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A B S T R A C T   

The mitochondrial-derived peptides (MDPs) are a new class of small open reading frame encoded polypeptides 
with pleiotropic properties. The prominent members are Humanin (HN) and small HN-like peptide (SHLP) 2, 
which encode 16S rRNA, while mitochondrial open reading frame of the twelve S c (MOTS-c) encodes 12S rRNA 
of the mitochondrial genome. While the multifunctional properties of HN and its analog 14-HNG have been well 
documented, their protective role in the retinal pigment epithelium (RPE)/retina has been investigated only 
recently. In this review, we have summarized the multiple effects of HN and its analogs, SHLP2 and MOTS-c in 
oxidatively stressed human RPE and the regulatory pathways of signaling, mitochondrial function, senescence, 
and inter-organelle crosstalk. Emphasis is given to the mitochondrial functions such as biogenesis, bioenergetics, 
and autophagy in RPE undergoing oxidative stress. Further, the potential use of HN and its analogs in the 
prevention of age-related macular degeneration (AMD) are also presented. In addition, the role of novel, long- 
acting HN elastin-like polypeptides in nanotherapy of AMD and other ocular diseases stemming from oxida
tive damage is discussed. It is expected MDPs will become a promising group of mitochondrial peptides with 
valuable therapeutic applications in the treatment of retinal diseases.   

1. Introduction 

Age-related macular degeneration (AMD) is the leading cause of 
irreversible blindness in individuals over age 55 in the United States [1]. 
As the American population ages and life expectancy rises, the number 
of Americans with AMD is increasing. The number of people with AMD 
rose from 1.75 million in 2000 to 2.07 million in 2010, an increase of 
18%, and is expected to more than double to 5.44 million by 2050 [2]. 
AMD is a multifactorial syndrome that damages the macula. Basic and 
clinical studies implicate the retinal pigment epithelium (RPE) as a 
primary site of the disease pathology [3,4]. The RPE normally forms a 
quiescent monolayer of non-proliferating cells, localized between the 
choriocapillaris/Bruch membrane complex and the photoreceptors. The 
RPE forms the outer blood-retina-barrier, provides nutritional support to 
the photoreceptors, and participates in the retinoid cycle [5]. Major 
vision changes associated with AMD include warping of vertical and 
horizontal lines and scotoma, a partial loss of vision, in the area of the 

sharp, fine detail, “straight ahead” vision. The loss of central vision is 
due to the death of RPE and photoreceptors (PR) primarily in the macula 
lutea, the small yellowish area of the retina near the optic disk that is 
responsible for central and color vision. In early AMD, although the 
visual loss is minimal, extracellular deposits of lipofuscin, cholesterol, 
lipids, proteins, and minerals accumulate in the macular region between 
the RPE and the Bruch membrane [6]. Increasing numbers of macular 
drusen result in a progression to the two late blinding forms of the dis
ease. The advanced forms of AMD, frequently associated with blindness, 
are the non-neovascular, atrophic (dry) type and the neovascular (wet or 
exudative) type. Advanced dry AMD, also termed atrophic AMD or 
geographic atrophy (GA), is the most common form of the disease and is 
characterized by degeneration and loss of RPE with secondary loss of 
PRs [7,8]. The RPE monolayer is required for PR metabolism and 
phagocytosis of outer PR segments that are shed in a circadian fashion. 
GA begins in the parafoveal region (non-central GA) and progresses over 
several years to involve the central fovea (central GA) [9,10]. It is a 
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multifactorial degeneration, involving PRs, the RPE, the Bruch mem
brane, and the choroid [7]. Perifoveal atrophy affects visual perfor
mance, including reading and face recognition, whereas foveal 
involvement severely affects central visual acuity [11–13]. Dry AMD 
accounts for the majority of advanced AMD cases [14]. 

In contrast, advanced wet AMD is characterized by activation of the 
RPE and the growth of new, leaky blood vessels from the choroid 
through several breaks in the Bruch membrane to form a choroidal 
neovascular membrane, destroying the architecture of the overlying RPE 
and outer retina [15,16]. Untreated neovascularization results in 
fibrotic scar formation, known as a disciform scar, and permanent cen
tral vision loss. Stress or damage in the RPE and the associated immune 
responses are believed to promote the production of pro-angiogenic 
factors, such as vascular endothelial growth factor (VEGF), thereby 
driving choroidal neovascularization (CNV) [16]. RPE produces VEGF-A 
via two major pathways: complement activation and oxidative stress 
[17–20]. The downregulation of antiangiogenic factors such as pigment 
epithelial-derived growth factor or endostatin is known to play a major 
role in the process; thus, the major event seems to be a disruption in the 
balance of pro-angiogenic and anti-angiogenic factors [21–25]. Over
production of VEGF-A leads to a breakdown of the blood-retinal barrier 
and the formation of new blood vessels into the retina. In the initiation 
stage of CNV, endothelial cells proliferate and begin to form new vessels 
in the surrounding tissue; in the active stage, newly formed vessels are 
surrounded and stabilized by pericytes; and in the involution stage, new 
vessels are stabilized and the CNV becomes fibrotic and forms a disci
form scar [26]. Wet or neovascular AMD, which affects approximately 
10–15% all AMD patients, has the most deleterious effect on central 
vision. The wet form occurs in 4% of patients who are over 75 years old 
[27]. 

The advent of anti–VEGF therapy revolutionized neovascular AMD 
(nAMD) treatment. Regular injections with anti-VEGF drugs reduce 
neovascularization and prevent further fluid accumulation, stabilizing 
and indeed improving vision in most patients. Despite the success of 
anti-VEGFs, there is no improvement in vision for one-third of nAMD 
patients, and the long-term use of anti-VEGF therapy is associated with 
adverse events such as the development of GA and retinal fibrosis [28, 
29]. Several independent studies suggest that intravitreal injections of 
anti-VEGF drugs could lead to multiple complications like vitreous and 
subconjunctival hemorrhage, fluid accumulation under the fovea, 
increased intra-ocular pressure, endophthalmitis, and ocular inflam
mation [28,30]. Therefore, improved strategies are needed to reduce or 
eliminate ocular injections and improve clinical outcomes. 

No such effective treatments are currently available for the more 
common “dry” AMD, other than supplementation of antioxidants plus 
zinc, which was shown by the Age-Related Eye Disease Study (AREDS) 
to slow AMD progression (AREDS, 2001). However, only ~20% of pa
tients with intermediate AMD had a positive response to the AREDS 
formulation. Hence, the search for a new effective treatment for dry 
AMD is still ongoing. The development of new therapeutic agents that 
target dry AMD will require an in-depth understanding of the molecular 
signaling mechanisms involved in the pathogenesis of this eye disease. 

Several studies have reported on age-related physiological changes 
in RPE, including mitochondrial DNA damage and dysfunction altered 
RPE energy metabolism which leads to the bioenergetic crisis [1,31–34]. 
With AMD, mtDNA damage was increased by ~350% and was localized 
to specific regions of the mitochondrial genome [31,34]. The damaged 
regions of the mitochondrial genome included genes for the 16S and 12S 
ribosomal RNAs and eight of 22 tRNAs [31]. The 16S rRNA region code 
for mitochondrial derived peptides (MDPs), includes the well-studied 
humanin (HN) and other newly discovered small HN-like peptides 
(SHLPs). The 12S rRNA region produces another MDP known as mito
chondrial open reading frame (ORF) of the twelve S c (MOTS-c). Since 
most of these MDPs show cytoprotective functions in RPE and other cell 
types [35–41], damage to 16S rRNA or 12S rRNA could result in dys
regulated production of this cytoprotective peptide. The mitochondrial 

genome has a very high mutation rate, 10- to 17-fold higher than that 
observed in nuclear DNA [42]. Though mutations are identified in the 
16S rRNA [43–45] and 12S rRNA [45,46], no data are available on the 
relationship between any of these known mutations and AMD 
pathogenesis. 

In this review, we will discuss the emerging role of MDPs with a 
special focus on HN and their pleiotropic functions in RPE cells, 
particularly in the context of cellular injury. The known functions of HN 
in multiple tissues will be documented, and studies conducted in RPE 
cells or cell lines will be addressed in detail. We believe that findings on 
the functional properties of MDPs could provide a valuable advantage in 
the development of novel modalities of AMD therapeutics, especially for 
dry AMD, using formulations such as fusion proteins. 

2. The human mitochondrial genome 

Mitochondria are the epicenter of key cellular processes such as 
energy production, cell signaling, cell cycle regulation, cell differentia
tion, redox homeostasis, and cell fate. Mitochondria are made up of two 
membranes, the outer mitochondrial membrane and the inner mito
chondrial membrane. In addition to the components of electron trans
port system and the ATP synthase complex; the inner membrane also has 
many invaginations, called cristae, and the matrix, located inside the 
membrane. Human mtDNA is a circular, gene-dense, double-stranded 
DNA (dsDNA) 16,569 bp molecule, accounting for 1%–2% of the total 
DNA in mammalian cells [47,48]. Human mtDNA encodes 11 messenger 
RNAs (mRNAs) (translated to 13 proteins), 2 ribosomal RNAs (rRNAs) 
(12S and 16S rRNA), and 22 tRNAs. Mitochondrial proteins are encoded 
by genes encoded by the nuclear genome or by mt DNA. It has been 
estimated that mitochondria contain about 1200 different proteins; and 
notably many of these proteins are needed for mtDNA expression 
[49–52]. Regulation of mtDNA expression is extremely complex and 
includes multiple levels of control, including mtDNA replication, 
mtDNA transcription, mtDNA maintenance, RNA modification, RNA 
stability, translation by mitochondrial ribosomes, and the regulated 
insertion of translated proteins into the mitochondrial inner membrane 
[53]. The oxidative phosphorylation (OXPHOS) system consists of about 
90 proteins, most of which are encoded by nuclear genes, translated on 
cytosolic ribosomes, and imported into mitochondria. mtDNA encodes 
13 proteins/polypeptides that play significant roles in OXPHOS [52]. 
The substitution rate in the mtDNA genome is 5–10 times that of nuclear 
DNA [54]. The high substitution rate has been attributed to the lack of 
mitochondrial histones and a high concentration of oxidative radicals. 

3. The mitochondria-derived peptides 

As mentioned, the mitochondrial genome contains 12S rRNA and 
16S rRNA, both of which are necessary for transcription and translation 
of the mitochondrial genome. In fact, these two sets of mitochondrial 
genes share similar structures and functions in organisms ranging from 
bacteria to humans, even though the sequences exhibit numerous inter- 
and intraspecific nucleotide variations [48]. The 12S rRNA sequence is 
954 nucleotides long, with a conserved secondary structure, and is 
encoded by nucleotides 648–1601 of the mtDNA which is about 6% of 
the full mtDNA. The 16S rRNA gene is 1559 nucleotides long and is 
encoded by nucleotides 1671–3229 bp of the mtDNA. The mitochondrial 
rRNA genes are hot spots for nucleotide substitutions [55]. Both 16S 
rRNA and 12S rRNA genes carry short open reading frames that have 
recently been identified as carrying sequences that code for small reg
ulatory peptides or MDPs. Seven of the eight identified MDPs, such as 
humanin and SHLP2 (SHLP1-6), are coded by 16S rRNA, and one, 
MOTS-c, is coded by the 12srRNA [45,56–60]. These peptides offer 
multipotent functions, including a mechanism for controlling cellular 
function by mitochondria through complex mitochondrial–nuclear 
communication mechanisms [48,61]. 

Humanin, the first described MDP, was found in the 16s ribosomal 
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subunit of the mitochondrial genome and is composed of either 21 or 24 
amino acids when expressed in the mitochondria or cytosol, respectively 
[56,62–64]. The cytoplasmic form of HN is a 24-amino acid peptide 
(MAPRGFSCLLLLTSEIDLPVKRRA) [56,62,63,65]. However, the mito
chondrial form of HN is a 21-amino acid peptide (MAPRGFSCLLLLT
SEMDLPVK-21 amino acids) [63,66]. Evidence demonstrates that the 
cytoplasmic HN form is encoded in the nuclear genome and translated in 
the cytoplasm [63]. Bodzioch et al. [66] identified 13 distinct nuclear 
loci predicted to maintain ORFs of full-length HN-like peptides, of which 
10 peptides could have functional properties. These sequences could be 
classified as the nuclear mitochondrial sequences, which are fragments 
of mtDNA incorporated into the nuclear genome in a process mediated 
by repetitive or transposable elements [67]. The mitochondrial HN is 
encoded and translated from an ORF within the mitochondrial DNA 
which encodes for 16S RNA [63,68]. Differences in codon usage by the 
endogenous protein translation machinery of mitochondria predict a 
slightly different HN peptide [63]. Although the amino acid sequence of 
cytoplasmic and mitochondrial HN varies marginally, the two forms 
include the same essential domains for HN secretion and neuro
protection [62,63]. However, in humans, it is still unclear whether HN is 
translated in the mitochondria or the cytoplasm. 

4. Multiple functional properties of humanin 

There is mounting evidence that HN mediates several extracellular 
and intracellular signaling pathways in multiple tissues. Its wide- 
ranging functions in the ocular tissues include neuroprotection to the 
recently described chaperone-mediated autophagy (Fig. 1). 

HN has cytoprotective effects with broad-spectrum actions under 
different stressors. Several studies have demonstrated that HN is a 
potent cytoprotective peptide for several cells exposed to different cell 
stressors. These include serum deprivation [69], stroke [70,71], 
N-methyl-D-aspartate-induced excitotoxicity [72], Aβ oligomers [37,56, 
73–75], tert-butyl hydroperoxide (tBH)-induced stress [35,40], endo
plasmic reticulum (ER)-stress [36,41], and oxidized low-density lipo
protein induced apoptosis [76]. HN binds to Bax and prevents the 
release of cytochrome c from the mitochondria, thereby preventing 
apoptosis [63,77]. Ikonen et al. [57] demonstrated that HN binds to and 
modulates the pro-apoptotic function of IGFBP-3 and regulates cell 

survival. Further, the HNG analog targets oligomeric islet amyloid 
polypeptide and subsequently inhibits the aggregation and growth of 
amyloid oligomers in those with type II diabetes [75]. HN and its ana
logs play a significant role in glucose homeostasis. HN and its potent 
non-IGFBP-3 binding analog improve insulin sensitivity under 
hyperinsulinemic-euglycemic clamps [78]. In a nonobese diabetic 
mouse model of type 1 diabetes, daily injections with HN for 6 weeks 
improved survival of β cells and delayed the onset of diabetes [79]. 
Another HN analog, HNGF6A increases glucose-stimulated insulin 
secretion in whole animals, from isolated islets and from cells in culture, 
which suggests a potential use for HN and its analogs in the treatment of 
diabetes [80]. In 2,4,6-trinitrobenzene sulphonic acid-induced colitis, a 
chronic, inflammatory disease, administration of HNG appears to have 
beneficial effects as indicated by decreased expression of tumor necrosis 
factor alpha (TNF-α) and interleukin (IL)-1β [81]. In astrocytes, pre
treatment with HN decreased the level of proinflammatory cytokines, 
IL-6, IL-1β, and TNFα induced by lipopolysaccharide [82]. In an intra
cerebral hemorrhage model, activated astrocytes release mitochondria 
and HN which are incorporated into microglia and promote a "repara
tive" microglia phenotype characterized by enhanced phagocytosis and 
reduced pro-inflammatory responses [83]. Treatment with HNG 
reduced myocardial fibrosis by activating the Akt/GSK-3β pathway and 
may play a role in myocardial remodeling [84]. 

One well-studied mechanism by which mitochondria act on the 
senescence phenotype is through the production of reactive oxygen 
species (ROS). Many studies have revealed that HN treatment signifi
cantly reduced ROS formation [37,39,85]. Accordingly, in the oxidative 
stress-induced senescence model, HN exhibited senolytic activity [35, 
86]. The role of HN on the regulation of mitochondrial homeostasis has 
been reported in many studies. HN treatment significantly promoted 
mitochondrial biogenesis by increasing mitochondrial mass and mtDNA 
copy number and enhancing PGC-1α, NRF1, and mtTFA [87,88]. The 
increase in biogenesis by HN also increased mitochondrial bio
energetics, as evidenced by increased basal oxygen consumption rate, 
ATP production maximum respiration, and spare respiration capacity 
[35]. The role of HN in bioenergetics has also been observed in other cell 
types [87,88]. Altered redox homeostasis is associated with neurode
generative disorders and mitochondria is the cellular organelle serving 
as the major source of ROS [89]. HNG maintains cell membrane fluidity, 
calcium homeostasis, generation of ROS, and mitochondrial function in 
neuronal cells [90]. In addition, HN protects the ER against ER 
stress-induced apoptosis in RPE cells by restoring cellular glutathione, 
particularly mitochondrial glutathione [36]. Recently, HN was demon
strated to induce chaperone-mediated autophagy and increase LC3-II 
expression, a marker of the autophagosome, as well as the number of 
autophagosomes and autolysosomes [91]. Further, HN also stabilizes 
the binding of chaperone HSP90 to its substrates at the cytosolic side of 
the lysosomal membrane [91]. The pluripotent functions of the known 
MDPs of 12S and 16S ribosomal RNA families in several cell types are 
listed in tabular form (Table 1). Table 1 also summarizes the available 
literature on the utility of MDPs in diseased conditions in non-ocular 
tissues from multiple species. 

5. Expression of HN and its putative receptors in RPE cells 

Since its discovery in brain samples [56], HN has been identified in a 
wide range of cells/tissues including retina, kidney, vascular wall, heart, 
liver, skeletal muscle, hypothalamus, and pituitary [31,35,95,120–123]. 
In nonpolarized and polarized RPE cells, HN is mostly expressed in the 
cytosol, where it is mainly localized in mitochondria [35]. However, in 
polarized RPE monolayers, HN did not show vectorial distribution and 
was found localized both at the apical and basolateral domains (Fig. 2). 
We have shown that RPE cells secrete HN, from both nonpolarized and 
polarized RPE cells; and consistent with the localization pattern of HN in 
polarized RPE, no specificity in secretion was observed [35]. However, 
polarization of RPE cells increased endogenous HN levels threefold and Fig. 1. Multiple functions of humanin and its analogs in ocular tissues.  
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secreted HN levels fivefold over nonpolarized RPE cells [35]. 

6. HN signaling pathways 

HN mediates its function via intracellular or mitochondria- 

dependent and extracellular or receptor-mediated pathways [35,40, 
63,124]. One extracellular mechanism by which HN elicits its action is 
through binding to its membrane receptors, namely trimeric receptor 
complex and the formyl peptide receptor like-1 (FPRL-1) receptor [65, 
124,125]. The HN receptor patterns of expression vary by tissue; and 

Table 1 
Interactive properties of humanin/MDPs in non-ocular tissues.  

Condition Cell/Tissue Species MDP family 
member 

Findings Refs 

Myocardial fibrosis Cardiac tissue Mice HNG Attenuation of myocardial fibrosis [84] 
Cardiomyopathy Cardiac tissue Mice HNG Cardiac protection and preserved mitochondrial 

function. 
[92] 

Cardiac ischemia-reperfusion (I/R) 
injury induced brain dysfunction 

Cardiac tissue, Brain Rats HNG Attenuated mitochondrial dysfunction and reduced 
brain susceptibility to apoptosis. 

[93] 

Myocardial I/R injury Cardiac tissue Rats HNG Decreased cardiac arrhythmia, myocardial infarct size, 
mitochondrial dysfunction, and left ventricular 
dysfunction. 

[94] 

Cardiovascular disease Cardio myoblasts Mice HNG Removal of abnormal proteins via chaperone-mediated 
autophagy. 

[91] 

Myocardial ischemia and reperfusion Myocardium cell line, cardiac 
tissue 

Mice HNG Cardio protection, decrease in infarct size and 
improvement in ventricular function 

[95] 

Cerebrovascular diseases Cardiac tissue. Neuronal cells Mice HNG Removal of abnormal proteins via chaperone-mediated 
autophagy 

[91] 

Cardiovascular disease Platelets Mice HNG Attenuated cremaster arterial thrombus formation [96] 
Aging C. elegans Worm HN Increased lifespan [97] 
Cancer Blood plasma, testes Mice HNG Cytoprotection of germ cells and leukocytes and non- 

cancerous cells in tumor-bearing mice. 
[98] 

Neuroblastoma or medulloblastoma Growth plate tissues/ 
metatarsal bones/tumor 
xenografts 

Human, 
Mice 

HNG Prevention of bone growth impairment and 
chondrocyte apoptosis 

[99] 

Cancer Breast cancer cells Human, 
Mice 

HN Pro-tumoral effects [100] 

Cancer and fertility Blood, liver, spleen, testes Mice HNG Amelioration of chemotherapy-induced germ cell 
apoptosis; WBC and granulocyte loss. 

[101] 

Neurodegenerative diseases. Neuroblastoma cell line (SH- 
SY5Y). 

Human HN-silver 
Nanoparticles 

Neuroprotection [102] 

Alzheimer’s disease Cortical neurons Rats HN Attenuation of NMDA- excitotoxicity, improvement of 
mitochondrial function 

[103, 
104] 

Alzheimer’s disease Brain Mice HNG Improved cognitive function [105, 
106] 

Alzheimer’s disease Brain Rats HNG Reversal of impairment of spatial memory [107] 
Alzheimer’s disease Brain Mice HNG Decreased Aβ level and ameliorated cognitive 

impairment. 
[108] 

Alzheimer’s disease Brain Rats HN Amelioration of memory deficits induced by Aβ (1-42). [109] 
Glucocorticoid-induced Bone growth 

impairment 
Metatarsal bones/growth plate 
biopsies/chondrocytes 

Rats, 
Human, 
HN-Tg 
mice 

HN Prevention of GC-induced growth impairment in 
cultured bones 

[110] 

Arthritis Articular and growth plate 
cartilage 

Mice HNG Decreased chondrocyte apoptosis [110] 

Stroke Brain Mice HN Reduction of neurological deficits, and improved 
hematoma clearance 

[83] 

Endothelial dysfunction Umbilical vein endothelial cells Human HNG Decrease in lipid aggregation and apoptosis [76] 
Obesity Plasma Mice HNG Regulation of glutathione and sphingolipid metabolism [111] 
Atherosclerosis/diabetes Umbilical vein endothelial cells Human HN Prevention of hyperglycemia-associated endothelial 

dysfunction 
[112] 

Diabetes Umbilical vein endothelial cells Human HNG Reduction in apoptosis induced by high glucose [113] 
Diabetes Beta-cells/NOD mice Mice HN Decreased apoptosis and delayed onset of diabetics [79] 
Diabetes Liver Rats HNGF6A Lowering of blood glucose [78] 
Atherosclerosis Proximal aorta Mice HNGF6A Improved endothelial function and impaired 

progression of atherosclerosis 
[114] 

Age-related diseases NIT-1 murine β-cells, prostate 
carcinoma cell line 

Mice, 
human 

SHLP2 Increased glucose uptake and suppressed hepatic 
glucose production. 

[59] 

Obesity Plasma Mice SHLP2 Regulation of glutathione and sphingolipid metabolism [111] 
Diet-induced obesity HEK293, HeLa cells, Liver, 

skeletal muscle 
Human, 
Mice 

MOTS-c Reduction of obesity [58] 

HFD-induced hyperinsulinemia Liver Mice MOTS-c Attenuated hyperinsulinemia [58] 
Ovariectomy-induced osteoporosis Bone Mice MOTS-c Alleviated bone loss [115] 
Osteolysis Primary bone marrow 

macrophages, bone 
Mice MOTS-c Alleviated bone erosion and inflammation. [116] 

Hypothermia Plasma, liver Mice MOTS-c Increased activation of adipose thermogenesis [117] 
Bone fracture Bone Marrow Mesenchymal 

Stem Cells 
Rats MOTS-c Accelerated bone fracture healing [118] 

Endothelial dysfunction Aortic rings, renal artery 
stenosis 

Rats, mice MOTS-c Improved endothelial function [119]  
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RPE cells express HN receptors [35,126]. The trimeric receptor complex 
consisting of the cytokine receptor (WSX-1), the transmembrane 
glycoprotein 130 (gp130), and ciliary neurotrophic factor receptor 
(CNTFRα) have been reported in RPE cells [35]. CNTFRα and gp130 
exhibit polarized distribution, mostly to the apical domain, whereas 
WSX1 is localized to the apical and basolateral domains. HN peptide is 
secreted from the cell after translation to be able to mediate its cyto
protective action via receptors. The entire HN primary sequence acts as a 
signal sequence, and it does not need to be cleaved to be released. In this 
regard, as previously mentioned, HN is secreted from RPE cells at 
picogram concentrations and can activate the trimeric receptor com
plex. After binding to the receptor, HN can trigger several downstream 
signaling pathways, such as JAK2 - STAT3, P13 -AKT or ERK1/2 [65,85, 
125,127]. In RPE cells treated with HN, phosphorylation of STAT3 
increased at its regulatory Tyr705 site within 2 h [35]. Dimerization and 
DNA binding of STAT3 requires phosphorylation of its Tyr705 site, and 
dimerized STATs move to the nucleus and regulate gene transcription. 
Blocking the STAT3 signaling pathway with STAT3 inhibitor signifi
cantly diminished the protective effect of HN in oxidant-induced cells, 
irrespective of whether the RPE cells are treated with the plain peptide 
or HN- elastin-like polypeptide (ELP) nanoparticle fusion protein [35, 
40]. The protective effect with plain HN peptide, though significant, was 
only partial; thus, one can assume that the receptor-mediated effects of 
HN peptide only partially contributed to the prevention of cell death. 
However, unlike the observed significant colocalization of free HN 
peptide with mitochondria, the HN-ELPs did not colocalize with RPE 
mitochondria [35,40]. This difference in cellular localization pattern 
could be explained by the distinct size differences between HN-ELP 
fusion and the free HN peptide, which may result in different internal
ization trafficking. The HN-ELPs remained on the cell surface and 
induced the phosphorylation of STAT3 (Tyr705) in RPE cells up to 24 h. 
Remarkably, the inhibition of STAT3 completely eliminated cellular 
protection under oxidative stress, suggesting the active involvement of 
the receptor-mediated pathway (Fig. 3). 

As described above, HN elicits cytoprotection via the intercellular 
pathway and HN interacts via binding with IGFBP-3, Bax, and tBid [57, 

63,128]. In many in vitro culture studies, HN shows BAX dependent 
cytoprotective effects in serum-starved cells, and cells treated with 
TNF-α or tBH [63,128]. HN peptides also block the Bax association with 
isolated mitochondria and repress cytochrome c release in vitro. 
Changing serine-14 to a glycine (HNG) increases the potency of the 
peptide by 10-fold in RPE cells challenged with tBH (Fig. 4) although the 
mechanism is still unknown [129]. We have previously reported that 
exogenous HN can enter RPE cells, colocalize with BAX, and block cell 
death (Fig. 4). A recent study demonstrated that HN interacts with the 
membrane-bound Bax and tBid, preventing the recruitment of cytosolic 
Bax and its oligomerization on the mitochondrial outer membrane, and 
suppresses cytochrome c release and mitochondria-dependent apoptosis 
[130]. 

7. HN improves mitochondrial function in RPE cells 

RPE cells have abundant mitochondria, generating high metabolic 
activity. Mitochondria are the primary energy producers via oxidative 
phosphorylation. Dysregulated mitochondria result in significantly less 
energy production and enhanced apoptosis; and this dysregulation is 
considered one of the initiating factors of AMD [34,131,132]. The net 
result of these changes includes reduced bioenergetics, increased gen
eration of mt ROS, mitochondrial dysfunction, and cell death 
[133–135]. However, the mtDNA damage was shown to be selective to 
the RPE cells isolated from AMD samples [31]. Further, damaged re
gions of the mitochondrial genome included genes for the 16S and 12S 
ribosomal RNAs and 8 of 22 tRNAs. As mentioned earlier, the 16S rRNA 
region encodes HN. Given the increasing understanding of 
mito-regulatory mechanisms in diseases, the associations between 
mitochondrial respiration, mtDNA copy number, and biogenesis in 
response to oxidative stress, our laboratory studied the role of HN in 
oxidative stress-induced RPE cells [35]. Oxidative stress augmented 
mitochondrial ROS production, and HN cotreatment significantly 
reduced ROS formation in RPE cells. It is of interest that ARPE-19 
transmitochondrial cybrids containing AMD mitochondria showed 
increased mtDNA fragmentation and higher ROS levels, and that 

Fig. 2. Immunofluorescence staining of HN 
in nonpolarized (A) and polarized (B) human 
RPE cells. Humanin (green) was localized 
both in the apical and basal domains (B). No 
primary antibody control shown in (C). Scale 
bar: 20 μm. Reproduced from Sreekumar 
et al. Invest Ophthalmol Vis Sci. 2016; 57 
(3):1238-53 and is licensed under a Crea
tive Commons Attribution-Non-Commercial- 
No Derivatives 4.0 International License. 
(For interpretation of the references to color 
in this figure legend, the reader is referred to 
the Web version of this article.)   
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treatment with the HNG analog of HN reversed these events and pro
tected the AMD mitochondria [37]. However, the treatment of ARPE-19 
cells with ethidium bromide (EtBr), which has been used to eliminate 
mtDNA, resulted in a morphologic change in the cells, and only partial 
characterization of the ARPE-19 cells (Rho0 cells)) has been reported 
[136,137]. Further, MDPs are retrograde signaling molecules [138]; and 
because EtBr has a strong affinity towards double-strand DNA, it could 
intercalate nDNA and affect expression of nuclear genes [139]. Two key 
recent publications reported that in RPE cultured from AMD donors, 
mitochondrial OXPHOS was significantly decreased, supporting the 
hypothesis that RPE mitochondria are damaged with AMD and the 
resulting bioenergetic crisis drives AMD pathology [33,140]. In this 
context, it is of great interest that our own work using cultured hRPE 
cells demonstrated that exogenous HN could be taken up by RPE cells, 
co-localize with mitochondria, decrease mitochondrial ROS, improve 
mitochondrial bioenergetics and enhance mitochondrial biogenesis 
[35]. Similar oxidant stress-induced changes in mitochondrial meta
bolism have been shown for cardiac tissue. H2O2 induced oxidative 
stress in isolated cardiac mitochondria led to attenuated mitochondrial 
dysfunction, as evidenced by decreased mitochondrial ROS level; 
attenuated mitochondrial depolarization; reduced mitochondrial 
swelling; and increased mitochondrial ATP production [141]. In 
cultured cardiac myoblasts, the HN analog HNG in the presence of H2O2 
reduced ROS and preserved mitochondrial membrane potential, mito
chondrial structure and ATP levels [142]. Like HN, two other MDPs, 
SHLP2 and SHLP3, significantly increased mitochondrial respiration and 
ATP production [59]. Interestingly, MOTS-c increased glucose uptake 
and glycolysis but decreased mitochondrial respiration in cultured cells 
and skeletal muscle [58]. Moreover, the finding that MOTS-c does not 

improve mitochondrial dysfunction in cybrid cells with mutant mtDNA, 
suggests the heterogeneous nature of MDPs [143]. The potential 
mechanisms of MOTS-c action in RPE mitochondria are yet to be 
delineated. 

An increase in mitochondrial biogenesis led to an increase in mito
chondrial membrane potential and to an increase in oxidative 
phosphorylation-coupled respiration in multiple cell lines [144,145]. 
Cellular mitochondrial oxidative capacity is correlated with the number 
and size of mitochondria [146]. The dysregulation of mitochondrial 
biogenesis and dynamics due to oxidative stress leads to a decrease in 
mtDNA copy number, mitochondrial number, mitochondrial mass and 
oxidative capacity [35,102,147]. Thus, enhanced mitochondrial 
biogenesis could be one of the mechanisms by which cells regulate 
mitochondrial bioenergetics. This is illustrated for stressed RPE cells 
where HN treatment increases mtDNA copy number, the number of 
mitochondria, and the protein expression level of mitochondrial tran
scription factors, mtTFA in Fig. 5. Increased mitochondrial DNA mass 
and mitochondrial number give rise to increased mitochondrial 
biogenesis capacity required to meet augmented cellular energy de
mands. In this context, it is of great interest that RPE cells isolated from 
different AMD donors exhibited significant variability in their response 
to several drugs used to improve mitochondrial function, and the au
thors suggested a personalized approach to patients with AMD based on 
the selective response [122]. The nature and extent of improvement of 
mitochondrial function in AMD RPE will be of interest to assess HN’s 
role. 

Fig. 3. Antiapoptotic function of hRPE cells with a novel HN-ELP nanoparticle involving STAT3 inhibition. HN-ELP treatment decreased activation of caspase-3 
(Green), and STAT3 inhibition significantly restored caspase-3 staining in tBH treated cells. Modified from Nanomedicine. 2020; 24:102111; Li et al. The 
humanin peptide mediates ELP nanoassembly and protects human retinal pigment epithelial cells from oxidative stress. Copyright (2020), with permission obtained 
from Elsevier. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. HN and its analog HNG protect human RPE cells significantly from cell death. RPE cells were treated with single dose of tBH or tBH plus varying doses of HNG 
for 24 h and cell death was assessed by TUNEL staining (A) and caspase 3 (B). (Sreekumar PG et al., unpublished data). 
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8. HN and senescence 

Cellular senescence would have dual roles, beneficial and detri
mental, depending on the context; and RPE senescence could play a role 
in the etiology of AMD [35,148,149]. Senescent RPE cells have been 
characterized in the human retina and monkey retina [150]. RPE cells 
show signs of senescence when grown in vitro for a prolonged time or 
when exposed to oxidative stress [151,152]. Premature senescence has 
been suggested as a potentially important pathophysiological mediator 
of RPE cell atrophy in GA [153]. The expression of several genes that 
code for proteins involved in regulating the cell structure is altered in 
senescent RPE cells; and changed gene expression could also impact RPE 
barrier functions [151]. Pretreatment with HN has also been reported to 
decrease the level of proinflammatory cytokines, IL-6, IL-1β, and TNFα 
induced by lipopolysaccharide in astroglial cells or astrocytes [82]. Miao 
et al. [154] observed that HNG ameliorates Aβ25–35-induced 
neuro-inflammatory responses by decreasing the level of IL-6 and TNF-α 
in mice. However, controversies exist concerning the effectiveness of HN 
as a senolytic agent. In the H2O2-induced human primary RPE senes
cence model, HN cotreatment significantly reduced the classical markers 
of senescence such as senescence-associated β-Gal–positive cells, ApoJ 
transcripts, and p16INK4a expression [35]. However, in another study, 
using a doxorubicin-induced human dermal fibroblast senescence 
model, HN expression increased, which in turn increased mitochondrial 
respiration and the secretion of senescence-associated secretory 
phenotype (SASP)’ factors [88]. The dissimilar findings may be attrib
uted to the models used, HN treatment modalities, cell types and the use 
of classical senescence markers such as SA-β-gal, p16, ApoJ vs laminin. 
In this context, it is also worth mentioning the disparities of plasma HN 
levels in different studies. The circulating levels of HN decline with age 
in mice (2 months and 13 months) and in humans aged 45–110 year 
[78], indicating that the decline in HN with age could play a role in the 
pathogenesis of age-related diseases. However, another study demon
strated that HN (and other aging-related cytoprotective factors, GDF15 
and FGF-21) were positively correlated with age in a human cohort of 
693 subjects aged 21–113 years [155]. Given the potential benefits of 
HN in several age-related diseases involving senescent cells, a combi
nation of senolytic and HN-based treatments may be additive or syner
gistic [156]. Additional extensive studies are required to address this 
issue and resolve the discrepancy. 

9. Endoplasmic reticulum -mitochondrial cross talk and HN 

While the molecular mechanism involved in ER stress-mediated 
apoptosis is complex, our early studies in RPE cells reveal that 
mitochondria-interconnected pathways play a major role in amplifying 
ER-induced apoptotic signaling in RPE cells [157]. This was based on 
observations that inhibiting ER-mediated cell death pathways resulted 
in a significant decrease in mitochondrial damage and ROS production 
[157]. Our subsequent study [36] demonstrated that ER stress induces 
several apoptotic pathways, including mitochondrial caspase 3 and ER 

stress-specific caspase 4 activation in hRPE. Further, ER stress induces 
significant mitochondrial oxidative stress through increased mitochon
drial ROS and depletion of mitochondrial glutathione (mGSH). Treat
ment with HN inhibited mitochondrial ROS by elevating mGSH [36]. In 
addition, ER homeostasis can be disrupted by intracellular calcium (Ca 
2+) level, redox status, and energy stores, culminating in ER stress [41, 
60,102,157]. Given the known role of calcium in ER stress, HN-mediated 
cytoprotection could partially result from HN’s ability to decrease 
intracellular calcium release under stress [158]. Furthermore, it was 
suggested that the potential site of the HN activity could be ER since 
there was no effect of exogenous HN on the isolated mitochondria [158]. 
It is well established that ER stress is regulated by three transmembrane 
sense proteins: inositol-requiring enzyme 1 (IRE1), PKR-like ER kinase 
(PERK), and activating transcription factor 6 (ATF6) [157,159]. HN 
markedly decreased the expression of all the transmembrane sense 
proteins (IRE, PERK and ATF-6) and improved cell survival in SH-SY5Y 
cells [102]. However, direct visualization of HN location in the ER of 
cells, or HN potential translocation from the mitochondria into ER, 
which would provide a better understanding of the role of HN mito-ER 
cross talk, is lacking. Whether HN is also involved in intracellular Ca2+
homeostasis, including Ca2+ transfer from the ER to mitochondria, 
needs to be further explored. 

The mitochondria-associated ER membranes (MAMs), that serve as a 
critical signaling platform are providing novel perspectives for the un
derstanding of cellular mechanisms in both physiological and patho
logical conditions. Mitochondria communicate directly with ER through 
MAM to regulate basic cellular processes such as Ca2+ exchange, 
phospholipid exchange, intracellular trafficking, autophagy, mitochon
drial biogenesis, and inflammasome formation [160–162]. Importantly, 
although the ER and mitochondrial membranes form specific contact 
sites, they do not fuse, thereby maintaining the organelle distinct 
structures [162]. Proteomic studies have identified many ER and 
mitochondria-associated proteins, such as chaperones, protein kinases, 
and proteins regulating mitochondrial dynamics and morphology in 
MAMs, referring to the participation of MAMs in multiple physiological 
processes [161]. In support of these views, there are studies demon
strating that the perturbation of MAM function reduces mitochondrial 
ATP production, increases ROS generation, and exacerbates ER stress, 
resulting in apoptosis [163]. Studies are underway to identify the 
complete set of proteins that directly interconnect the ER and mito
chondria. In this context it is of utmost relevance to report a recent study 
showed the localization of STAT3, a downstream molecule HN signaling, 
in the MAM [164]. More work on the mechanism of mitochondrial and 
or ER dysfunction due to alterations in MAM components and how HN 
modulates MAM function(s) will be of value. 

Several recent studies have investigated ER-mitochondria contacts in 
neurodegenerative disorders such as Alzheimer’s disease and amyo
trophic lateral sclerosis [165–167]. Together, the conclusions drawn 
from the above findings highlighted damage to ER-mitochondria asso
ciations as a new pathogenic mechanism. Perturbations to 
ER-mitochondria associations could provide an explanation for the 

Fig. 5. HN treatment increases mitochondrial biogenesis in oxidatively stressed RPE cells as shown by TEM (A) and immunoblot analysis (B). Sreekumar et al. Invest 
Ophthalmol Vis Sci. 2016 Mar; 57(3):1238-53, licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License. 
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heterogeneity of these neurodegenerative diseases since the 
ER-mitochondria axis regulates multiple cellular functions that are 
dysregulated in pathologies. Thus, identifying and manipulating 
damaged ER-mitochondria associations may correct damage to other 
neurodegenerative disease-linked features [162]. MAMs have not been 
extensively studied in AMD; however, significant changes in the MAM 
proteome under diabetic conditions has been reported [168]. Thus, 
altered ER-mitochondrial communication has the potential to play an 
important, and hitherto unrecognized, role in the pathogenesis of many 
of the devastating degenerative diseases of the eye. 

10. Small humanin-like peptides 

Cobb et al. [59] using in silico prediction analyses identified SHLPs 
1–6, within the region of the 16S rRNA gene where HN is located. These 
novel SHLPs were identified by mRNA analysis and peptide expression 
in different cells, tissues, and plasma using Western blot and ELISA 
techniques. Among the six identified peptides, SHLPs 2 and 3 were 
amplified from both mitochondrial and nuclear cDNA, suggesting 
possible mitochondrial and nuclear origin [59]. Taken in context with 
the pleiotropic qualities already assigned to SHLP2, it is worthwhile to 
point out that no information is available about the subcellular and 
polarized localization of SHLP2 in RPE cells. Our studies show that in 
nonpolarized RPE cells, SHLP2 is localized in the cytoplasm where it is 
co-localized to mitochondria (Fig. 6). Furthermore, no polarized distri
bution of SHLP2 was evident, as seen by the distribution in the apical 
and basolateral domains of polarized human RPE (Fig. 6). 

As with HN, SHLP2 and SHLP3 promote cell viability and inhibit 
apoptosis in many cell lines cultured under serum-free conditions [59]. 
SHLP2 may mediate neuroprotection similar to HN via the activation of 
ERK and STAT-3 [59]. In a recent study with transmitochondrial 
ARPE-19 cybrid cells, SHLP2 prevented the loss of viable cells and 
mitochondria, increased the number of mtDNA copies and restored the 
normal levels of OXPHOS complex protein subunits, Further SHLP2 
showed anti-apoptotic effects and attenuated amyloid-β-induced 
cellular and mitochondrial toxicity, suggesting the protective role of 
SHLP2 in AMD cybrids [38]. 

We recently investigated the effect of SHLP2 in primary passage 
hRPE cells oxidatively stressed. by tBH. Our data revealed that SHLP2 
protected hRPE cells significantly from oxidant-induced cell death 
(Fig. 7 A, B). This conclusion is based on the finding of a dose-dependent 
cellular protection, and significant cell survival with SHLP-2 when 
compared to tBH-treated cells (Fig. 7). It has been reported that SHLP2 
protects against amyloid-β-induced cell death in AMD cybrids by 
improving mitochondrial function and inhibiting caspase 3 activation 

[38]. While these studies on the beneficial effect of SHLP-2 look prom
ising, further work will be needed to confirm these findings and to 
elucidate the protective mechanisms in RPE/retina. 

11. Mitochondrial ORF within the twelve S rRNA-type c 

The small ORF in the mitochondrial 12S rRNA encoding a 16-amino- 
acid peptide named mitochondrial open reading frame of the 12S rRNA- 
c (MOTS-c) was described to have endocrine-like effects on muscle 
metabolism, insulin sensitivity and weight regulation [58]. MOTS-c is 
expressed in various tissues in rodents and plasma in humans [58]. 
Available information on the expression of MOTS-c in retinal cells or 
tissues is sparse. Our lab has initiated studies on the expression and 
function of MOTS-c in human RPE cells. As seen in Fig. 8 (A), MOTS-c is 
expressed mostly in the perinuclear region and the cytoplasm of RPE. We 
also found that MOTS-c co-localized predominantly with mitochondria 
in unstressed RPE cells, and negligible staining was observed in the 
nucleus, a finding similar to HeLa and HEK293 cells where a certain 
degree of mitochondrial co-localization was observed [169]. The study 
by Kim et al. [169] provided further evidence for rapid translocation of 
MOTS-c into the nucleus in response to metabolic or oxidative stress in 
HEK293 cells. However, the nuclear translocation was transient, and 
MOTS-c shifted back to a largely extra-nuclear state within 24 h, 
demonstrating mito-nuclear communication mediated by several 

Fig. 6. Localization of SHLP2 in nonpolarized and polarized hRPE cells. Immunofluorescence staining of SHLP2 (green), mitotracker (red) and merge with a 
magnified inset. SHLP2 in RPE monolayers showing staining in both the apical and basal domains (X-Z plane). DAPI nuclear counterstain (blue). (Sreekumar, PG et al. 
unpublished data). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. Exogenously added SHLP2 protects hRPE cells from oxidant-induced 
cell death. hRPE cells were treated with tBH or tBH plus SHLP2 for 24 h 
(Sreekumar, PG et al. unpublished data). 
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nuclear-encoded proteins that exhibit dual distribution in mitochondria 
and the nucleus with differential roles in cellular stress-response [169]. 

The cytoprotective role of MOTS-c has been described in different 
cell types. HEK293 cells that stably overexpressed wild-type MOTS-c 
exhibited significant protection against glucose/serum restriction 
compared to cells transfected with empty vector control [169]. MOTS-c 
plays an important role in protecting the lungs from the inflammatory 
effects of lipopolysaccharide-induced acute lung injury [170]. However, 
to our knowledge, no information is available on the protective function 
of MOTS-c in the retina or RPE. In serum-starved RPE cells cotreated 
with tBH (150 μM) and varying doses of MOTS-c for 24 h, increasing 
doses of MOTS-c protected RPE cells with maximum protection seen 
with the higher dose (Fig. 8 B). Detailed studies are needed to under
stand the mechanism of cellular protection by MOTS-c. 

12. Therapeutic potential of MDPs 

Mitochondrial derived peptides are considered a new class of mito
kines that have wide-ranging therapeutic potential in neurodegenera
tive disorders, as well as in human diseases such as diabetes and as an 
adjunct to chemotherapy. One major benefit of HN as a therapeutic drug 
is that HN or its analogs protect against multiple insults, despite the 
intricate nature of cytotoxic pathways. Nonetheless, because of the 
known rapid clearance of short chain peptides such as HN, repeated 
applications are required [171], which is not feasible in localized dis
eases such as AMD. Nanoparticles (NPs) are acknowledged as a flexible 
drug delivery system for inaccessible regions in the eye [172,173]. 
Though many NPs are available for use as drug delivery systems, we 
used a thermally responsive ELP in our lab because of its several addi
tional benefits. Protein polymers, because they are natural polypeptide 
chains, can be biocompatible and biodegradable, leaving only small 
peptides and amino acids as their metabolic byproducts [174]. Addi
tionally, ELPs represent a genetically engineered class of ‘protein poly
mers’ originating from human tropoelastin that exhibit a reversible 
phase separation [40,171,175]. Since ELPs are non-immunogenic and 
are substrates for proteolytic biodegradation, therapeutically potential 

active peptides, proteins, and small molecules can be easily incorporated 
[175]. Further, since ELPs are retained in the eye for at least two weeks 
while the free peptide (20-AA) is removed in <2 days, repeated 
administration can be minimized (Sreekumar et al., 2018). For example, 
using two sets of HN ELPs of different transition temperatures, we 
showed very recently that both HN ELPs protected RPE cells from 
oxidant-induced cell death [40]. However, the pharmacokinetics of 
these and other nanoparticles remain to be tested in multiple animal 
models to verify the therapeutic efficiency of MDPs in ophthalmic 
disorders. 

Disruption to mitochondrial bioenergetic and metabolic function can 
lead to many mitochondrial disorders in neurodegenerative aging dis
eases in genetic and animal models, and in human genetic studies [34, 
132,176,177]. Thus, targeting mitochondria for selective drug delivery 
is an attractive approach for drug therapy. Two main factors support 
mitochondria as a viable therapeutic target for neurogenerative disor
ders: 1) In many prevalent degenerative diseases, mitochondrial 
dysfunction contributes to the disease process or progression; and 2) 
Mitochondria contribute to several pathologies through common path
ways; hence, targeting this approach could apply to multiple disorders 
by improving the function of organelles such as ER and nucleus. In fact, 
ELPs fused to a cell-penetrating peptide have shown promise as vehicles 
for delivering drugs and therapeutic peptides [178,179]. Several 
nanotechnology-based approaches are currently being developed for the 
targeted delivery of small molecules or drugs to mitochondria [180, 
181]. A library of mitochondria-penetrating peptides with variable 
mitochondria-localizing properties is available [182]. However, none of 
these carriers can differentiate mitochondria of healthy cells from those 
of diseased cells. A study by Sharma et al. reported that 
triphenyl-phosphonium conjugated dendrimers have the inherent abil
ity to accumulate selectively in the mitochondria of activated glial cells 
[183]. Modifying nanoparticles by linking to mitochondrial targeting 
sequences and testing their potency in multiple animal models of retinal 
degeneration can prove to be valuable. 

Fig. 8. MOTS-c localization and cytoprotection in RPE cells. (A). Mitochondrial localization of MOTS-c. MOTS-c (green), mitochondria (Red), and nucleus (Blue). 
(B). Dose-dependent inhibition of oxidative stress-induced cell death by MOTS-c determined by TUNEL assay. Scale Bar: 50 μm. (Sreekumar, PG et al. unpublished 
data). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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13. Conclusions and future directions 

While the multipotent roles of HN have been well studied in different 
cells and tissues, not much is known about the in vivo potential of HN in 
ocular models. The information available on the potential benefits of HN 
is mostly derived from studies conducted in in vitro models of dry AMD. 
While we have discussed the mechanism of action of HN based on in vitro 
studies, the most valuable application of these findings will be in in vivo 
experimental systems, including genetic models. Multiple animal 
models are available for neovascular and non-neovascular AMD, and 
have been well reviewed [184,185]. It will be of great interest to extend 
studies to these in vivo animal models to examine the beneficial effects of 
MDPs after pretreatment or co-treatment modalities during the pro
gression of the disease. The antiapoptotic properties of HN in RPE cells 
are well known but determining the precise mechanisms by which HN 
enters the mitochondrial compartment requires additional studies. Our 
recent discovery that specific transporters selectively augment mito
chondrial GSH and redox status [186,187] provides a good avenue for 
exploring the mechanisms by which HN regulates redox homeostasis in 
mitochondria. 

Further, investigations of the effect of novel HN-ELP particles in 
restoring cell survival in oxidatively stressed RPE demonstrate their 
prominent protective function. In addition, these bioengineered NPs 
have the distinct advantages of longer retention time in in vivo AMD 
models and therefore offer a new and valuable approach for ocular 
therapy. There is increasing evidence that senescent cells contribute to 
the progression of age-related diseases [188]. It is tempting to speculate 
that HN and its analogs may emerge as senolytic drugs. A lot more work 
will be needed in this emerging field to provide definitive answers, 
particularly on the contribution of mitochondrial function and its 
regulation by MDPs in in vivo systems. Finally, it is hoped that research 
on identifying additional endogenous peptides from mitochondrial 
genomic data analysis would reveal more MDPs that may be of thera
peutic importance. 
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ATF activating transcription factor 
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ER endoplasmic reticulum 
FPRL-1 FPR-like-1 
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HN humanin 
IL: interleukin 
IRE inositol-requiring enzyme 
MAMs mitochondria-associated ER membranes 
MDP mitochondrial-derived peptides 
MOTS-c: mitochondrial open reading frame of the twelve S c 
mtTFA Mitochondrial transcription factor A 
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OXPHOS oxidative phosphorylation 
PERK PKR-like ER kinase 
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ROS reactive oxygen species 
RPE retinal pigment epithelium 
SHLP small HN-like peptide 
tBH tert-butyl hydroperoxide 
TNF-α: tumor necrosis factor alpha 
VEGF vascular endothelial growth factor 
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