
peptides” designed also as “mitochondrial cell-penetrating
peptides” [7]. Many age-induced processes and degenerative
diseases are related to mitochondrial dysfunction, further
highlighting the critical importance of this organelle [8]. Complex
human diseases, including diabetes, obesity, fatty liver disease and
aging-related degenerative diseases are associated with alterations

in mitochondrial oxidative phosphorylation (OXPHOS) function.

Overview on Concepts of Retrograde Signaling and
Unfolded Protein

Numerous implications of these anterograde and retrograde
signaling pathways between the mitochondria and the nucleus are
appropriate for therapeutic exploitation with bioactive molecules.

Concept of Retrograde Signaling

The hallmark of mitochondrial retrograde signaling is the
modification of the expression of nuclear genes induced by a signal
from mitochondria [9]. Retrograde signaling must be triggered by
a mitochondrial signal that in turn is relayed via molecules that
finally reach the nucleus. In mammalian cells, altered nuclear
expression in response to mitochondrial dysfunction is reported;
a number of signaling pathways being implicated in this retrograde
communication [10]. Mitochondrial retrograde signaling is a
signaling pathway connecting mitochondria and the nucleus. Signal
transducers in the yeast retrograde response are Rtglp, Rtg2p, and
Rtg3p proteins [11]. The outcomes of mitochondrial retrograde
signaling go far beyond the maintenance or biogenesis of the
organelle, affecting the homeostasis of the whole organism through
body weight or immunity.

Concept of Unfolded Protein

Mitochondrial protein homeostasis is maintained through
proper folding and assembly of newly translated polypeptides. Sev-
eral factors challenge the mitochondrial protein-folding environ-
ment including reactive oxygen species (ROS) that are generated
within mitochondria, as well as environmental situations such as
exposure to toxic compounds. To promote efficient mitochondrial
protein folding mitochondria possess molecular chaperones locat-
ed in both the intermembrane space and matrix [12].

UPRmt is a

mechanism that promotes adaptive regulation of nuclear genes

mitochondria-to-nuclear communication
related to mitochondrial response, and metabolism, implicated in

the cellular homeostasis [13].

Mitochondrial-Derived Peptides: Classification

MDPs are a series of peptides encoded by mitochondrial
DNA. This class of peptides comprises HN, MOTS-c, Small HN-like
peptides (SHLPs) and expands the expression of mitochondrial
proteome [6].

Humanin

The first MDP discovered back in 2001 was HN; the term based
on the potential of this peptide for restoring the “humanity” of
Alzheimer’s disease (AD) patients. HN promotes cell survival in
response to a variety of insults.

It is a small, secreted, 24 or 21 amino acid peptide, depending
on cytoplasmic or mitochondrial translation, respectively. If HN is
translated within the mitochondria, the peptide will be 21 amino
acids; and if it is translated in the cytoplasm, then the result is a
24 amino acid peptide [14]. HN is encoded by an HN open reading
frame (ORF) within the gene for the 16S ribosomal subunit within
the mitochondrial genome [15]. HN was discovered during a search
for survival factors in unaffected areas of an AD patient’s brain.
The initial studies were first performed in cell culture and then
followed by in vivo studies using both pharmacological mimetics of
AD as well as mutant gene: amyloid-f precursor protein. The most
recent studies used transgenic models of AD. As HN is a relatively
short peptide, exhaustive mutational analysis of the importance of
each amino acid has been possible. Interestingly, single amino acid
substitutions of HN can lead to significant alterations in its potency
and biologic functions. S14G-HN in which the serine at position 14
is replaced by glycine, is a highly potent analogue of HN.

Finally HN may be the first small peptide of its kind
representing a putative set of MDPs, a novel concept that modifies
the established concept about retrograde mitochondrial signaling
as well as mitochondrial gene expression. HN is a neuroprotective
peptide and a cytoprotective factor against oxidative stress [16].

Mitochondrial Open Reading Frame of the 12S rRNA-c (
MOTS-c)

In addition to HN, an in-silico search of the mitochondrial
genome revealed additional potential MDPs. MOTS-c is expressed
in various tissues and in circulation (plasma) in rodents and
humans, suggesting both a cell-autonomous and hormonal role.
Its primary target organ appears to be skeletal muscle and fat. The
mitochondrially derived peptide MOTS-c was recently discovered.
It is a 16 amino acid peptide located in the 12S rRNA gene. The
first 11 amino acid residues of MOTS-c are highly conserved in
14 mammalian species [17]. MOTS-c has been identified as a
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gene expression regulator in the nucleus, leading to retrograde
signaling via its interaction with transcription factors. MOTS-c
polymorphism has been found to be associated with human
longevity [18]. MOTS-c can prevent insulin resistance, diet-
mediated obesity, and ameliorate diabetes. MOTS-c oxidizes fatty
acids and inhibits oxidative respiration [19]. MOTS-c increased
the levels of carnitine metabolism, which transport activated fatty
acids into the mitochondria for $-oxidation, increased the level of a
[-oxidation intermediate. MOTS-c inhibited the folate cycle at the
level of 5Me-THE, resulting in an accumulation of 5-aminoimidazole-
4-carboxamide ribonucleotide, an AMP-activated protein kinase
(AMPK) activator. MOTS-c also increased cellular NAD* levels,
which are nucleotide precursors [17,20]. MOTS-c regulated a broad
range of genes in response to glucose restriction, including those
with antioxidant response elements (ARE), and interacted with

ARE-regulating stress-responsive transcription factors [21].

Small HN-like Peptides

Recently, six additional peptides encoded within the
mitochondrial 16S rRNA region of mtDNA have been discovered
and designed as SHLP1-6. SHLP2 and SHLP3 share similar
biological effects with HN. The circulating levels of MOTS-c and
SHLP2 decline with age. Various studies suggest that SHLP2
and SHLP3 may participate in the pathogenesis of age-related
neurodegenerative diseases. The anti-oxidative stress function of
SHLP2, and its neuroprotective effect indicate that SHLP2 has a role

in the regulation of aging and age-related diseases [5].

Ageing and Plasma MDPs Levels

Ageing and longevity are or are not characterized by high
levels of MDPs? It is speculated that MDPs production turns from
protective to detrimental adaptive response; in these conditions,
the levels increasing during aging. In some studies, HN levels
significantly decline with age in humans. Plasma HN level was
significantly lower in the older group (1.3 # 0.2 ng/mL) than that
of the younger group (1.7 + 0.1 ng/mL) [22]. In other studies, it
is reported that HN levels significantly decline with age in humans
and animals. HN levels in plasma were measured in young and old
mice and across age in humans. HN levels decreased with age in
both mice and human (Human plasma levels: 45-65 years: 1400
pg/mL; 80-110 years: 1000 pg/mL) [5].

New results are in contrast with these data. HN plasma levels
are evaluated in 693 subjects aged from 21 to 113 years. HN levels
increased in old age (>500 pg/mL), with the highest levels found
in centenarians (> 1000 pg/mL). The plasmatic levels of HN are
significantly positively correlated with age. No gender differences
were observed for HN. HN plasma level is associated negatively with
body massindexin elderly patients [23]. Concerning the other MDPs,
itisreported that MOTS-c and SHLP2 circulating levels decline with
age. The circulating SHLP2 levels significantly decreased with age

in both male and female C57BL/6 mice (young, 3 months old: 3000
pg/mL; aged, 18 months old: 2500 pg/mL). Male mice had higher
SHLP2 levels than female mice in both the young and old groups
[5]- The results of these studies should be interpreted considering
the following limitations. First, the relatively small sample size in
each group represents a potential limitation. Second, mitochondrial
diseases are an expanding group of disorders with many metabolic
deficiencies. In the ideal case, the used patient cohort should display
a homogeneous phenotype, disease stage, and organ specificity.
Moreover, the discovery of ageing-related biomarkers is supported
by the development of advanced proteomics technology. Changes
in the circulating concentrations of human proteins can serve as
predictive measures of health and disease [24].

Mechanisms of Action of MDPs

MDPs exert functions through binding to both intracellular
molecules and putative cell membrane receptors.

MDPs Receptors

Emerging studies show that MDPs play important roles
in cytoprotection and homeostasis. HN has been shown to
increase extracellular signal-regulated kinase 1/2 (ERK1/2)
phosphorylation through its receptor binding [25]. The ERK1/2
cascade serves as an essential mediator in a lot of cellular processes
such as proliferation, cell migration, cellular metabolism, and
survival. Upon stimulation, ERK1/2 is phosphorylated and becomes
dissociated from its anchoring proteins, allowing the translocation
of ERK1/2 to other subcellular compartments. HN has been
shown to act as a ligand to two different types of receptors; the
seven-transmembrane G-protein-coupled receptor formyl-peptide
receptor-like-1 (FPRL1), and a trimeric receptor consisting of
ciliary neurotrophic factor receptor (CNTFR), the cytokine receptor
WSX-1 and the transmembrane glycoprotein gp130 (CNTFR/WSX-
1/gp130) [26,27].

The first HN receptor FPRL1 has been linked to AD. HN acts as
an agonist for FPRL1 by inducing Ca?* mobilization and activation
of ERK1/2 signaling, the pathway of G-protein coupled receptors,
which participate to its cytoprotective properties [26]. The second
reported HN receptor is the trimeric CNTFR/WSX-1/gp130
complex. The activation of the gp130-STAT3 axis is essential for HN
activity. HN induces STAT3 activation, which was required for its
neuroprotective effects [27]. Gp130 is part of the receptor complex
for several cytokines, including IL-6, IL-27.

Concerning the cytoprotective effects of HN or S14G-HN (HN
derived), studies suggest that this protection may be mediated
through activation of AMPK in thrombin-mediated activation
of endothelial nitric-oxide synthase (eNOS) signaling as well as
reduction of pro-apoptotic factors [28]. HN in actives proapoptotic
peptides such as Bax. It prevents Bax translocation and activation in
response to proapoptotic agents [29].
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Signaling Pathways and Interface with IGF-I

HN is regulated by insulin-like growth factor-I (IGF-I) and
growth hormone (GH). HN and IGF-I levels simultaneously decrease
with age and it has been demonstrated that HN levels are directly
down-regulated by IGF-1 [30]. The biological activity of IGF-I is
controlled by six binding proteins: insulin-like growth factor-
binding protein (IGFBPs), preventing the IGFs from interacting
with the IGF receptor. IGF-binding proteins are a group of proteins
that regulates IGF-I bioavailability by acting as carrier, in particular
IGFBP-3. HN binds to IGFBP-3 with high affinity and specificity.
HN protects against IGFBP-3 induced apoptosis, recent studies
suggesting a possible mechanism of action for HN as an inhibitor of
IGFBP3 nuclear translocation [31].

Finally, intracellularly MDPs interact with proteins such as Bax
as related previously but also to bind IGFBP-3. Thereby inhibiting
IGFBP-3 dependent cell death [31]. Concerning the relationship
between MDPs and GH metabolism; it has been suggested that
GH inhibits levels via IGF-1. Recent review described the role of
nutrition and insulin in determining the regulation and actions of
the GH-1GF-axis [32]. Excess insulin, GH, IGF-I, and IGF-II signaling
are associated with severe metabolic disease and excess growth
and/or obesity. Situation such as malnutrition is associated with a
decrease insulin signaling which reduces growth hormone receptor
expression blocking the GH signaling pathway. Overproduction of
GH has been linked to cancer and the microvascular complications
that are associated with diabetes [33].

MDPs Activity, Oxidative Stress and Type 2 Diabetes

Various studies have shown that MDPs exert cytoprotective
effects through anti-oxidative stress, anti-inflammatory responses
and anti-apoptosis. Oxidative stress has been implicated in a
multitude of diseases, and because of the success of HN treatment
against amyloid-beta stress, several studies have tested the

relationship between HN activity and oxidative stress.

It is commonly accepted that the majority of cellular ROS

originates from mitochondrial energy metabolism. Partial
reduction of O, yields the superoxide anion; it is estimated
that ~0.2-2% of O, consumed by mitochondria is converted to
superoxide. Bioenergetics’ function of mitochondria is associated
with generation of adenosine triphosphate (ATP) via OXPHOS
system. Electrons are transferred from NADH, produced in the
citric acid cycle in the mitochondrial matrix, to O, by a series of
large protein complexes in the inner mitochondrial membrane.
The two major sites for electron leakage are OXPHOS complexes
I and IIl. Generation of ATP through mitochondrial oxidative
phosphorylation is central to the maintenance of the optimal ATP/
adenosine diphosphate ratios within the cell. Oxidative stress
results from either an increase in free radical production, or a
decrease in endogenous antioxidant defenses, or both. ROS and

reactive nitrogen species (RNS) are products of cellular metabolism

and are well recognized for their dual role as both deleterious and

beneficial species.

There is evidence that ROS/RNS play key roles in the
pathogenesis of various diseases. Oxidative stress by definition
is due to an overproduction of ROS/RNS and/or a deficiency in
enzymatic and non-enzymatic antioxidant defense, such that the
balance is rolled in favor of ROS/RNS accumulation and cell damage
[34,35].

Oxidative stress is known to contribute to a range of harmful
intracellular events, including DNA damage within the nucleus.
This damage may ultimately cause organ dysfunction, and cell
death. Enhanced generation of ROS and oxidative stress occurs
in mitochondria as a consequence of an overload of glucose and
oxidative phosphorylation. Endoplasmicreticulum (ER) stress plays
an important role in oxidative stress, as it is also a source of ROS.
The tight interconnection between mitochondria and ER means that
the ROS generated in mitochondria promote ER stress. The recent
discovery of interconnections between the ER membrane and those
of almost all the cell compartments is providing novel perspectives
for the understanding of the molecular events in both physiological
and pathological conditions [36,37]. ER stress and oxidative stress
are participants in an array of physiological and pathophysiological
conditions. The retinal pigment epithelium (RPE) is implicated in
the age-related macular degeneration relationship with increase of
oxidative stress levels. ER stress and oxidative stress induce RPE
apoptosis by increased generation of ROS and activation of caspase
3. HN treatment inhibits caspases activities and upregulates
glutathione (GSH) [38]. GSH is a tripeptide, which has many
biological roles including a major protection against ROS and RNS
[39]. The reduced and oxidized forms of glutathione (GSH and
GSSG) act in concert with other redox-active compounds (NAD(P)
H) to regulate and maintain cellular redox status.

Recently it has been demonstrated that HNG: an HN analogue
was able to prevent against mitochondrial dysfunction in conditions
of oxidative stress in a cell-free system. The application of HNG in
isolated cardiac mitochondria led to attenuated mitochondrial

dysfunction against H,0, induced oxidative stress.
In these conditions the protective actions are indicated by
1) decreased mitochondrial ROS level;
2)  attenuated mitochondrial depolarization;
3) reduced mitochondrial swelling; and
4) increased mitochondrial ATP production [40].

The properties of MDPs on oxidative stress are supported by
findings in cellular and rodent models: HN inhibiting oxidative
stress, rescues mitochondrial function, and lowers apoptotic rate.
It has been shown that HNG enhances intracellular antioxidant

capacity, preserves mitochondrial membrane potential, ATP levels
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and restores mitochondrial integrity in rat’s myoblasts (H9c2 cells)
[41]. HNG inhibits mitochondrial complex 1 activity and prevents
mitochondrial dysfunction and oxidative stress induced by H,0, in
isolated cardiac mitochondria [40].

Mitochondrial dysfunction and oxidative stress are implicated
in the pathogenesis of diabetes [35,42]. The exact mechanisms
underlying the disease are unknown; however, there is
growing evidence that excess generation of ROS, largely due to
hyperglycemia, causes oxidative stress in a variety of tissues. In
type 2 diabetic (T2D) patients, oxidative stress is closely associated
with chronic inflammation. Multiple signaling pathways contribute

to the adverse effects of glucotoxicity on cellular functions.

Data suggested that MDPs had a role in improving T2D [17].
The aim of recent studies was to determine MDP levels in normal,
prediabetes and diabetes subjects. The MDPs: HN and MOT-c,
similar to ADP, are decreased in T2D and correlate with HbAlc. The
data provide an additional evidence that mitochondrial dysfunction
contributes to glycemic dysregulation and metabolic defects in T2D
[43]. The lower levels of HN in T2D subjects might be a secondary
response to the elevated ROS production, and oxidative stress.
Altered HN levels in T2D could serve as a potential biomarker.

Administration of HN and a HN analogue (HNG-F6A) reduced
blood glucose and promoted insulin sensitivity in diabetic rats.
The favorable effects of MOTS-c on insulin sensitivity and glucose
metabolism have been seen in animal models, with MOTS-c
enhancing glucose utilization, promotion of insulin sensitivity
and restoration of metabolic homeostasis [17]. It is possible that
marked increase in ROS levels may act to recruit HN from several
tissues in the body to damaged areas. In these conditions, HN
exerts an antioxidative stress action; this effect could preserve cell
survival. In human aortic endothelial cells, HN has been shown to
prevent apoptosis by decreasing the ROS production [41].

Role for MDPs in the Regulation of Inflammatory
Responses

In relationship with the oxidative stress, a role for MDPs in
down-regulation ofinflammatory responses has been demonstrated
in vivo and in cell cultures. Inflammation is associated with over-
abundance of ROS in the cell, which can lead to damage of cellular
components, and activation of cell death pathways. To elude the
damaging effect of ROS, cells have developed several defense
mechanisms with the scope of scavenging free radicals. To maintain
ROS and RNS at a non-toxic concentration, enzymatic and non-
enzymatic cellular antioxidants coordinate the balance between
their production and their degradation. A variety of transcription
factors may be activated depending on the level of oxidative stress,
leading to the expression of different genes. Redox imbalance,
caused by increased free radical’s production and/or reduced
antioxidant defense, plays an important role in the development
of various diseases. The redox state of the cell is predominantly

dependent on an iron redox couple and is maintained within strict
physiological limits [44,45].

MOTS-c inhibited pro-inflammatory cytokines such as IL-6
and IL-1B through decreasing the phosphorylation of mitogen-
activated protein kinases (MAPK) [17]. The systemic effects of the
administration of MOTS-c as a daily injection in aged mice suggest
that this molecule might be useful in ameliorating the abnormal
metabolism associated with aging [19]. Increased oxidative
stress, one of the major factors contributing to cell death, plays an
important role in the inflammatory process of atherosclerosis. In
this field, a study showed that in a cell culture model using human
amniotic epithelial cells, pre-treatment with HN attenuated Ox-
LDL-induced ROS formation and apoptosis by 50% [22]. Recently
a study investigated HN and MOTS-c protein expression in skeletal
muscle and serum levels in advanced chronic kidney disease (CKD)
patients and age-matched controls with normal renal function.
MOTS-c levels were reduced in both skeletal muscle and serum in
CKD. In return, circulating levels of HN were increased in CKD and
correlated positively to circulating inflammatory mediator such as
tumor necrosis factor-alpha (TNF-a) levels [46].

Upon exposure to high glucose, vascular endothelial cells (ECs)
produce high levels of ROS and proinflammatory cytokines such as
TNF-acand IL-18 [47]. ECs respond to high glucose stimuli by causing
the expression of chemokines and adhesion molecules, which
induce leukocyte attachment and rolling on the endothelial surface
[48]. Experimental studies suggest that HN may have therapeutic
potential for the treatment of hyperglycemia associated endothelial
dysfunction according to their anti-inflammatory properties. HN
treatment inhibited high glucose-induced secretion of TNF-a and
IL-1B. This reduction of the expression of these proinflammatory
cytokines is associated with a reduction of the expression of
vascular cell adhesion molecule 1 (VCAM-1) and E-selectin [49]. The
repression of high glucose-induced monocyte adhesion by HN was
mediated by Kriippel-like factor-2 (KLF2). KLF2 is a transcription
factor that plays a major role in the regulation of EC function. KLF2
protects against EC injury through its anti-inflammatory effects to
maintain the normal vascular integrity [50].

Conclusions and Perspectives

The discovery of MDPs as a novel, stress-responsive, and
cytoprotective peptides derived from a mitochondrial ORF has
opened up a new field of research. In the cardiovascular field,
HN levels act to preserve coronary endothelial function and HN
level may be used as a biomarker for the early development of
atherosclerosis [22,51]. Data suggested that MDPs had a role
in improving T2D. Studies provide an additional evidence that
mitochondrial dysfunction contributes to glycemic dysregulation
and metabolic defects in T2D. Concerning the brain area, according
various reports, HN and its derivatives are peptides known for
their protective antiapoptotic effects. These compounds are
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potential neuroprotective agents in treating AD and amyotrophic  cardiometabolic diseases and neurodegenerative disorders are still
lateral sclerosis (ALS). However, in return; the studies of MDPs in  in the experimental stage.
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Figure 1: Intracellular and extracellular mechanisms of action of mitochondrial derived peptides (MDPs).

The mitochondrial genome is regulated by factors encoded in the nucleus. Mitochondria communicate with the cell through a
process of retrograde signaling. MDPs are retrograde signaling molecules. They act as endocrine as well as intracellular factors
and the function of these MDPs is to participate to homeostasis control via the activation of signaling pathways.
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Figure 2: Cellular actions of mitochondrial derived peptides (MDPs).

MDPs meet the criteria of a “mitokine” because their biogenesis is linked to mitochondria, and they have a paracrine and
endocrine impact on the whole organism. The figure illustrates how mitochondria communicate with the nucleus. Mitochondria
also communicate with other organelles such as endoplasmic reticulum to coordinate cellular processes. This includes MDPs,
and mitochondrial reactive oxygen species (ROS). MDPs include humanin (HN), MOTS-c (mitochondrial open reading frame
of the 12S rRNA-c), and Small HN-like peptides (SHLPs).

HN presents both intra-and extra-cellular modes of action. Within a cell, HN interacts with proapoptotic proteins such as Bax
and IGFBP-3. Extracellular HN activates two types of cell-surface receptors; a trimeric receptor involving CNTFR/WSX-1/
gp130 and relays through the STAT3 signaling pathway. The second HN receptor: FPRL1 has been linked to Alzheimer’s
disease. HN directly binds to amyloid-beta 17-28 (A beta 17-28).

Generation of mitochondrial ROS takes place at the electron transport chain located on the inner mitochondrial membrane
during the process of oxidative phosphorylation (OXPHOS). Respiratory chain complexes I and III are the main producers
of ROS. MDPs regulated some genes in response to oxidative stress via antioxidant response elements (ARE). HN regulates
cellular oxidative stress; decreases mitochondrial ROS and increases mitochondrial GSH.
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