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ABBREVIATIONS 
 

ACN    Acetonitril  

ALS    Amyotrophic lateral sclerosis  

Arg   Arginine 

BBB   Blood brain barrier 

CME    Clathrin- mediated endocytosis  

CPPs   Cell Penetrating Peptides  

CvME    Caveolae–mediated endocytosis  

DA   Dopamin 

D-Arg   D-arginine  

DIC    1,3-diisopropylcarbodiimide 

DIPEA   N,N-Diisopropylethylamine  

DMEM    Dulbecco's Modified Eagle Medium 

DMF    Dimethylformamide  

DMSO     Dimethylsulfoxide 

DTT    Dithiolthreitol 

EDT    1, 2-Ethanedithiol 

EDTA   Ethylenediaminetetraacetic 

FAM   Carboxyfluorescein  

FCCP   Carbonyl cyanide 4-(trifluorometoxy)phenylhydrazone) 

FDRA     Friedreich’s Ataxia  

Fmoc     9-Fluorenylmethyloxycarbonyl  

GFP      Green fluorescent protein 

GPx     Gluthatione peroxidase 
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GSH     Glutathione 

GSSG     Glutathione disulfide  

HOBt    N-hydroxybenzotriazole  

IMM    Inner mitochondria membrane  

IMS     Inner membrane space 

Lys   Lysine 

MALDI    Matrix-assisted desorption ionization 

MP    Macropinocytosis  

MPT    Mitochondrial permeability transition  

NAC      N-Acetyl-L-Cysteine  

NLS    Nuclear Localization Sequences 

NMP    N-Methyl-2-pyrrolidone 

NS    Nervous system 

OMM     Outer mitochondrial membrane 

PBS    Phosphate buffered saline 

PD     Parkinson's disease 

PMSF    Phenylmethanesulfonyl fluoride 

ROS     Reactive oxygen species  

RP-HPLC   Reversed phase-High-performance liquid chromatography 

SNpc    Substantia nigra pars compacta  

SOD     Superoxido dismutase 

SPPS     Sintesi peptidica in fase solida 

Tboc     Di-tert-butyl dicarbonate 

TFA     Trifluoroacetic acid 

TIS     Triisopropylsilane 

http://www.google.it/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&cad=rja&uact=8&ved=0CD8QFjAC&url=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsigma%2Fp7626&ei=SF5OVKr-LNfeatu8gqgF&usg=AFQjCNFcJviNjY2mHX3ivvEWepUVgI4qlw&bvm=bv.77880786,d.d2s
http://www.google.se/url?sa=t&rct=j&q=&esrc=s&source=web&cd=4&cad=rja&uact=8&ved=0CDcQFjAD&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FDi-tert-butyl_dicarbonate&ei=VjOoU6qkMOb8ygPpvoK4BA&usg=AFQjCNEp39OzFcxNjOJbKgT079vgcsn4Ag&bvm=bv.69411363,d.bGQ
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TMRE    Tetramethylrhodamine methyl ester 

TOF     Time of flight 

TPP+    Triprenylphosphonium ion 

UV     Ultraviolet 
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INTRODUCTION 
 

Literature Overview 

Cellular oxidative stress is implicated in a wide array of cellular dysfunctions that 

give rise to onset of clinical disorders as ischemia-reperfusion injury (Takizawa et al. 

2011); neurodegenerative disease (Aoun et al., 2013); diabetes; infiammatory 

diseases; drug induced toxicity (Rivas, 2010). Over the years, different antioxidant 

approaches has been assessed but most of them did not show appreciable positive 

effects. The cellular membrane is a stumbling-block hard to overcome for most of 

natural and synthetic antioxidants, because of that their applicability window were 

strongly restricted. The efficacy of any drugs or gene therapy is related to two 

properties: ability of crossing cellular membranes and delivering a bioactive 

molecule on a specific cellular organelle. The cellular membrane of eukaryotic cell 

acts as a buckler that protects the cell from unregulated flow of bioactive 

molecules, ions and unwanted substances, in this way cell regulates the internal 

environment. Small molecules are able to cross the cellular membrane on their own 

instead of the larger drugs that because of their physicochemical characteristics are 

not capable to get into the cells and they need a special “help” as a delivery system. 

Delivery system must be efficient, safe and healthy. Mainly, there are two kind of 

delivery system: viral and non viral (Lajoie et al., 2015). This tesis is about one of the 

most novel non viral delivery system: cell penetrating peptide (CPPs). CPPs are short 

peptides sequences consisting up to 30 amino acids able to cross the cellular 

membrane and transport bioactive cargo into cells in an efficient and non toxic way. 

These short peptides have a positive charge, they are amphipathic and show both 

hydrophilic and lipophilic properties. A major breakthrough on CPPs date back in 

1980s and early 1990s, when a series of short natural peptides sequences able 

efficiently cross the plasma membrane were identified (Green et al., 1988). Over 

the years more CPPs was discovered. Full length HIV-1 transcription transactivation 

(Tat) protein and Drosophilia Antennapedia homeodomain, known as Penetratin, 
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received a great deal of attention when their ability to cross cellular membrane and 

accumulate into cellular nucleus was demonstrated (Derossi et al., 1994). Those 

discoveries served like a cornerstone for a new subfield focused on the use of CPPs 

as molecular transporters: that was the beginning of molecular drug delivery 

strategy. Day by day, chemists and biochemists developed many variations of 

peptide structures in order to improve crossing activity, keeping low toxicity and 

immunogenic effects. As of today, hundreds of CPPs are available. They show 

different amino sequence, physicochemical properties and several mechanism of 

internalization. Some CPPs has been obtained from natural sequences (Vivès et al., 

1997), while others from artificial constructs engineered (Pujals et al., 2008) to 

keep and exalt the important features of the molecules designed by nature. The 

identification of cellular targets for treatment of different disease states required 

the development of an efficient system able to delivery drugs into a target of 

interest. Different cargoes can be conjugated to CPPs as fluorophores, small 

molecular drugs, larger cargoes such as oligonucleotides, plasmids or proteins 

(Fawell et al., 1994). Uptake and efficacy of several therapeutic compounds are 

improved by CPPs conjugation, opening new opportunities to study biological 

process and making the treatment of several diseases more controlled and less 

toxic. The key of success in delivery strategy it depends on delivering drugs into 

specific target associated with the onset of particular disorder. Several studies 

demonstrated the mitochondrial involvement in the occurrence or worsening of the 

most disabling diseases. In view of all this mitochondria are interesting intracellular 

target for drug delivery. Nowadays, nucleus and mitochondria are great targeted. 

Cellular nucleus is targeted by Nuclear Localization Sequences (NLS), short cationic 

sequences, 10 amino acids in length (Goldfarb et al., 1986). These sequences are 

widely used to achieve nuclear delivery for a variety of DNA damaging agents or 

nucleic acids for gene therapy (Cartier et al., 2002). NLS find in cancer disease 

treatment the most promising field of application. Between NLS, simian virus 40 

(SV40) showed high levels of cell permeability and low toxicity, for this reason has 

been applied in a number of studies to drive uptake of DNA for non-viral gene 
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therapy (Sing et al., 1998). This thesis is focused on mitochondrial targeting 

peptide. Mitochondrion is an organelle structurally discernable to the others 

cellular organelles being characterized by two membranes that underline pivotal 

cellular functions played by mitochondria. A lot of studies are focused on this 

organelle and it is of gaining attention in pharmaceutical and medical research since 

has been confirmed that it is involved in several diseases showing a great diversity 

of clinical appearance (Saraste, 1999). Literature shows several examples of CPPs 

targeting mitochondria, using artificial, rather than natural signal sequences 

(Mahon et al., 2007). Mitochondrion is an important target for drug therapy given 

its role in the pathology of cancer, neurodegenerative diseases, and others where 

reactive oxygen species are linked with pathological conditions (Dai et al., 2014). To 

date, the short SS peptide developed by Szeto and Schiller (Schiller et al., 2000) are 

the most promising mitochondria-targeted antioxidants. SS-compounds are 

tetrapeptides and have been designed alternating aromatic residues and basic 

amino acids (aromatic-cationic peptides). They are characterized by tyrosine (tyr) or 

dimethyltyrosine (Dmt) residues in order to increase antioxidant activity, the 

presence of D-amino-acid in either the first or second position minimizes 

aminopeptidase degradation and amidation of C-terminus to protect against 

hydrolysis (Szeto, 2006). The antioxidant action of SS peptides can be attributed to 

the Tyr or Dmt residues. The sequence position of the Tyr or Dmt residue is not 

important in scavenging ROS and reducing LDL oxidation (Zhao et al., 2004). All of 

SS peptides show 3+ net charge at physiologic pH and they can get into cells in an 

energy-independent non saturable manner. The uptake is really fast, several studies 

showed that SS-20 peptide is taken up into cells in less than 30 minutes (Zhao et al., 

2004). The SS peptides target preferentially the inner mitochondrial membrane, 

indeed they concentrate in mitochondria 1,000-fold more compared with the 

cytosolic concentration (Zhao et al., 2004). The mechanism of uptake into 

mitochondria is still unclear. SS-peptide probably make use of their own positive 

charge to get into mitochondria but a lot of studies have been showed that these 

peptides can cross as well as membranes of depolarized mitochondria (Doughan et 
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al., 2007). To date, SS peptides are the most important targeting mitochondria of all 

know CPPS, since they are potent in reducing intracellular ROS and as well as 

preventing cell death. The first part of this thesis will start from a short description 

of mitochondria, structure and underline hub role on cellular metabolism and 

functions, why is important to preserve the right functionality of this organelle and 

why it is a promising target for drug delivery. After that, CPPs and characteristics of 

most important CPPs targeting mitochondria will be discussed. The last part of the 

thesis will be focused on the synthesis and application of a new short antioxidant 

cell penetrating peptide targeting mitochondria, outlining its applicability on drug 

delivery strategy and on antioxidant treatments, obtained results and future 

aspects finalize this thesis. 
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Mitochondria 
 

Organization and functions 

 

Mitochondria are located in the cytoplasm of eukaryotic cells and play a pivotal role 

in cellular metabolism. Mitochondrion is fundamental in the generation of 

metabolic energy and it is responsible for most of the useful energy derived. Into 

mitochondria, the breakdown of carbohydrates and fatty acids is converted to ATP 

by the process of oxidative phosphorylation. Mitochondria are the main organelle 

for the synthesis of ATP under normal aerobic condition. The last oxidation step for 

fats and carbohydrates takes place in the mitochondria. The complicated structure 

of mitochondria is fundamental to perform these functions. During oxidation of fats 

and glycolysis, electrons are transferred from bioenergetic substrates to 

nicotinamide adenine dinucleotide (NAD) and flavin adenine dinucleotide (FAD). 

The high energy electron reduced forms, NADH and FADH2, is processed by a 

complex carrier system called electron chain reaction (ETC) (Cooper, 2000). Briefly, 

two electrons and two protons combine with ½ O2 to produce H2O. In the same 

time, protons are pumped from the mitochondrial matrix into inner membrane 

space (IMS) generating potential energy across the membrane, which is used to 

drive ATP synthesis. In short, all mitochondrial compartments are involved in ATP 

synthesis through a complex multistep process. In addition to this critical metabolic 

role mitochondria store calcium for cell signaling activities, generate heat, mediate 

cellular growth and death (Scheffler, 1999). Both number and size of mitochondria 

varies widely by organism and tissue type, but usually size range from 0.5 to 10μm 

and number range from a few hundreds to thousands each cell, it depending on 

both of the energy demands and cell type (Scheffler, 1999). Organization and 

function of mitochondria is widely studied. Mitochondria are rod-shaped, 

surrounded by double membrane, it consisting of four distinct compartments: the 

outer mitochondrial membrane (OMM), the inner membrane space (IMS), the inner 

mitochondrial membrane (IMM) and the mitochondrial matrix, each of these 

http://www.ncbi.nlm.nih.gov/books/n/cooper/A2886/def-item/A3060/
http://www.ncbi.nlm.nih.gov/books/n/cooper/A2886/def-item/A3225/
http://www.britannica.com/EBchecked/topic/88956/calcium-Ca
http://www.britannica.com/EBchecked/topic/101396/cell
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components plays distinct functional roles. IMM separates the mitochondrial matrix 

from the intermembrane space, it forms numerous folds (cristae) that extend into 

the interior (or matrix) of the organelle (Fig. 1). The cristae greatly increase the total 

surface area of the IMM. The IMM includes all the most important complexes that 

mitochondria need to fulfil their functions: all the complexes of the electron 

transport system, the ATP synthetase complex and transport proteins complex. The 

IMS is the smallest component of mitochondrion and it is located between the IMM 

and OMM. The IMS provides a redox active space, necessary environment to oxidize 

metabolic residues (Riemer, 2011). The IMS can exchange proteins, lipids, metal 

ions, and various metabolites with other cellular compartments, as OMM, allowing 

mitochondrial metabolism to adapt to cellular homeostasis. In particular, the 

biogenesis and activity of the respiratory chain is controlled by various proteins of 

the IMS (Vögtle, 2012). OMM is in direct contact with cellular cytoplasm. OMM is 

freely permeable to small molecules and contains special protein called porin that 

form channels allowing the free diffusion of molecules smaller than 6000 Daltons 

(Lin et al., 2014). OMM shows enzymes involved in the elongation of fatty acids, 

oxidation of epinephrine (adrenaline), and the degradation of tryptophan. Latest 

studies showed that apoptosis, longevity control are regulated by protein of OMM 

(Ran, 2014). The mitochondrial matrix is the space between cristae. The matrix 

contains the mitochondrial genetic system as well as the enzymes responsible for 

the central reactions of oxidative metabolism.  

  

http://www.ncbi.nlm.nih.gov/books/n/cooper/A2886/def-item/A3167/
http://www.ncbi.nlm.nih.gov/pubmed/?term=Vogtle%20FN%5Bauth%5D
http://en.wikipedia.org/wiki/Enzyme
http://en.wikipedia.org/wiki/Fatty_acid
http://en.wikipedia.org/wiki/Oxidation
http://en.wikipedia.org/wiki/Epinephrine
http://en.wikipedia.org/wiki/Biodegradation
http://en.wikipedia.org/wiki/Tryptophan
http://www.ncbi.nlm.nih.gov/books/n/cooper/A2886/def-item/A3042/
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Fig. 1. Mitohondrial structure. Adapted from Freitas Jr., Basic Capabilities, Landes Bioscience, Austin, Tex, USA, 1999 

 

Mitochondrial electron transport chain 

 

Mitochondrial electron transport chain is bound to inner mitochondrial membrane 

and mainly consists of five complexes called Complexes I through V (Fig. 2). 

Complex I, called also NADH-ubiquinone oxidoreductase, transports two electrons 

from NADH to the mitochondrial matrix and to coenzyme Q within the membrane. 

Complex I accepts electrons from NADH and it acts like a bridge between glycolysis, 

tricarboxylic acid cycle (TCA), fatty acid oxidation, and electron transport chain. Its 

complete structure is not been totally understood, our knowledge of the structure 

come mainly from electron microscopy and biochemistry. Its characteristic L-shape, 
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or boot, can be dissociated in two sub-complexes knows as sub-complexes 1α and 

sub-complexes 1β, containing 23 and 17 subunits respectively (Grigorieff, 1999). 

The ankle of “boot” is thought to protrude from the membrane so as to be 

predominant in the aqueous phase and contains the binding site for NAD(H) and the 

input electron transfer chain. The foot (the hydrophobic protein) is membrane-

linked. Many inhibitors and several iron sulfur centers are localized on it as well as  

a catalytic site where reduction of ubiquinone occurs. Many disease conditions are 

associated to this complex, including leber hereditary optic neurophaty, melas 

syndrome, Altzheimer‘s disease and Parkinson’s disease (Meyers, 2013. Gaweda-

Walerych, 2013). 

Complex II, also known as succinate-coenzyme Q reductase or succinate 

dehydrogenase, is the only membrane-bound component of the Krebs cycle and in 

addition functions as a member of the electron transport chain in mitochondria and 

in many bacteria (Cecchini, 2003). Complex II acts as link between the TCA and 

electron transport chain. It is the only TCA cycle enzyme that is an integral 

membrane protein. Complex II oxidizes succinate to fumarate reducing FAD to 

FADH2. The structure of complex II is well investigated, has a mass of 124 kD and 

composed of two hydrophilic subunits, a flavoprotein and an iron-sulfur protein, 

and two hydrophobic subunits linked to membrane. 

Complex III, also named Cytochrome reductase, is a multisubunit transmembrane 

protein acceptor of electrons from reduced Coenzyme Q and uses them to reduce 

the second mobile electron carrier Cytochrome C. For each coenzyme Q fully 

oxidized, complex III moves four hydrogen ions outward from the matrix to the 

mitochondrial intermembrane space (Bolsover, 2011). 

Complex IV, or Cytochrome C oxydase, is the terminal enzyme of the respiratory 

chain. It is a transmembrane protein and consists of 13 polypeptide subunits, 3 of 

which are encoded by mitochondrial DNA. The Complex IV moves an electron from 

each of four Cytochrome C and reduces one oxygen molecule to two molecule of 

water and moves four hydrogen ions from the matrix to the intermembrane space, 

http://www.neuro.wustl.edu/neuromuscular/mitosyn.html
http://en.wikipedia.org/wiki/Cytochrome_c
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contributing to generate a differential transmembrane difference of proton that the 

ATP synthase will use to synthesize ATP. 

ATP synthase, called also complex V, catalyzes ATP-Pi exchange, and ATP, GTP, and 

ITP hydrolysis. The synthesis of ATP from ADP and phosphate is driven across the 

membrane by a flux of protons gradient generated by IMS electron transfer 

(Galante et al., 1979). The ATP synthase catalyses a reversible reaction for this 

reason ATP hydrolysis generates a proton gradient by a reversal of this flux.  

 

 

 

Fig. 2. Electron transport chain and ATP synthesis on the mitochondria inner membrane. Adapted from Szeto H.H. The AAPS 

Journal 2006; 8 (3) Article 62 

  

http://en.wikipedia.org/wiki/ATP_synthase
http://en.wikipedia.org/wiki/Adenosine_triphosphate
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Mitochondrial Membrane Potential 

 

The optimum mitochondrial membrane potential (ΔΨm) is critical for preserving 

important cellular functions and mitochondrial processes as well keeping the 

physiological function of respiratory chain. The Δψm controls ATP synthesis, 

generation of ROS, mitochondrial calcium sequestration, import of proteins into the 

mitochondrion and mitochondrial membrane dynamics (Dai et al., 2014). 

Conversely, Δψm is controlled by ATP utilization, mitochondrial proton 

conductance, respiratory chain capacity and mitochondrial calcium. Depolarization 

might be found in oxidative stress conditions as consequence of mitochondrial 

calcium overload (Joshi et al., 2011). A significant loss of ΔΨm renders cells 

depleted of energy with subsequent increased mitochondrial membrane 

permeability. Hyperpolarization might be related to ATPase inhibition, inadequate 

supply of ADP, increased supply of NADH and apoptosis due to oxidative stress. The 

most used method for driving compound to mitochondria uses of the potential 

gradient across the mitochondrial inner membrane. As a result of moving proton 

and electron through mitochondrial electron transport complexes, a negative 

potential from 150 to 180 mV is generated across the IMM. Lipophilic cations may 

therefore accumulate 100-to 1000-fold in the mitochondrial matrix. A number of 

studies showed increased uptake into mitochondria in TPP+ and VitE -conjugated 

lipophilic sequence (Murphi et al., 2000. Jauslin et al., 2003). The uptake failed in 

depolarized mitochondrial membrane potential (Dhanasekaran et al., 2004), 

because of that the utility of TPP+-conjugated antioxidants is limited in model of 

neurodegenerative disease where mitochondrial membrane potential is impaired. 

To overcoming this problem in 2004 a new class of small cell permeable peptide 

antioxidants targeting mitochondria was described by Zhao and coworkers (Zhao et 

al., 2004). This class of CPPs is described in specific chapter of this thesis.  
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Mitochondrial generation of ROS 

 

Mitochondria are small cellular organelle but consume around 85% of cellular 

oxygen to run the oxidative phosphorylation. As a consequence of mitochondrial 

metabolism, around 2% of oxygen is turned on superoxide anion (O2
-) (Chance, 

1979). The amount of O2
- production is subordinated to mitochondrial metabolic 

state and mitochondrial potential. Superoxide anion is not able to cross cellular 

membranes, but is converted to hydrogen peroxide (H2O2) by mitochondrial matrix 

enzyme MnSOD or by CuZnSOD in the intermembrane space. H2O2 is more stable 

than O2
¯ and can diffuse out of the mitochondria into the cytosol (Szeto, 2006). 

H2O2 can be readily converted on water by mitochondrial glutathione peroxidase or 

catalase. Moreover, H2O2 can reacts with ferrous iron and resulting, through 

Fentom reaction, in highly reactive hydroxyl radicals (OH•). As discussed above 

mitochondria are a major source of reactive oxygen species and superoxide is 

constantly generated during normal respiration by healthy mitochondria. Complex I, 

Complex II and Complex III are mainly involved in ROS production. Complex I 

transfers electrons from NADH to coenzyme Q, at the same time protons pass from 

the matrix to the intermembrane space and the anion superoxide is generated 

during movement of charge by complex I. Complex II reduces Coenzyme Q and is 

also responsible for production of low levels of superoxide anion. Complex III is 

responsible for increased ROS production in a state of decreased electrons transfer. 

In 1966, Jensen and colleagues understood the pivotal role mitochondria in ROS 

producing (Jensen, 1976), but to date, in spite of great knowledge of mitochondrial 

metabolism, a lot of pathway are still unclear. It is important to understand that 

ROS production is inevitable and useful process. Many studies showed the 

implication of ROS in important cellular pathway such as autophagy, signal 

transduction and immune function (Chen, 2007. Niess, 1999). 
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Mitochondrial Antioxidants 

Excess of ROS can be highly dangerous and damage cellular components as protein, 

lipid and DNA, leading to death of cell. Mitochondria and cells in general posses 

different defense system to avoid excess of ROS. These antioxidant network system 

can be rated as enzymatic (superoxide dismutase, catalase) or non enzymatic 

systems (glutathione).  

Superoxide Dismutase (SOD) is widely spread between living organism. All oxygen-

metabolizing cells (Gregory, 1974), many anaerobic bacteria (Hewitt, 1975) also 

fungi (Rapp, 1973) own SOD able to run the dismutation of superoxide radical to 

H2O2. Superoxide is converted to hydrogen peroxide (H2O2) by two types of 

intracellular superoxide dismutase (SOD) under physiological conditions: Cu/Zn-SOD 

in the cytosol and Mn-SOD in the mitochondrial matrix. Subsequently, the produced 

H2O2 is catalyzed into water and molecular oxygen by catalase or gluthatione 

peroxidase (GPx)  

2 O2¯+ 2H+ → O2+ H2O2 

Catalase (CAT, oxidoreductase, EC1.11.1.6) is an enzyme found in all aerobic 

organism and some anaerobic organisms (Brioukhanov et al., 2006). Catalase is 

located in cellular and subcellular compartements (Roels, 1976) and in 

mitochondria matrix (Radi, 1991).The primary function of catalase enzymes is the 

rapid breakdown of hydrogen peroxide into water and safe oxygen. 

2 H2O2 → 2 H2O + O2 

Glutathione (L-y-glutamyl-L-cysteinyl-glycine; GSH,) is a tripeptide synthesized in 

cytosol. Cysteine and glycine are linked by peptide bond and the carboxyl group of 

the glutamate side-chain to the amine group of cysteine by gamma peptide linkage. 

Glutathione has been discovered in animals, plants and fungi (Penninckx, 2000) and 

one of the most important antioxidant in our body, it protects against free radicals, 

http://en.wikipedia.org/wiki/Carboxyl
http://en.wikipedia.org/wiki/Glutamate
http://en.wikipedia.org/wiki/Side-chain
http://en.wikipedia.org/wiki/Amino_acid
http://en.wikipedia.org/wiki/Cysteine
http://en.wikipedia.org/wiki/Glutamate%E2%80%94cysteine_ligase
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H2O2 and reactive nitrogen species (RNS), it is involved in many cellular functions as 

cell signaling, protein function, gene expression, cell differentiation/Proliferation, 

and its depletion is correlated with many disease as neurodegenerative disease. 

GSH is not required by diet but every cells of animal organism can synthesize it, so 

GSH is distributed overall the human body and levels vary according to organs and 

tissues and subcellular compartments (Wu, 2004). GSH is synthesized in the cytosol 

then delivered in different cellular compartments; 12% of total cellular GSH is 

located in mitochondria. The antioxidant action of molecule of GSH is related to 

thiol groups of cysteine by serving as an electron donor. In presence of H2O2, GSH is 

oxidized by Glutathione peroxidase (GPx) to GSH disulfide (GSSG), which is then 

regenerated as GSH by the reaction with GSSG reductase (GSSG red) (Drigen, 2002). 

  

http://en.wikipedia.org/wiki/Electron
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Oxidative stress  

 

Generation of ROS is a physiological consequence of cellular metabolism and useful 

tool to different biological pathways. Cells own different antioxidant systems in 

order to maintain right concentration of ROS. The physiological production of ROS is 

not dangerous, but a spatiotemporal imbalance between ROS production and ROS 

defense systems the starting point of cellular impairments. The reduction of 

antioxidant systems lets to oxidation of membrane phospholipids, proteins, and 

nucleic acids and this condition, named oxidative stress, can lead to necrotic or 

apoptosis cellular death (Zamzami et al., 1997). Oxidative stress has been 

associated to many diseases, including cancer, renal disease, neurodegenerative 

and cardiovascular disease (Hroudová 2014). Several studies showed increased 

levels of ROS in diabetes type 1 and type 2. At the moment, the relations between 

increased ROS and diabetes is not clear but seems that high level of reactive species 

of oxygen contribute to insulin resistance, the basis of diabetes (Rösen, 2001). 

Mitochondria are the major site of ROS, generated as byproducts of the electron 

transport chain. Moreover, mitochondria are continuously exposed to ROS and 

because of that particularly susceptible to oxidative damage. Mitochondrial DNA 

has been shown to undergo oxidative damage. In addition to lipid peroxidation, 

protein oxidation and nitration results in altered function of many metabolic 

enzymes in the mitochondrial matrix as well as in the electron transport chain. A 

particularly relevant protein that loses function upon oxidation is SOD, which would 

further compromise antioxidant capacity and lead to further oxidative stress (Szeto, 

2006). In addition, the excess of ROS seems to be involved in cytochrome C release 

from mitochondria. Cytochrome C is normally bound to the inner mitochondrial 

membrane linked to cardiolipin. Cytocrom C participates supporting function of ATP 

synthesis. High levels of ROS lead to peroxidation of cardiolipin, then to the 

dissociation of Cytochrome C release through the OMM into the cytosol. 

Cytochrome C in the cytoplasm triggers the activation of caspase-9, which triggers 

the caspase cascade and ultimately leads to apoptosis (Liu, 1996). Mitochondria are 
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critical regulators of cell death and a key feature of neurodegeneration, and they 

play important role in cell processes, signaling pathways, calcium homeostasis, cell 

cycle regulation, apoptosis, ROS production, and thermogenesis rendering this 

organelle an important target for the delivery of radical scavengers. Achieving 

successful mitochondrial drug delivery could produce enhanced treatments for 

mitochondria-related disorders and also advance our knowledge of the roles that 

mitochondria play in cellular biology. 
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Cell-Penetrating Peptides 

 

Classification 

 

Over the last two decades, many different short peptide sequences able to 

transport diverse types of cargo molecules across cellular membrane have been 

identified. The continuous development of this field indicates that chemical space is 

rich in peptide sequences that exhibit high levels of cellular uptake. There are 

different ways to classify CPPs, on according to their origin, such as their charge, 

function, hydrophobicity or amphypathicity. One way to classify is to subdivide 

them into protein-derived, chimeric and synthetic or designed CPPs (Table. 1). 

 

Protein–derived CPPs were the first type of CPPs discovered, Penetratin and Tat 

belong to this category. The basic domain of HIV-Tat, which is sufficient for cell 

penetration, and the penetratin peptide, residues 43–58 derived from the third 

helix of Antennapedia protein homeodomain from Drosophila, are arguably the 

most studied CPPs. Both of them are still being used to this date and have in many 

cases been further modified to obtain new CPPs (Saleh et al., 2010). 

Synthetic CPPs are entirely designed, this class ranges from simple polypeptides 

such as poly–argynine (Futaki et al., 2007) to more complicated synthetic 

sequences including the model amphipatic peptide (Oehlke et al., 1998). Synthetic 

CPPs are still less common than protein derived or chimeric CPPs. 

Chimeric CPPs are combinations of protein–derived and synthetic sequences. 

Transportan is typical examples of chimeric CPPs. Transportan is a 27 amino acid-

long peptide. The sequence of Transportan was designed using the natural amino 

terminus of the neuropeptide Galanin and the carboxyl terminus of Mastoparan by 

means of a lysine. (Pooga et al., 1998). 
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CPPs Origin Sequence Ref. 

Tat HIV-1transactivator protein GRKKRRQRRRPPQ Vivès et al.1997 

EB1 Chimeric LIRLWSHLIHIWFQNRRLWKKK Lundberg et al. 2007 

SAP Designed VRLPPPVRLPPPVRLPPP Pujals et al. 2008 

R9 Designed RRRRRRRRR Futaki et al.2001  

TABLE 1. Example of common CPP by classification 

 

CPPs uptake mechanism 

 

A numbers of investigations have been conducted to elucidate how CPPs get into 

the cells (Duchardt et al., 2007). Most of naked peptides CPPs use endocytosis 

mechanism but a variety of uptake mechanisms appear to be operative in different 

systems, and in some cases, the mechanism is cell-type or cargo-specific (Mueller et 

al., 2008). For example, in 2003, Fittipaldi and coworkes showed that TAT uses a 

lipid raft mediated endocytosis when conjugated to a protein (Fittipaldi et al., 

2003) and clathrin–dependent endocytosis if conjugated to a fluorophore (Richard 

et al., 2005). The uptake mechanism was initially considered direct, non–endocytic 

and receptor independent, but later studies showed CPPs can access the cell by two 

distinct routes: energy-dependent vesicular mechanisms, collectively referred to as 

endocytosis, or via a direct process involving translocation of the lipid bilayer, 

especially at high concentrations of peptide, also the same peptide can be taken via 

endocytic and direct pathways (Fig.3) (Duchardt et al., 2007). 

 

Endocytosis 

Endocytic mechanism is an energy dependent form of cellular uptake, is a regulated 

process used by cells to internalize solutes and fluids in the extracellular matrix 

(Yamada et al., 2008). This mechanism is run by interactions between peptide and 

cell membrane constituents, such as negatively charged glycosaminoglycans and 
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phospholipids. In addition, when linked to larger cargos, CPPs can utilize certain 

receptors in order to improve their uptake, such as class A scavenger receptors 

(Lindberg et al., 2013). Endocytosis is commonly divided in phagocytosis and 

pinocytosis. Phagocytosis has generally not been associated with CPPs and is 

reserved only for specialized cells, such as macrophages, monocytes, dendritic cells 

and neutrophiles; is a complex process used to engulf large particles (Aderem et al., 

1999) such as bacteria or dead cells, it has been recently shown that a phagocytic 

process occurs in particles larger than 0.5 µm and is influenced by particle shape 

(Aderem et al., 1999). 

Pinocytosis can be further classified in diverse pathways: clathrin-mediated 

endocytosis (CME), caveolae–mediated endocytosis (CvME), macropinocytosis 

(MP), clathrin and caveolin independent endocytosis (Hillaireau et al., 2009). 

Pinocytosis occurs in all cell types. The exact mechanisms of each of these pinocytic 

processes differ with regard to vesicle structure and the protein machinery utilized, 

they all share a common outcome: extracellular molecules are encapsulated into 

lipid vesicles, which are internalized after resealing of the plasma membrane.  

Clathrin-mediated endocytosis 

CME is the most well studied endocytic pathway. This mechanism starts with 

formation of vesicles, size around 100-150 nm in diameter and coated with a 

complex of proteins mainly consisting of clathrin. Vesicles are formed in specialized 

regions of the plasma membrane called clathrin coated pills. The mechanism of 

their formation is characterized by several steps. Primarily, the enzyme GTPase 

dynamin drives the invagination of the plasma membrane, as the invagination gets 

deeper turns in vesicles (Takey et al., 2001). Afterwards, endocytosed vesicles 

move from the surface of plasma membrane to deeper region of cell, during 

moving, vesicles turn into endosomes, pH around 6, to lysosomes, pH around 5, 

where the cargo is enzymatically degraded (Luzio et al., 2009). 
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Caveolae–mediated endocytosis 

CvME, also called as lipid raft-mediated endocytosis, is a cholesterol, dynamin-

dependent and receptor-mediated pathway (Nichols, 2003). It is characterized by 

endosomes formed from non-clathrin coated plasma membrane but consists of 

thecholesterol-binding protein caveolin and a cholesterol and glycolipid bi-layer. 

The fission of the caveolae from membranes is run by dynamin. Caveolae are 

approximately 50–80 nm in diameter. Their composition and function are highly 

cell-type dependent. Caveosomes are not degraded by acidic pH, therefore the 

cargo can be directly driven to the Golgi and/or endoplasmatic reticulum, avoiding 

normal lysosomal degradation (Bengali et al., 2007).  

Macropinocytosis 

MP is a mechanism of uptake able to take relatively large amounts of non-specific 

substances. MP usually occurs in macrophages and cancer cells, it is characterized 

by formation of actin–driven membrane protrusions which collapse into and fuse 

with the plasma membrane (Hillaireau et al., 2009). The size of vesicles, called 

macropinosomes, is around 200 nm-5 µm in diameter. The fate of macropinosomes 

is still unclear and seems to be cell type dependent. Futaki and colleagues reported 

arginine-rich CPPs are preferentially taken by the cells via macropinocitosis (Futaki 

et al., 2007). 

Clathrin and caveolin independent endocytosis 

This pathway is less studied than the others mechanism of uptake. Endocytosis 

occurs in cells depleted of both CME events and caveolin in cholesterol dependent 

manner, implying distinct endocytic pathways that require specific lipid 

compositions for internalization (Doherty et al., 2009). Clathrin and caveolin 

independent endocytosis can be further divided into dynamin-dependent and 

independent routes. The formed vesicles have different size, heterogeneous shape 

and did not show a protein coat (Kirkham et al., 2005). 
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Direct translocation 

Latest studies suggest that the translocation of polycationic CPPs across biological 

membranes occurred via an energy-independent cellular process, controlled by 

cholesterol and membranous protein (Pae et al., 2014). Direct translocation is 

characterized by destabilization of cellular membrane in an energy and 

temperature-independent manner (Bechara et al., 2013). Different models have 

been proposed to explain this kind of mechanism: inverted micelle formation, 

adaptive translocation and pore formation. Inverted micelle formation starts with 

an intussusception of cellular membrane due an electrostatic interactions and 

subsequent interaction of hydrophobic residues with the membrane core. Micelle 

origin from reorganization of neighbouring lipids at cellular surface, CPP is 

encapsulated by micelle and will be release inside after disruption of micelle 

(Derossi et al., 2002). Adaptive translocation seems to be exclusive for arginine-rich 

CPPs. Guanidium groups of arginines form bidentate hydrogen bonds with the 

phospholipid headgroups on the cell membrane: in this way CPPs get inside the cell. 

The pore formation model allows the passive diffusion of CPPs across the plasma 

membrane. This mechanism of uptake is mainly used by arginine and lysine rich 

CPPs. The attraction between the side chain of amino acid and the phospholipid 

headgroups of the distal layer leads to the formation of a transient pore (Morciano 

et al., 2014)  
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CPPs in drug delivery strategy: Applications and organelle specific 

delivery  

Identification of cellular targets for treatment of different diseases required the 

development of a successful system able to delivery drugs into a target of interest. 

Some therapeutics exhibited excellent properties on in vitro studies, on the other 

hand on in vivo model the utilization was limited by their physicochemical 

characteristics. Uptake and efficacy of several therapeutic compounds are improved 

by CPPs conjugation, creating new opportunity to study biological process and 

making the treatment of several diseases more controlled, less toxic (Veldhoen et 

al. 2006). Different cargoes such as small molecules, imaging agents (Rao et al. 

2007), small molecular drugs and larger cargoes such as oligonucleotides (Meade et 

al. 2007), plasmids and protein (Morris et al. 2001) can be conjugated to CPPs 

(Fawell et al.. 1994) (Fig.4). CPPs are actually one of the most important biological 

tools used to delivery drugs inside specific cellular organelle. 

Fig.3. Mechanism of uptake across the plasma membrane 
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Nuclear Localization Sequences 

Signal peptides are an effective strategy for organelle-specific targeting, used by 

cellular machinery to identify newly translated peptides and traffic them to the 

correct destination in the cell. As the storehouse of genomic DNA, the nucleus is a 

desirable target and the necessary destination for agents used in gene therapy 

(Cartier et al., 2002). Between Nuclear Localization Sequences (NLS) are cellular 

penetrating peptides targeting nucleus. These short cationic sequences, 10 amino 

acids in length, are widely used to achieve nuclear delivery for a variety of DNA 

damaging agents or nucleic acids for gene therapy (Cartier et al., 2002), between 

NLS, Simian virus 40 (SV40) showed high levels of cell permeability and low toxicity, 

because of that has been applied in a lot of studies to drive uptake of DNA in 

nonviral gene therapy (Singh et al., 1998). Other strategy adopted to delivery DNA 

inside the nucleus is encapsulating in polymer nanospheres or phage particles with 

NLS peptide displayed on the exterior (Akuta et al., 2002). L. Benimetskaya and coll. 

used NLS to delivery Antisense oligonucleotides and block translation of Bcl-2 and 

Fig.4. Applications of cell-penetrating peptidies as molecular devilery machine. Modified from 

Stewart et al., 2008 
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PKC-a in prostate and bladder carcinoma cells (Benimetskaya et al., 2002). Gold 

nanoparticles, carboplatin-based anti-cancer therapeutics, and green fluorescent 

protein (GFP) can be driven and localized inside the nucleus by NLS (Tkachenko et 

al., 2003. Wagstaff et al., 2007). At today, many studies show an improvement in 

nuclear localization and demonstrate an improved transfection efficiency (Ludtke et 

al., 1999) 

 

Mitochondria-Target Antioxidants 

Literature shows several examples of CPPs targeting mitochondria, using artificial, 

rather than natural signal sequences (Mahon et al., 2007). Mitochondrion is an 

important target of drug therapy due to its role in the pathology of cancer, 

neurodegenerative diseases and other diseases dealing with reactive oxygen 

species. Oxidative stress is the beginning or a consequence of several pathological 

conditions. Mitochondria are often the organelles where oxidative stress starts or 

main target of oxidative stress, therefore the mitochondrion represents candidate 

of significant interest for organelle-specific exogenous molecules. Hindering 

oxidative stress with delivering of antioxidant has been found to be effective in 

many animal models of diseases associated with oxidative damage (Chao, 2014. 

Kim, 2014). Sometimes, administration of antioxidants have exacerbated the 

oxidative condition instead of leading to significant benefits, this conflicting action is 

named antioxidant paradox (Halliwell, 2000). Some antioxidants beside their 

antioxidant action can have a prooxidant action especially in the presence of metals 

such as iron (Fe) which starts Fenton reaction (Murakami et al., 2007). High hopes 

and expectations in vitro about promising antioxidants have turned into delusions 

when the same results were not obtained in vivo studies. Up to now, there are 

literally dozens of completed or ongoing clinical trials using such antioxidants as 

vitamin E, epigallocatechin gallate (EGCG), resveratrol, curcumin, pramipexole, 

latrepirdine, ubiquinone, lipoic acid, idebenone, Ginkgo biloba, and N-acetylcysteine 

(Mecocci et al., 2012). Unfortunately, only a handful of these trials have yielded 
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positive results, since several showed a negative association between antioxidant 

supplementation and positive outcomes. A significant challenge to mitochondrial 

drug delivery is the impervious structure of the hydrophobic inner membrane. 

Some antioxidants do not penetrate cellular or mitochondrial membranes therefore 

they are not effective against intracellular ROS, others are very lipophilic and tend 

to be retained in cell membranes (Dixon et al. 2007). Many efforts have been done 

in order to develop an ideal antioxidant and there is still a long way to go and crucial 

questions remain to be answered. Does the “ideal” antioxidant really exist? Several 

research groups are looking for this answer. The ideal antioxidant should be cell-

permeable and able to target mitochondria therefore it can protect against 

oxidative damage and prevent mitochondrial impairmet. Latest results showed that 

two properties are important for passage across both the plasma and mitochondrial 

membranes: positive charge takes advantage of the potential gradient to get into 

mitochondria, lipophilic character in order to allow partitioning of the molecule 

through the lipid bilayer (Rosania et al., 2003). 

 

TPP+-conjugated  

Several mitochondria-targeted antioxidants have been developed and are currently 

undergoing preclinical testing. In the past, the most common strategies used for 

delivering compounds into mitochondria have relied on the conjugation of known 

redox agents to triprenylphosphonium ion (TPP+) (Adlam et al., 2005). It is an 

example of a cationic hydrophobic molecule with delocalized charge that can cross 

the mitochondrial membrane without a transporter. Another strategy is aromatic-

cationic tetrapeptides that selectively target the inner mitochondrial membrane 

without relying on mitochondrial potential. TPP+ has been conjugated to lipophilic 

antioxidants such as coenzyme Q (MitoQ) (Skulachev et al., 2009), plastoquirone 

(SkQ1) (Smith et al., 2012) and Vitamin E (MitoVitE) (Murphy et al.,2000. Sheu et 

al., 2006). They showed an increased uptake in comparison to the same molecule 

without carrier and improved action in reducing intracellular ROS, preserving 
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reduced thiols, and reducing oxidative cell death (Kelso et al., 2001). In particular, 

MitoVitE was reported to be 800-fold more potent than idebenone protecting 

against GSH depletion in cultured fibroblast from patients with Friedreich’s Ataxia 

(FDRA). Furthermore, MitoVitE is 350-fold more potent than trolox (water soluble 

Vitamin E analog) (Szeto, 2006). Intraperitoneal and intravenous administrations of 

TPP+ were used in mice and the times of uptake and distribution were controversial. 

Uptake was obtained in the liver 1 hour after intraperitoneal injection, but was not 

detected in the brain and in the heart after 20 hours. TPP+ conjugated to MitoVitE 

was detectable in the heart 4 days after administration while levels in the brain 

were still really low (Smith et al., 2003). These TPP+-conjugated were evaluated on 

ischemia-reperfusion injury but not yet on models of neurodegenerative diseases. 

The utility and applicability of TPP+ is also limited by their mechanism of uptake. 

They need a normal mitochondrial potential to get this organelle, but all the 

neurodegenerative diseases are associated with abnormal mitochondrial potential. 

Furthermore, study on isolate mitochondria demonstrated that concentrations of 

TPP+ greater than 20 µM lead to wasting of IMM potential (Smith et al., 1999). 

 

Choline Esters of Glutathione and N-Acetyl-Cysteine 

Glutathione is a tripeptide (L-γ-glutamyl-L-cysteinyl-glycine) with strong antioxidant 

activity, detoxifying ROS and preventing thiol oxidation. Mitochondria are not 

capable to synthesize glutathione. The synthesis of glutathione occurs in the 

cytoplasm and transported into mitochondria by dicarboxylate and 2-oxoglutarate 

carriers (Chen et al., 2008). N-Acetyl-L-Cysteine (NAC) arises from the amino acid L-

cysteine, it exhibits antioxidant activity (Xue et al., 2011. Reliene et al., 2004) as 

well is also used to provide cysteine for glutathione synthesis. Both of them are 

really useful in protecting mitochondria against oxidative damage. Using the same 

approach as TPP+-conjugated described above, Sheu and co-workers prepared 

choline esters of glutathione and NAC to increase the uptake of glutathione and 
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NAC into mitochondria (Sheu et al., 2005). These compounds make use the 

negative internal potential of mitochondria, which leads and regulates their 

concentration in mitochondria. Ester of Glutathione is a membrane/lipid permeable 

derivative of GSH that is used to restore the GSH pool within cells subjected to 

cysteine and/or GSH depletion. Preliminary in vitro studies demonstrated that they 

are able to avoid depolarization due to hydrogen peroxide in neonatal rat 

ventricular myocytes and striatal neurons, but to date but in vivo animal studies are 

not yet accessible (Szeto et al., 2006). 

 

Szeto-Schiller Peptides 

Date back in 2000, synthesis of the short Szeto-Schiller peptides (SS-peptides), the 

most promising mitochondria-targeted antioxidant peptide (Schiller et al., 2000). 

The Szeto-Schiller (SS) compounds are tetrapeptides (Fig. 5) designed for 

alternating aromatic residues and basic amino acids (aromatic-cationic peptides), 

they are characterized by tyrosine (tyr) or dimethyltyrosine (Dmt) residues in order 

to increase antioxidant activity and the presence of D-amino-acid in either the first 

or second position to minimize aminopeptidase degradation, amidation of C-

terminus to reduce hydrolysis from C-terminus (Schiller, 2006). Scavenge activity of 

SS-peptides was proved first in vitro using luminol chemiluminescence, then 

antioxidant properties of SS-peptides were further established by inhibition of fatty 

acid peroxidation and low density lipoprotein (LDL) oxidation (Zhao et al., 2004). 

The antioxidant action of SS-peptides is dose dependent manner and can be 

attributed to Tyr or Dmt residues can scavenge H2O2, OH. and ONOO.. The sequence 

position of the Tyr or Dmt residue is not important in scavenging ROS and inhibiting 

LDL oxidation but replacement of Dmt with phenylalanine (Phe) resulted in 

complete loss of antioxidant activity (Zhao, 2004). Tyr, or Dmt, can scavenge 

oxyradicals forming relatively unreactive tyrosyl radicals, which can be followed by 

radical-radical coupling to give dityrosine, or react with superoxide to form tyrosine 
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hydroperoxide (Hazel et al., 2006). Dmt is more effective than tyrosine in 

scavenging of ROS because bears much structural similarity to vitamin E, indeed 

both have the methylated phenol structure. Zhao and colleagues showed that upon 

induction of oxidative stress by tertbutylhydroperoxide (tBHP), cells treated with 

the SS-peptides decreased levels of mitochondrial reactive oxygen species and 

halted the progression of apoptosis (Zhao et al., 2004). All of SS peptides show 3+ 

net charges at physiologic pH and they are taken up into cells in an energy-

independent non saturable manner. The uptake is really fast, several studies 

showed that SS-20 peptide is taken up into cells in less than 30 minutes and can 

freely pass through the plasma membrane in both directions (Zhao, 2004). The SS-

peptides targeting preferentially the inner mitochondrial membrane, indeed SS-31 

and SS-02 are taken 1000-fold and 10,000-fold respectively, in liver and brain mouse 

mitochondria (Zhaoet al., 2004. Zhao et al., 2005) and concentrate in mitochondria 

1,000-fold more than the cytosolic concentration (Zhao, 2004). The mechanism of 

uptake into mitochondria is not self limiting but how it works is still unclear. During 

uptake of SS-peptides there is not a well defined formation of vesicles, typical of an 

endocytosis uptake. The uptake of these aromatic-cationic peptides is not 

dependent on mitochondrial membrane potential, a study showed that they are 

also concentrated in FCCP depolarized mitochondria (Doughan, 2007). Experience 

has taught us that talking about drug development to cross the blood brain barrier 

(BBB) is the maximum impediment for new drugs. Studies have shown ability of 

SS02 to get mouse brain in 5 minutes after intraventricular injection (Gifford A., 

2004, unpublished data). Between SS-peptides, the short SS-31 peptide developed 

by Szeto is the most promising mitochondria-targeted antioxidants (Zhao, 2004) its 

antioxidant potentialities were confirmed against different types of adverse 

treatments in both in animal (Huang et al., 2013) and in vitro models (Zhao et al., 

2013). A number of studies confirmed the potential applicability of SS-peptides on 

different pathological conditions. Both SS-02 and SS-31 impeded myocardial 

stunning when administered upon reperfusion after 30 minutes ischemia in the ex 

vivo guinea pig heart (Wu et al., 2002) and SS-31 reduced infarct volume when 
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administered to mice after acute cerebral ischemia (Cho et al., 2005). SS-31 was 

evaluated in animal models of neurodegenerative disease, PD (Yang et al., 2009) 

and Amyotrophic lateral sclerosis (ALS) (Petri et al., 2006). Nowadays, SS-peptides 

are the most promising approach with targeted delivery of antioxidants to 

mitochondrial organelle. Their extraordinarily potent in protecting against oxidative 

cell death is already proven by a number of publications. Moreover, they have an 

excellent pharmacokinetic profile and they are easily “druggable”, small, easy and 

fast to synthesize, readly soluble in water and resistant in human serum until to six 

months to (Schiller et al., 2000).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Name  sequence 

SS-02  Dmt-d-Arg-Phe-Lys-NH2 

SS-20  Phe-d-Arg-Phe-Lys-NH2 

SS-31  d-Arg-Dmt-Lys-Phe-NH2 

SS-19 Dmt-d-Arg-Phe-A2bu-NH2 

Fig. 5. Structre and sequence of SS-peptidesAdopted from Sheu et al., 2006 
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GOAL OF THE THESIS 
 

Mitochondria are subcellular organelles involved in pivotal metabolic cellular 

pathways. Mitochondria developed a special membrane structure and network of 

antioxidant systems to help preserve its functions. A number of studies showed that 

the onset or the exacerbation of many diseases is caused by mitochondrial 

impairment (Szarka et al., 2014). Mitochondrion is an expecially interesting 

organelle for drug therapy given its role in the pathology of cancer, 

neurodegenerative diseases, and other diseases characterized by oxidative stress 

(Weissig et al., 2004). Drugs could be necessary for both inhibiting mitochondria in 

order to kill cancer cells as well as to protect the cells from oxidative damage and to 

repair dysfunctions. Over the years different strategies have been developed in 

order to get access to mitochondria, but its complex structure was often a tough 

hurdle to overcome so gaining access to this organelle could be difficult. Lately, the 

most useful strategy is based on cell penetrating peptide targeting mitochondria. 

Nowadays a novel class of small cell-permeable peptide antioxidants reported a 

great deal of attention. The structural motif of these peptides, named Szeto-Schiller 

peptides (SS-peptide), is characterised on alternating aromatic residue and basic 

amino acids (Szeto, 2006). This thesis was focused on the synthesis of a new short 

cell penetrating antioxidant peptide able to cross cellular membrane and target 

mitochondria. Gaining access to mitochondria means make easier treatments on it. 

The final purpose was to use antioxidant actions of this peptide to protect 

mitochondria against oxidative stress and due of its “druggable” properties use it as 

new tool on drug delivery strategy.  

 

Adopted from Schiller et al., 2000 
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MATHERIAS AND METHODS  
 

Solid phase Peptide Synthesis (SPPS) 
 

A Peptide is a chemical compound consisting of amino acids condensed with each 

other through a peptide bond or amide bond between α-carboxyl group of residue 

and the α-amino group of next amino. Peptides have a maximum of 50 amino acids 

(Jones, 1991) and the term protein describes molecules with more than 50 amino 

acids. Peptides have a wide range of applications in medicine and biotechnology, for 

this reason solid phase peptide synthesis (SPPS) plays today a pivotal rule in the 

area of development of new therapeutic strategies, allowing the chemical synthesis 

of peptides and small proteins. SPPS has been used for the first time by Merrified 

(Merrefield, 1973), starting a revolutionary approach to the chemical synthesis of 

polypeptides. The basic principle of SPPS is the stepwise addition of protected 

amino acid to a growing peptide chain bounded by its C-terminal carboxylic acid by 

a covalent bond to a solid, stable and inert resin particle (Fig. 6). By-products and 

excess reagents may be removed easily by filtration and washing. Peptide Synthesis 

starts from Carboxyl-Terminus (COOH-Terminus, or C-terminal end) to Amino-

Terminus (NH2-Terminus, or N-terminal end), adding one by one activated amino 

acids. Activation of the carboxyl component of amino acids is based on formation of 

active esters. The activation makes more electrophilic carboxyl group, because of 

that α-carboxyl group of the amino acids is activeted to facilitate nucleophilic attack 

by the α-amino group of the previously coupled amino acid. Peptide bond is 

assisted by presence of coupling reagents, called also auxiliary nucleophiles. The 

newest coupling reagents belong to uranium and phosphonium salt. The use of 

these reagents has been reported to be more convenient and superior. Some of the 

most commonly used coupling reagents are BOP, PyBOP, TBTU, HBTU, HATU, TFFH, 

PYBrOP, TOTU (Hudson, 1988). Coupling and activation of amino acids are really 

important step, on account of this the amount of reagents is at least 10 times more 

http://www.exchemistry.com/chemical-synthesis.html
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than amount of resin. Good outcome of reaction depends on availability of only a 

single nucleophile during acylation reaction, therefore is necessary to block those 

functional groups that must not participate in the peptide bond formation. In 

peptide synthesis the α-amino group are protected with temporary protecting 

groups, which are cleaved after each coupling reaction, and the functional groups of 

the amino acid side chains are protected with permanent protecting groups, which 

are cleaved after the synthesis is completed. In SPPS two main strategies are used: 

Boc /Benzyl-based strategy, Fmoc/tert-butyl-based strategy. Tert-butyloxycarbonyl 

(Boc) was first applied in 1950s; this group is stable towards most nucleophiles and 

bases, it is cleaved by acid e.g. Trifluoroacetic Acid (TFA) in Dichloromethane (DCM) 

or others strong acids e.g. HBr in TFA. This strategy is based upon the graduated 

acid lability of the side-chain protecting groups. In Boc/benzyl-based SPPS a number 

of side reactions may be caused by repetitive acid treatments during the synthesis 

and the use of a strong acid for the final deprotection. In order to avoid side 

reactions generated by Boc strategy, a new protocol based on orthogonal 9-

fluorenylmethyl-oxycarbonyl (Fmoc) protecting group was developed by Carpino 

and Han. (Carpino, 1972). The Fmoc group is stable to acid, but is clave by base, e.g. 

piperidine in DMF, or tert-butyloxycarbonyl. Fmoc-based SPPS method is now the 

method of choice for the routine synthesis of peptides. Semi permanent protection 

groups for functional amino acid side chains are removed when synthesis ends. 

There are different protecting group strategies that allow in selecting amino acid 

being protected on the base of amino acids side chains. Cleavage and final 

deprotection are really important steps in peptide synthesis. The cleavage cocktails 

frequently used is a mixture of TFA and scavengers. The SPPS involves numerous 

repetitive steps. After loading the first amino acid, the desired peptide sequence is 

assembled in a linear fashion from the C-terminus to the N-terminus, alternanting 

deprotection and coupling of amino acids until the desired sequence is obtained. 

This technique has made the synthesis of peptides faster: averagely, each amino 

acid is added every hour, just the time required in order to complete the reaction. 
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In a final step, the peptide is released from the resin and the side-chain protecting 

groups concomitantly removed. 

 

 

 

 

 

 

 

 

 

 

 

  

Fig.6. General scheme of solid phase peptide synthesis, SPPS. Adapted from Amblard et 

all., Peptides synthesis and application. Vol. 298. Humana press 2005 
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Manual Synthesis of MitPep-peptide and SS31 peptide 

 

All the peptides were synthesized manually by solid phase peptide synthesis using 

Fmoc-chemistry protected amino acids and 1,3-diisopropylcarbodiimide (DIC):1- 

(HOBt) as coupling agents (Soomets et al., 2005). SPPS can be performed in classical 

glass reaction vessels that can be made by glassblowers or purchased from 

manufacturers, alternatively syringes equipped with PTFE or glass frits may also be 

used. For the peptide synthesis Fmoc-Rink-Amide-MBHA-resin was usually used. 

Before starting the solid phase synthesis, the resin was swollen in an adequate 

solvent such as DCM or DMF. Couplings were performed with Fmoc-protected D or 

L-amino acids and tree activators 1H-benzotriasole-1-yl)-1,1,3,3-

tetramethyluronium tetrafluoroborate (TBTU), N-hydroxybenzotriazole (HOBt) and 

N,N-diisopropylethylamine (DIPEA) in  N,N-dimethyl formamide (DMF) for 45’ each 

coupling (Table. 2), the Fmoc group was removed with piperidine (20% v/v) in DMF 

(20min). The success in each coupling and deprotection step were evaluated by 

qualitative Kaiser test. Typically compared to the resin, 2–10 times excess of 

activated amino acid is used. This excess allows a high concentration of reactants 

(typically 60–200 mM) to ensure appreciable amount of products (Muriel et al., 

2006). The final cleavage from the resin/deprotection of the peptides was 

performed to minimize the by-products formation resulting from Rink amide resin 

at high concentrations of trifluoroacetic acid (TFA). The peptide was deprotected 

from permanent groups and detached from the resin and by adding trifluoroacetic 

for peptide lacking cysteine acid (TFA) 95% (v/v), water 2.5%(v/v), triisopropylsilane 

(TIS) 2,5% (v/v); for peptides containing cysteine or metionine TFA 94% (v/v), water 

2,5% (v/v), 1,2-Ethanedithiol (EDT) 2,5%(v/v), TIS 1% (v/v), both mixture per 100 mg 

of resin. Cleavage and deprotection are one of the crucial steps in peptide synthesis, 

is not a simple reaction, but a series of competing reactions, it takes at least 3 hours 

at room temperature, under gentle stirring. To induce peptide precipitation, the 

cleavage mixture dropwise was added to cold (-20) ether in a 50-ml falcon tube, 
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about 40 ml ether for 3 ml cleavage cocktail, centrifuge at 7000 rpm for 5 minutes. 

Then slowly and carefully ether solution was decanted to a waste container 

avoiding shaking up the precipitate, was repeated two times to get rid of residual 

TFA and scavengers. The crude precipitate was left under fume hood until ether 

evaporated completely. The crude peptide was obtained in solid form through 

lyophilization of the acetic acid extract. A fluorescent analog containing 5,6-

carboxyfluorescein (FAM) was prepared for mitochondrial and cellular uptake 

studies 

 

 

 

 

 

 

 

Purifiction of peptides by HPLC and mass evaluation by MALDI-TOFF 
 

The crude peptides were purified by reverse-phase high performance liquid 

chromatography (RP-HPLC) on a BioBasic C-8 column (Thermo Scientific, Sweden). 

The stationary phase was porous silica, covalently bound to a non–polar compound 

such as octadecyl silane (C18) or octysilane (C8). The convenient mobile phase for 

the separation of peptides was a gradient elution system where the composition of 

the solvent was continuously changed by a gradient programmer. All solvents used 

in HPLC systems must be of specific grade to keep save column and allow the use of 

a highly sensitive detection system. Routinely the crude peptides were purified 

employing an acetonitrile (ACN)/water mixture with a gradient of 0.1% TFA. Crude 

Compound  MW Equivalents mmol 

Peptide resin  1 0.065 

Fmoc-amino acid  4 0.26 

HCTU,0.5M in DMF  413.17 4 0.26 

6-Cl-HOBt 0.5M in NMP 169.57 4 0.26 

DIPEA, 5.84M neat 129.3 8 0.52 

TABLE. 3. Relative amount used during synthesis of peptides 
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peptide was lyophilized, briefly, to dilute the correct peptide fraction in few 

millilitres of MQ water and freeze at -80°C for 24 h, then make holes into the cap of 

the tube with a syringe needle. Thereafter the tube of freezed peptide with solution 

was put into vacuum machine overnight. Each peptide was at least 98% pure as 

assessed by analytical reversed-phase HPLC. Molecular mass of peptides was 

determined by a matrix–assisted laser desorption/ionization time-of-flight mass-

spectrometry (MALDI–TOFF) (Voyager-DE STR, Applied Biosystems), the values were 

compared with theoretical mass. According to the Applied Biosystems guidelines, 

saturated solution of α-cyano-4-hydroxycinnamic acid was chosen for the matrix (10 

mg/ml in 50:50 ACN/water mix with 0.1% TFA content). MALDI is an ionization 

technique based. In this technique the sample is crystallized together with a matrix 

which is irradiated by a UV–laser beam. The matrix is ionized by the laser and some 

of its charges achieve the analyte, generating molecular ions of the analyte, in the 

same time protecting it from direct ionization by the laser. The time of flight 

detector evaluates the spent time for the analyte ion to reach a detector at known 

distance. This time depends on the mass-to-charge ratio of the particle and might 

be used to get the mass of the ion. 

 

Cell culture 
 

HeLa 705, cervical human cellular line was chosen to evaluate biological effects and 

uptake of MitPep. HeLa cells are important tool on biological science and medical 

research, they are the first immortal human cells ever grown in culture, many 

scientific landmarks since then have used HeLa cells, including cloning (Leid et al., 

1992), gene mapping (He et al., 2014), in vitro fertilization (Ashizawa et al., 1992), 

drug delivery strategy (Bracht et al., 2014). HeLa 705 cells (human cervical cancer 

cell line) were cultured as subconfluent monolayers in 75cm2 cell culture flask. HeLa 

705 in Dulbecco's Modified Eagle Medium (DMEM) (lifetechnologies) supplemented 

with 10% (v/v) fetal bovine serum (FBS), 1% non-essential amino acid (GIBCO) and 

http://www.google.se/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CC8QFjAA&url=http%3A%2F%2Fwww.lifetechnologies.com%2Fdmem.html&ei=9HPPU-6QEObhywPWiIKoCw&usg=AFQjCNGCNGbbzuDygVMNn1pHsG_zD2Ijww&bvm=bv.71667212,d.bGQ
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1% Penicillin-Streptomycin (life technologies), kept in a humidified incubator at 37o 

C, 5% CO2. Cells grown to subconfluence were enzymatically dissociated from the 

surface with a solution of 0.05% trypsin/0.53mM EDTA 

(ethylenediaminetetraacetic). To evaluate viability, mitochondrial membrane 

potential and ROS production, cells were plated at 1 X104 cells/well in 96 well plates 

24h prior to the experiment. To isolate mitochondria 7X106 cells were plated in 275 

cm2 cell culture flask 3 days prior to experiment. For cellular uptake experiments 

and microscopy studies cells were plated at 7,5X104 cells were plated in glass 

bottom disches. For fluorescence studies was used a fluorescent analog FAM-MIP1 

conjugated. 

 

Cell viability assay 
 

Cell viability was determined by conventional WST-1 assay (Roche Diagnostics 

Scandinavia AB, Sweden). WST-1 reagent is designed to be used for the 

quantification of cell proliferation using 96 well-plate format, it is a colorimetric 

assay based on reductases activity of mitochondrial succinato deidrogenase. A 

tetrazolium salt is reduced to formazan dye by active mitochondria, the amount of 

dye is correlated to the number of cell with active succinato deidrogenase. Briefly, 

HeLa 705 cells were plated at a density 1X104 cells/well in 96-well plates and 

allowed to grow for 24 h before treatment with MIP1. The concentration of MIP1 

stock solution was 1 mM in MilliQ water, different working solutions were 

prepared. Cells were treated at the final concentrations 0.5-5-50-100 μM in 100 μl 

of complete medium for 24 h and H2O2 200 μM for 24h was used as positive 

control. Cell proliferation reagent WST-1 was added to each well at final dilution 

1:10, in this case 10μl/100μl. After 4 h incubation the absorbance was measured at 

450 nm on Sunrise microplate absorbance reader (Tecan, Switzerland). The same 

assay was performed in order to evaluate the viability after H2O2 treatment. Briefly, 

HeLa 705 cells were plated and treated as described above. Cells were insulted by 

http://www.google.se/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCQQFjAA&url=http%3A%2F%2Fwww.lifetechnologies.com%2Forder%2Fcatalog%2Fproduct%2F15070063&ei=gnXPU4iAG6jnygOKmYCwCw&usg=AFQjCNHT8Q3PcQ-Tibfi2RW0i4rwWgijIA&bvm=bv.71667212,d.bGQ
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two different hydrogen peroxide conditions: treatment of MIP1 for 30’ or 2 h before 

to receive H2O2 200 μM, then kept in a humidified incubator at 37o C, 5% CO2 for 24 

h. Cell proliferation reagent WST-1 was added to each well as described above, after 

4 h substrate reaction the absorbance was determined at 420 nm. Cell viability of 

treated cells was expressed as a percentage of the viability of cells MIP1 or H2O2 

untreated. 

 

Mitochondrial membrane potential assay 
 

Mitochondrial membrane potential was evaluated using the fluorescent probe 

TMRE (tetramethylrhodamine methyl ester) (TMRE, mitochondrial potential 

membrane, assay kit. Abcam). TMRE is a cell permeant, positively-charged, red-

orange dye that readily accumulates in active mitochondria due to their relative 

negative charge. Depolarized or inactive mitochondria have a reduced 

mitochondrial membrane potential and fail to sequester TMRE. Briefly, HeLa 705 

cells were plated in 96 well plates 24h prior to receive treatments. The day after 

cells were treated with MIP1 for 24h at the same concentrations described above, 

H2O2 200 μM was used as positive control. Cells were loaded with TMRE 400 nM 

and were kept at 37°C-5% CO2, protected from light. After 30’ of TMRE staining, 

media was aspired and cells were washed once with 0.2% BSA in normal PBS to 

remove background fluorescence from the culture media, 100μL/well of 0.2% BSA 

in normal PBS was added. The plate was read on a fluorescence reader with settings 

suitable for TMRE (more details see below). The same assay was performed in order 

to evaluate the ability of MIP1 to restore a normal mitochondrial membrane 

potential after insult of H2O2. Briefly, HeLa 705 cells were plated and treated with 

MIP1 at the same concentrations described above, after 2 h cells were insulted by 

H2O2 200 μM, kept for 24 h of incubation at 37°C-5% CO2. TMRE was added to each 

well at concentration described above. After30’, media was aspired and cells were 

washed once with 0.2% BSA in normal PBS and replaced with 100μL/well of 0.2% 
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BSA in normal PBS. Semi-high throughput screening (HTS) fluorescence reader 

(FlexStation II, Molecular Devices) was used and Fluorescence at 518/580 (ex/em) 

was registered in order to measure the production of ROS by mitochondria. 

Fluorescence at 549/575 (ex/em) (TMRE-tetramethylrhodamine, ethyl ester) was 

registered for interrogating mitochondrial membrane potential in live cells. ΔΨm 

polarizations were observed on increasing TMRE relative fluorescence unit, and 

decreasing TMRE relative fluorescence unit were associated to depolarization. After 

an initial 20 seconds baseline recording, 10 µl of reference chemical dilutions 

(prepared at 10 times the final well concentration) was transferred automatically by 

the FlexStation II to plate wells (6 wells per reference chemical concentration) and 

fluorescence was read for another 220 seconds. The mean of the values from the 

baseline recording was set to zero, and the size of CMP change was quantified as 

area under the curve, using the SoftMax® Pro 4.8 software (Molecular Devices). 

Mitochondrial membrane potential on treated cells was expressed as a percentage 

of the mitochondrial membrane potential on untreated cells or H2O2 treated cells. 

 

ROS production assay 
 

Mitochondria’s ROS production was measured by fluorescent probe MitoSOX Red 

mitochondrial superoxide indicator (Invitrogen Detection technologies). MitoSOX 

Red reagent is rapidly and selectively targeted to the mitochondria. Once in the 

mitochondria, MitoSOX Red reagent is oxidized by superoxide and exhibits red 

fluorescence (Invitrogen Detection technologies). As manufacture protocol 

suggests, one vial of MitoSox reagent was dissolved in 13 μL of dimethylsulfoxide 

(DMSO) to make a 5 mM MitoSOX reagent stock solution, the 5 mM MitoSOX 

reagent stock solution (prepared above) in HBSS/Ca/Mg to make a 5 μM MitoSOX 

reagent working solution. Briefly, HeLa 705 cells were plated in 96 well plates 24h 

prior to receive treatments. The day after cells were treated with FAM-MIP1 for 24 

h at the same concentrations previously described. Cells were loaded with MitoSOX 
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5 μM and were kept for 10’ of incubation at 37°C-5% CO2, protected from light. 

After MitoSOX staining, media was aspired and cells were washed once with 0.2% 

BSA in normal PBS to remove background fluorescence from the culture media, 

100μL/well of 0.2% BSA in normal PBS was added. The plate was read on a 

fluorescence reader (more details see below). The same assay was performed in 

order to evaluate the ability of MIP1 to save normal levels of ROS in insulted cells by 

H2O2. Briefly, HeLa 705 cells were plated and treated as described above. After 2 h 

treatment of MIP1, cells were insulted by H2O2 200 μM and kept for 24 h of 

incubation at 37°C-5% CO2. MitoSOX was added to each well at concentration 

described above. After 10’, media was aspired and cells were washed once with 

0.2% BSA in normal PBS and replaced with 100μL/well of 0.2% BSA in normal PBS. 

The absorbance was measured by fluorescence reader. Semi-high throughput 

screening (HTS) fluorescence reader (FlexStation II, Molecular Devices) was used 

and Fluorescence at 518/580 (ex/em) was registered in order to measure the 

production of ROS by mitochondria. Fluorescence at MitoSOX (Ex: 510nm, Em: 

580nm) was registered for interrogating levels of ROS in live cells. More amount of 

ROS were observed on increasing MitoSox relative fluorescence unit, and 

decreasing MitoSox relative fluorescence unit were associated to decreased oxidant 

species. After an initial 20 seconds baseline recording, 10 µl of reference chemical 

dilutions (prepared at 10 times the final well concentration) was transferred 

automatically by the FlexStation II to plate wells (6 wells per reference chemical 

concentration) and fluorescence was read for another 220 seconds. The mean of 

the values from the baseline recording was set to zero, and the size of CMP change 

was quantified as area under the curve, using the SoftMax® Pro 4.8 software 

(Molecular Devices). Amount of fluorescence in treated cells was expressed as a 

percentage of the amount of fluorescence in MIP1 or H2O2 untreated cells. 
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Measurement of mitochondrial uptake of (FAM) 

5(6)carboxyfluorescein-MIP1 conjugated on isolated mitochondria 
 

In order to evaluate mitochondrial uptake of MIP1, mitochondria from HeLa 705 

cells were extracted following the instruction of Mitochondria Isolation Kit for 

cultured cells (Thermo Scientific, Pierce, USA). It was essential to start with an 

appropriate amount of cultured cells to obtain a visible and experimentally 

manageable pellet of the mitochondrial fraction. Briefly, according to the method 

by Zhao K. et al. (Zhao et al., 2004) for uptake study isolated mitochondria from 20 

106 cells were incubated in 0.3 ml buffer (10 mM TrisHCl pH 6.7, 0.15 mM MgCl2, 

0.25 mM sucrose, 1 mM Phenylmethanesulfonyl fluoride (PMSF), 1 mM 

Dithiolthreitol (DTT) containing 5 μM of fluorescent polyanionic probe FAM-

conjugated to MIP1, time of treatments was 4 h at RT. Uptake was stopped by 

centrifugation (12,000 X g for 5’ at 4° C), the mitochondrial pellet was washed twice 

and resuspended in 0.3 ml of phosphate buffered saline (PBS). Mitochondrial 

suspension was split into three rates, 100µl volume each and transferred in 96 

plates black well. Mitochondrial uptake of FAM was determined using same 

procedure. Fluorescence at 494/519 nm (ex/em) (FAM) was registered every 

2 seconds in a semi-high throughput screening (HTS) fluorescence reader 

(FlexStation II, Molecular Devices) to quantifying the peptides into the cells or into 

the isolated mitochondria. After initial 20 seconds baseline recording, 10 µl of 

reference chemical dilutions (prepared at 10 times the final well concentration) was 

transferred automatically by the FlexStation II to plate wells and fluorescence was 

read for another 220 seconds. The mean of the values from the baseline recording 

was set to zero, and the size of CMP change was quantified as area under the curve, 

using the SoftMax® Pro 4.8 software (Molecular Devices). Amount of fluorescence 

in FAM-MIP1 complex treated cells was expressed as a percentage of the amount of 

fluorescence in FAM treated cells 

 

http://www.google.it/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&cad=rja&uact=8&ved=0CD8QFjAC&url=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsigma%2Fp7626&ei=SF5OVKr-LNfeatu8gqgF&usg=AFQjCNFcJviNjY2mHX3ivvEWepUVgI4qlw&bvm=bv.77880786,d.d2s
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Cellular uptake and intracellular localization of MIP1 Peptide 
 

FAM-MIP1 uptake in HeLa 705 cells was carried out as previously described (Zhao et 

al., 2004). Cells were incubated with FAM labeled MIP1 (5 μM) for 4 h at 37° C and 

imaging was performed. In order to identify MIP1 intracellular localization, a final 

concentration of 5 μM FAM labeled MIP1 or SS31 was incubated with HeLa 705 cells 

for 4 h at 37° C. To demonstrate mitochondrial localization, TMRE (100 nm) 

mitochondrial dye was added to the medium 4 h after and nuclear dye Hoechst 

33358 (50 nm) 15’ after TMRE. The cells were washed three times with PBS. Imaging 

was performed on living cells using Leica DM/IRBE 2 epi-fluorescence microscope 

controlled by micro manager (Edelstein et al., 2010) with a 63 × 1.4 NA oil 

immersion objective. Emission were collected between 494 and 519 nm (FAM-5(6)-

Carboxyfluorescein), 549 and 575 nm (TMRE red fluorescence), 352 and 461 nm 

(Hoechst 33358-Pentahydrate (bis-Benzimide). Cells were manually segmented and 

region intensities were quantified using Fiji (ImageJ) (Schindelin et al., 2012). 

 

Statistical Analisys  
 

All data were expressed as mean ± standard deviation. Statistical analyses were 

performed using GraphPad Prism software v. 5.00. Comparisons between two 

values were performed using an unpaired Student t test 
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RESULTS 
 

Design of MIP1 peptide  
 

Using the solid-phase synthesis protocol described above, a new short peptide was 

synthesized. MIP1 is a tetrapeptide, its sequence was designed to display at least 

three characteristics known as important to targeting mitochondria: positive 

charge, lipophilic character and alternating aromatic residues and basic amino acids. 

The release of protons from the mitochondrial matrix to the intermembrane space 

generates a negative potential (-150/-180Mv) in mitochondrial inner membrane 

(Dai et al., 2014). The negative potential works as attractive point on the use of 

lipophilic cations to deliver redox agents into mitochondrial matrix. Lipophilicity is 

an important condition in order to obtain selective peptide targeting mitochondrial 

and to allow partitioning of the peptides through the lipid bilayer (Rosania, 2003). It 

was suggested by Zhao and colleagues (Zhao et al., 2004) that alternating aromatic 

and cationic residues indicate that this motif is an effective one for mitochondrial 

delivery. The synthesis of MIP1 was carried out after evaluation of data previously 

published in this field (Horobin, 2007. Szeto, 2006) and the following rules were 

kept : 

1. tyrosine (tyr) or dimethyltyrosine (Dmt) residues in the first or second 

position of sequence to increase antioxidant activity. 

2. D-amino-acid in either the first or second position to minimize 

aminopeptidase degradation and increase stability in serum. 

3. Amidation of C-terminus to protect against hydrolysis. 
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Effects of MIP1 peptide on the cell viability of HeLa 705 cells  
 

The toxic effect of MIP1 peptide was evaluated on HeLa 705 cells using conventional 

WST-1 assay (figure. 7-A). Different concentrations of MIP1 were chosen as 

treatment (0.5-5-50-100 μM). Viability was calculated after 24h of MIP1 incubation 

and H2O2 200 μM for 24h was chosen as positive control. MIP1 did not show toxic 

effects on viability of HeLa 705 cells at concentrations used even at higher used 

concentration (100 μM) viability was still around 90% compared to non treated 

cells; on the contrary positive control group showed 35% of decreased viability in 

comparison with no treated cells. The same viability assay was used to appreciate 

eventual protective effect of MIP1 against H2O2 damage. HeLa 705 cells received 

MIP1 pretreatments at the concentrations described above, after 30’ or 2h they 

were insulted by H2O2 200 μM. Hydrogen peroxide resulted in a significant 

reduction of cell viability but in pretreated cells H2O2 damage was decreased by 

antioxidant activity of MIP1. Protective effects were seen with MIP1 doses of 0.5 

and 5 μM. As shown in figure 7-B, hydrogen peroxide treatment reduced cell 

viability up to 77% compared to control group, pre-treatment of 30’ with MIP1 at 

0.5 and 5 μM restored it at 85%. Cell viability was restored at 90% after 2h 

pretreatment of MIP1 with dose of 5 μM. MIP1 showed protective action from 0.5 

to 5 μM, on the contrary high used concentration did not show defensive properties 

against hydrogen peroxide insult  
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Fig.7. Effect of MIP1 peptide (0.5-5-50-100 μM) on HeLa 705 cells viability in absence or presence of 

hydrogen peroxide. Cell viability was quantified by conventional WST-1 assay 

(A). HeLa 705 cells were treated with MIP1 for 2 h, H2O2 200 μM was chosen as positive control of toxicity, 

MIP1 treatments did not show toxicity on HeLa 705 cells. *p < 0.05 compared to MIP1 0μM (B) HeLa 705 

cells were treated as the same concentrations described above, H2O2 200 μM insult was added 30’ or 2h 

after MIP1 treatments. Pretreatment with MIP1 (0.5-5 μM) attenuated the reduction in cell viability. 

Maximum protection was seen in cells pretreated with MIP1 at 5 μM 2h before H2O2 200 μM.*p < 0.5 

compared to MIP1 0 μM. § p < 0.05 compared to MIP1 0 μM 2h before H2O2 200 μM 

Data shown represent means of a minimum of three trials, standard error for each data point is shown. 
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Effects of MIP1 peptide on mitochondrial membrane potential of 

HeLa 705 cells 
 

Mitochondrial membrane potential was determined by fluorescent probe TMRE, 

HeLa 705 human cervical cancer cell line was chosen as cellular model. Eventual 

membrane potential impairment was evaluated after 24h treatments of MIP1 

peptide (0.5-5-50-100 μM); H2O2 200 μM for 24 h as positive control of toxicity was 

used to obtain a significant membrane depolarization. Results showed that 

treatments of MIP1 did not perturbed mitochondrial membrane potential. 

Mitochondrial membrane potential after MIP1 treatments at 0.5 and 5 μM was 

between 80 and 95 % of the control value. On the other hand cells treated with 100 

μM of MIP1showed a significant reduction of mitochondrial membrane potential 

(Fig. 8.). To demonstrate that reduction in mitochondrial generated ROS can protect 

against mitochondrial dysfunction, was examined the effect of MIP1 on 

mitochondrial depolarization-H2O2-induced. Hydrogen peroxide caused a 

depolarization of mitochondrial potential 45 % of Δψm compared to control. 

Pretreatments of MIP1 at 0.5 and 5 μM showed a significant increasing of 

fluorescence intensity compared to value of hydrogen peroxide fluorescence. In 

particular, pretreatment of MIP1 at 5 μM, maintained a potential up to 92% of 

control value (MIP1 0 μM). Concentrations of MIP1 at 100 μM did not show 

protective action (Fig 8.).  
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Fig.8. Effect of MIP1 peptide (0.5-5-50-100 μM) on HeLa 705 cells mitochondrial membrane 

potential in absence or presence of hydrogen peroxide. Mitochondrial membrane potential was 

quantified by the fluorescent probe TMRE 

MIP1 24 h treatments did not perturb mitochondrial membrane potential on HeLa 705 cells. (first bar 

of each group). In the second bar of each group H2O2 200 μM treatment was added 2h after MIP1 

treatments. Pretreatment with MIP1 (0.5-5 μM) preserved a normal mitochondrial membrane 

potential. Maximum protective action was seen in cells pretreated with MIP1 at 5 μM 2h before H2O2 

200 μM.*p < 0.5 compared to Mip1 at 0μM. § p < 0.05 compared to MIP1 at 0 μM 2h before H2O2 200 

μM 

Data shown represent means of a minimum of three trials, standard error for each data point is 
shown. 

 

 

  



52 
 

 
Marco Pirisinu, “Rational design and applications of a new Cell-penetrating Peptide 

targeting Mitochondria”. Tesi di Dottorato di ricerca in Neuroscienze XXVII ciclo. Univerità 
degli studi di Sassari 

Effects of MIP1 peptide on ROS production in HeLa 705 cells 
 

Reactive Oxygen species (ROS) production was determined using fluorescent probe 

MitoSOX Red mitochondrial superoxide indicator. HeLa 705 human cervical cancer 

cell line was chosen as cellular model. Eventual ROS production was analyzed after 

24h treatments of MIP1 peptide (0.5-5-50-100 μM); treatments of H2O2 200 μM for 

24 h were used as positive control. In order to evaluate an eventual antioxidant 

activity, cells were pretreated with MIP1 for 2 h then H2O2 200μM was added for 

24h. H2O2 treatment increased ROS production up to 135% of control value (Fig. 9), 

lower mitosox fluorescent intensity was appreciated in MIP1 at 0.5 and 5 μM 

pretreated group. In particular, treatments of MIP1 0.5 μM and 5 μM decraesed of 

10% and 20% the MitoSox fluorescence intensity compared to H2O2 treatment. 

Higher concentrations of MIP1 showed a decreasing protective action, 50 and 100 

μM did not protect against H2O2 (Fig. 9).  
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Fig. 9. Effect of MIP1 peptide (0.5-5-50-100 μM) in ROS production on HeLa 705 cells in absence or 

presence of hydrogen peroxide. ROS production was quantified by fluorescent probe MitoSOX Red 

mitochondrial superoxide indicator  

MIP1 treatments 24 h did not increase amount of ROS on HeLa 705 cells (first bar of each group). In the 

second bar of each group H2O2 200 μM treatment was added 2h after MIP1 treatments. Pretreatment 

with MIP1 (0.5-5 μM) preserved aa amount of ROS near to value on non treated cells. Maximum 

protective action was seen in cells pretreated with MIP1 at 5 μM 2h before H2O2 200 μM 

Data shown represent means of a minimum of three trials, standard error for each data point is shown. 
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MIP1 cellular uptake and localization  
 

To demonstrate that MIP1 is cell-penetrating peptide, it was conjugated to 5,6-

carboxyfluorescein (FAM). HeLa 705 cells were treated with FAM-MIP1 (5 μM) and 

incubated for 4 h at 37°C, then imaging was performed using fluorescence 

microscopy. MIP1 was taken up into HeLa 705 cells after 4 h of treatment. In order 

to verify the ability of the peptide to target the mitochondria a red fluorescence 

dye, tetramethylrhodamine, ethyl ester (TMRE) that specifically localizes into active 

mitochondria was used. In order to compare the cellular localization between the 

original peptide and the new one Hela 705 cells were treated also with FAM-SS31. 

As shown in Figure 10, Leica DM/IRBE 2 epi fluorescence microscope captured 

identical patterns in HeLa 705 cells when TMRE, FAM-MIP1 were co-incubated, as a 

proof that MP1 is targeting mitochondria. In order to compare the cellular 

localization between the original peptide and the new one, HeLa 705 cells were 

treated also with FAM-SS-31. Afterwards, the cellular localization of FAM-MIP1 was 

compared with FAM-SS31 one, the original peptide. The SS31 peptide was used as 

model of CPPs targeting mitochondria. The evaluation of relative fluorescence of 

both MitPep and SS31 showed similar intracellular distribution. Moreover HeLa 705 

cells taken up more FAM-MIP1 than FAM-SS31 as shown in the microscopy picture 

(Fig. 10) and confirmed from the relative quantification based on the fluorescence 

intensity (Fig. 11). 

  



55 
 

 
Marco Pirisinu, “Rational design and applications of a new Cell-penetrating Peptide 

targeting Mitochondria”. Tesi di Dottorato di ricerca in Neuroscienze XXVII ciclo. Univerità 
degli studi di Sassari 

 Fig.10 . Fluorescence image of cellular uptake and localization of MIP1 and SS-31 on HeLa cells 

HeLa cells were treated with FAM-MIP1 (A, B, C) or FAM-SS-31 (D; E; F) at 5μM, (green fluorescence). After 

4 H cells were counterstained with mitochondrial dye, TMRE (red fluorescence) and nucleus dye, Hoechst 

33258 (blue fluorescence). Merged images (C) shows co-localization of TMRE and FAM-MIP1 fluorescence, 

proving that MIP1 is targeting mitochondria. The evaluation of relative fluorescence of both MIP1 and 

SS31 showed similar intracellular distribution (C; F) 

A 

B 

C 

D 

E 
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Mitochondrial uptake of MIP1 
 

Mitochondrial uptake of MIP1 was examined using isolated mitochondria. In this 

study, isolated mitochondria were treated with MIP1 conjugated with FAM for 4 

hours at 5 μM. FAM alone was used as a positive control at the same concentration. 

After 4 h of treatment the fluorescence was read with a spectrofluorometer. 

Relative FAM fluorescence intensity was associated to the amount of peptide 

conjugated with FAM or FAM alone inside the mitochondria. Isolated mitochondria 

treated with FAM-MIP1 showed higher fluorescence intensity, statistically 

significant in comparison to FAM mitochondria treated. In mitochondria FAM-MIP1 

treated group the intensity of fluorescence was eight times higher than FAM 

treated group. (Fig. 12) 

Fig. 11. FAM relative fluorescence intensity 

Graphs show relative fluorescence of FAM-MIP1 and FAM-SS31 in HeLa 

cells. After 4 h treatments intensity was more on FAM-MIP1 treatment than 

on reference control FAM-SS31 treated cells. 
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Fig. 12. FAM Fuorescence intensity on isolated mitochondria.  

Black bar shows FAM relative fluorescence in isolated mitochondria, Blue bar relative fluorescence in 

FAM-MIP1 conjugated treated mitochondria.*p < 0.05 compared to FAM fluorescence intensity.  

Data shown represent means of a minimum of three trials, standard error for each data point is shown 
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DISCUSSION AND CONCLUSION 
 

Nowadays is known that mitochondrial impairment results in over ROS productions 

and this gave rise to onset or to exasperation of diseases characterized by different 

clinical symptoms. Sometimes antioxidants may be harmful because need really 

high dose supplementation to get specific target resulting in prooxidant effects 

(Steinhubl. 2008). Mitochondrial ROS are generated as normal byproducts of 

oxidative metabolism. Approximately 3% of mitochondrial oxygen consumed is 

incompletely reduced (Gauuan et al., 2002); those “leaky” electrons can easily 

interact with molecular oxygen to generate ROS such as superoxide anion (Tieu et 

al., 2003). This knowledge increased exponentially the number of studies on 

mitochondrial functions and resulting in a wide range of strategies to develop 

mitochondrial targeted antioxidants and drugs delivery strategies into this 

compartment. To this day a range of natural and synthetic molecules showed great 

antioxidant activity in in vitro studies, but do not proved to be particularly effective 

in clinical trials, of these VitE (Miller et al., 2005), turmeric (Kaminaga et al., 2003) 

This limit could be due to physical and chemical characteristics that obstruct 

antioxidants to reach the relevant sites of free radical generation. CPPs are one of 

the most widely used and effective drug delivery strategies applicable on basic 

research and medical trials. Nowadays this strategy is drawing more and more 

attention and many studies have been come out characterizing and developing new 

classes of CPPs enlarging their applicability window as in medicine as in biological 

tools. This thesis is focused on mitochondrial target antioxidants peptides. The main 

characteristics of CPPs targeting mitochondria has been spread in 2006 (Sheu et al., 

2005) then increasingly new CPPs went out. In 2000 a new class of cell penetrating 

antioxidant peptides targeting mitochondria was synthesized by Szeto and 

coworkers (Schiller et al., 2000). At today, a number of publications showed and 

confirmed SS-peptides as the most promising tool applicable in the treatment of all 

diseases and impairments associated with oxidative injury such as 
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neurodegenerative diseases. In this dissertation a new short carrier antioxidant 

peptide target mitochondria, denominated as MIP1, was designed, manually 

synthesized taking SS-31 peptide as reference model. At today there are not CPPs 

sequence less than four amino acids long and MIP1 is a tetrapeptide, water soluble 

and showing positive net charge. Sequence of MIP1 was designed following rules 

and experiences found in literature and displaying two important properties for 

crossing both the plasma and mitochondrial membranes: positive charge and 

lipophilic character. To evaluate toxic effects of MIP1 peptide, HeLa 705 human 

cervical cancer cells were chosen as cellular model. Interestingly, MIP1 did not 

exhibit toxicity even at 100μM. In order to evaluate eventual antioxidant activity an 

oxidative condition was generated using hydrogen peroxide. In absence of efficient 

antioxidant systems, H2O2 can react with transition metals such as ferrous iron, 

which is disproportionately increased during neurodegenerative diseases (Dusek et 

al., 2014). That reaction, named Fentom’s reaction, leading to the formation of the 

highly reactive hydroxyl radical. Large amount of hydroxyl radical has been 

implicated in several pathological conditions (Antus et al., 2014). This radical can 

react and oxidize all types of cellular macromolecules: carbohydrates, nucleic acids, 

lipids and amino acids (Reiteher et al., 1995). At to date, antioxidant systems 

protecting hydroxyl radical has not been known yet; hence, the prevention of its 

formation is a critical anti oxidant process (Sheu et al., 2006). MIP1 showed great 

antioxidants properties at 0.5 and 5μM, more activity was appreciated on 2h pre 

treated cells, suggesting a time dependent mechanism of uptake. The scavenger 

ability was further confirmed by studies on mitochondrial membrane potential and 

ROS production. Antioxidant peptide MIP1 was able to decrease mitochondrial 

depolarization and overload of ROS production in exposed cells to H2O2. On the 

other hand, the higher concentrations of MIP1 totally lost antioxidant capacity. An 

explanation could be that the uptake of MIP1 is self-limiting and it is reduced at 

greater concentration than 50μM. Moreover, MIP1 get net positive charge then, 

limited uptake is may be a consequence of inevitable mitochondrial depolarization 

due to excessive amount of cations accumulated into matrix (Smith et al., 1999). As 
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shown in literature (Roy et al., 2008), loss of mitochondrial membrane potential 

and oxidative stress are part of vicious circle that give rise to increased 

mitochondrial permeability transition. In view of the above, MP1 results showed 

gradually increased of ROS at the same time decreased mitochondrial membrane 

potential. The sequence of MIP1 is focused on alternating aromatic residues and 

basic amino acids (aromatic cationic peptides) and the antioxidant activity can be 

assigned to Dmt in second positions. Amino acid Tyrosine could scavenge 

oxyradicals forming relatively unreactive tyrosyl radicals, which can be followed by 

radical-radical coupling to give dityrosine or scavenging by glutathione and/or 

ascorbate (Pichorner et al., 1995). Zhao and coworkers demonstrated that, due to 

methylation of the phenolic ring, no natural amino acid Dmt holds more antioxidant 

properties than Tyrosine (Zhao et al., 2004). MP1 is easily water soluble and quickly 

goes through cellular membrane. The uptake of MIP1 has not been studied yet, but 

showing net charge 3+ could make use of the potential gradient across the 

mitochondrial inner membrane to get into mitochondrial organelle. As showed by 

Zhao and co-workers (Zhao et al., 2004), the uptake of SS-peptides were decreased 

by only 10% to 15% in mitochondria that were depolarized by FCCP (carbonyl 

cyanide 4-(trifluorometoxy) phenylhydrazone), then being MIP1 based on SS-31 

sequence could be fairly supposed a similar way to get inside cell. Fluorescence 

microscopy confirmed rapid uptake of a fluorescent MIP1 analog in living cells. The 

intracellular distribution pattern of the fluorescent MIP1 analog was identical to 

Mitotracker TMRE, a fluorescent dye that is taken up into active mitochondria in a 

potential-driven manner, suggesting that MIP1 peptide is targeted to mitochondria. 

In this study SS-31- Szeto-Schiller peptide was taken as reference model. Literature 

is plenty of publications about SS-31 ability to target mitochondria and is 

concentration in mitochondria is 1000 fold more than cytosol compartment (Zhao 

et al., 2004). As shown in the fluorescence microscopy and the relative 

quantification based on the fluorescence intensity, the amount of MIP1 into the 

cells was more than reference model SS-31 underlining its great potentialities as 

antioxidant targeting mitochondria. The ability of MIP1 to overpass cellular 
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membrane and accumulate into mitochondria was confirmed by uptake study on 

isolated mitochondria. In order to evaluate mitochondrial uptake, MIP1 was 

conjugated to membrane impermeant dye FAM. MIP1 peptide was totally taken up 

within 4 hours by isolated mitochondria confirming this organelle as one of 

potential targets of MIP1. Moreover, the higher relative fluorescence FAM-MIP1 on 

isolate mitochondria underlines the ability of MIP1 to make easier delivering of 

molecules inside specific compartments. Potentially, MIP1 peptide could be 

conjugated with different cargoes to be used as a mitochondrial delivery machine 

for mitochondrial diseases treatment. In summary, MIP1 is cell-permeable peptide 

antioxidants that accumulate into the major site of ROS production and prevents 

mitochondrial impairments. MIP1 was great in reducing intracellular ROS and 

preventing cellular death with less than 5μM concentration, in contrast most 

antioxidant require 100μM to millimolar concentrations to prevent oxidative cell 

death (Pias et al., 2003). MIP1 is a small peptide; fast and easy to synthesize, it is 

completely soluble in water and able targeting mitochondria without toxicity, 

moreover showed antioxidant property and is potentially conjugable to different 

molecules. In view of all these characteristics MIP1 should be taken as hopeful 

candidate against oxidative stress and it could be beneficial as mitochondrial 

delivery drugs machine for making easier treatment of diseases characterized by 

mitochondrial impairment. The ability to target mitochondrial organelles creates 

new opportunities to study physiological and pathological processes at the 

subcellular level and to deliver therapeutics to targets within mitochondrial 

compartments. 
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SUMMARY IN ITALIAN 
 

L’insorgenza e il peggioramento di un’ampia schiera di malattie, tra cui malattie 

cardiocircolatorie, neurodegenerative, diabete e neoplasie sono associati 

all’eccessiva produzione di radicali liberi dell’ossigeno (ROS) (Hroudová 2014). I 

ROS sono molecole altamente instabili che si formano all’interno dei 

compartimenti cellulari in seguito a reazioni endogene enzimatiche e non 

enzimatiche. Numerosi studi hanno dimostrato che la fisiologica presenza 

intracellulare di ROS non è di per se una condizione dannosa, infatti sono 

implicati in fondamentali processi cellulari come autofagia, comunicazione e 

difesa immunitaria (Chen, 2007. Niess, 1999). L’inizio della compromissione 

cellulare è legata ad uno squilibrio spaziotemporale tra produzione di ROS e 

difese antiossidanti, generando una condizione nota come stress ossidativo 

(Zamzami et al., 1997). In assenza di difese antiossidanti, i ROS possono 

potenzialmente reagire con diversi substrati cellulari come proteine, lipidi, 

carboidrati e DNA, provocandone alterazione strutturale, danneggiamento e 

perdita delle normali funzionalità. La letteratura scientifica presenta numerose 

pubblicazioni riguardanti il ruolo principale dei mitocondri nella produzione di 

ROS. Circa il 90% dell’ossigeno richiesto da una cellula, è utilizzato per sostenere i 

fisiologici processi metabolici mitocondriali (Chance, 1979). L’O2 molecolare 

rappresenta l’accettore finale degli elettroni con la sua conseguente riduzione ad 

acqua, tuttavia non tutto l’ossigeno è completamente ridotto, infatti circa il 2% 

dell’anione superossido origina da un’incompleta riduzione dell’ossigeno 

(Chance, 1979). Sviluppare antiossidanti o molecole con specifico target 

mitocondriale è la strategia di scelta per contrastare lo stress ossidativo, e allo 

stesso tempo crea nuove opportunità per studiare i numerosi processi biologici 

che hanno luogo a livello mitocondriale sia in condizioni fisiologiche sia 

patologiche. Nel 2000 è stata sintetizzata una serie di sequenze tetrapeptidiche, 

SS-peptide, dotate di attività antiossidante in grado di accumularsi 

specificamente a livello mitocondriale (Schiller et al., 2000). I risultati ottenuti da 
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esperimenti in vivo ed in vitro candidano SS-peptide come futuro promettente 

approccio per il trattamento delle disfunzioni mitocondriali causate da stress 

ossidativo. In questa tesi, prendendo come modello di riferimento SS-31 peptide, 

il più promettente tra le sequenze SS-peptide, un nuovo tetrapeptide, MIP1, è 

stato disegnato e sintetizzato. Gli effetti biologici e la localizzazione di MIP1 sono 

stati valutati su linea cellulare HeLa 705. In seguito ad un ampio screening, MP1 

non ha mostrato alcuna tossicità anche ad alte concentrazioni, non ha 

perturbato il potenziale di membrana mitocondriale e non ha aumentato la 

produzione di ROS. In seguito ai promettenti risultati precedenti è stato deciso di 

valutare l’eventuale attività antiossidante di MIP1. Le cellule sono state 

pretrattate con MIP1, dopo 30 minuti o 2 h sono state trattate con perossido 

d’idrogeno. I risultati hanno evidenziato nei pretrattamenti di 2 h a 0.5 e 

soprattutto a 5μM un’interessante attività antiossidante in grado di proteggere 

le cellule dal danno indotto dal perossido d’idrogeno. In seguito ai risultati 

precedenti, si è deciso di utilizzare per gli studi di microscopia la concentrazione 

5μM. Grazie all’utilizzo di un analogo di MIP1 coniugato con il fluorocromo 5(6)-

carboxyfluoresceina (FAM) sono stati condotti studi di miscroscopia in 

fluorescenza con lo scopo di identificare la localizzazione intracellulare. 

Utilizzando Tetramethylrhodamine methyl ester (TMRE) mitochondrial dye e SS-

31 peptide come indicatori mitocondriali, è stato possibile identificare i 

mitocondri come potenziale target di MIP1. Grazie alla quantificazione della 

fluorescenza relativa di FAM, è stato possibile dedurre che MP1 possiede una 

maggior capacità di localizzarsi all’interno dei mitocondri rispetto al modello di 

riferimento SS-31 peptide. Al fine di valutare le potenzialità di MP1 come carrier, 

sono stati condotti esperimenti su mitocondri isolati. La quantificazione della 

fluorescenza di FAM ha dimostrato una maggior facilità di attraversamento delle 

membrane mitocondriali quando coniugato a MIP1. In conclusione, MIP1 è un 

nuovo tetrapeptide con target mitocondriale. Le sue eventuali proprietà 

antiossidanti potrebbero assicurargli un suo futuro ruolo nella protezione da 
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danno ossidativo, inoltre potrebbe essere impiegato come carrier per facilitare, a 

cargo di diversa natura, l’ingresso a livello mitocondriale. 



65 
 

 
Marco Pirisinu, “Rational design and applications of a new Cell-penetrating Peptide 

targeting Mitochondria”. Tesi di Dottorato di ricerca in Neuroscienze XXVII ciclo. Univerità 
degli studi di Sassari 

BIBLIOGRAPHY 
 

 Aderem A; Underhill DM,.Mechanism of phagocytosis in macrophages. Annu. Rev. 

Immunol.   1999, 17, (1), 593-623 

 Adlam VJ
.
, Harrison JC., Porteous CM., James AM., Smith RA., Murphy MP., Sammut IA. 

Targeting an antioxidant to mitochondria decreases cardiac ischemia-reperfusion injury. 

FASEB J. 2005 Jul;19(9):1088-95. 

 Akuta T, Eguchi A, Okuyama H, Senda T, Inokuchi H, Suzuki Y, Nagoshi E, Mizuguchi H, 

Hayakawa T, Takeda K, Hasegawa M, Nakanishi M. Biochem. Biophys. Res. Commun., 

2002, 297, 779–786 

 Aniba l E. Vercesi, Alicia J. The Role of Reactive Oxygen Species in Mitochondria 

Permeability Transition 

 Antus B, Kardos Z. Oxidative Stress in COPD: Molecular Background and Clinical 

Monitoring. Curr Med Chem. 2014 Nov 6 

 Aoun SM, Bentley B, Funk L, Toye C, Grande G, Stajduhar KJ. A 10-year literature review of 

family caregiving for motor neurone disease: moving from caregiver burden studies to 

palliative care interventions. Palliat Med. 2013 May;27(5):437-46 

 Ashizawa K, Tokudome Y, Okauchi K, Nishiyama H. Effects of HeLa and BHK-21 cells on the 

survival of fowl, bull, ram and boar spermatozoa in vitro. J Reprod Fertil. 1982 

Nov;66(2):663-6 

 Bechara C.,Sagan S. Cell-penetrating peptides: 20 years later, where do we stand? FEBS 

Lett. 2013 Jun 19;587(12):1693-702 

 Bengali Z, Rea JC, Shea LD. Gene expression and internalization following vector 

adsorption to immobilized proteins: dependence on protein identity and density. J Gene 

Med, 2007. 9(8): p. 668-678 

 Benimetskaya L; Guzzo-Pernell N; Liu S; Lai J; Miller P; Stein C.  Protamine-fragment 

peptides fused to an SV-40 nuclear localization signal deliver oligonucleotides that 

produce antisense effects in prostate and bladder carcinoma cells. Bioconjug. Chem. 2002, 

13, 177-187 

 Bolsover RS. Cell Biology: A Short Course. Third ediction, 2011 

 Bracht Ev, Versteegden LR, Stolle S, Verdurmen WP, Woestenenk R, Raavé R, Hafmans T, 

Oosterwijk E, Brock R, van Kuppevelt TH, Daamen WF. Enhanced Cellular Uptake of 

Albumin Based Lyophilisomes when Functionalized with Cell-Penetrating Peptide TAT in 

HeLa Cells. PLoS One. 2014 Nov 4;9(11):e110813 

 Brioukhanov AL. The catalase and superoxide dismutase genes are transcriptionally up-

regulated upon oxidative stress in the strictly anaerobic archaeon Methanosarcina barkeri. 

Microbiology (Reading, Engl.) (2006)152 (Pt 6): 1671–1677 

 Cao J. Huangqi-Honghua. Combination and its main components ameliorate cerebral 

infarction with qi deficiency and blood stasis syndrome by antioxidant action in rats. J 

Ethnopharmacol. 2014 21. pii: S0378-8741(14)00430 

 Carpino LA. 9-Fluorenylmethoxycarbonyl amino-protecting group. The Journal of Organic 

Chemistry 37,1972. (22): 3404 

 Cartier R, Reszka R. Utilization of synthetic peptides containing nuclear localization signals 

for nonviral gene transfer systems. Gene Ther., 2002, 9, 157–167 

http://www.ncbi.nlm.nih.gov/pubmed?term=Adlam%20VJ%5BAuthor%5D&cauthor=true&cauthor_uid=15985532
http://www.ncbi.nlm.nih.gov/pubmed?term=Harrison%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=15985532
http://www.ncbi.nlm.nih.gov/pubmed?term=Porteous%20CM%5BAuthor%5D&cauthor=true&cauthor_uid=15985532
http://www.ncbi.nlm.nih.gov/pubmed?term=James%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=15985532
http://www.ncbi.nlm.nih.gov/pubmed?term=Smith%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=15985532
http://www.ncbi.nlm.nih.gov/pubmed?term=Murphy%20MP%5BAuthor%5D&cauthor=true&cauthor_uid=15985532
http://www.ncbi.nlm.nih.gov/pubmed?term=Sammut%20IA%5BAuthor%5D&cauthor=true&cauthor_uid=15985532
http://www.ncbi.nlm.nih.gov/pubmed/?term=adlam+vj+2005
http://www.ncbi.nlm.nih.gov/pubmed/25386821
http://www.ncbi.nlm.nih.gov/pubmed/25386821
http://www.ncbi.nlm.nih.gov/pubmed/22907948
http://www.ncbi.nlm.nih.gov/pubmed/22907948
http://www.ncbi.nlm.nih.gov/pubmed/22907948
http://www.ncbi.nlm.nih.gov/pubmed/6890992
http://www.ncbi.nlm.nih.gov/pubmed/6890992
http://www.ncbi.nlm.nih.gov/pubmed/23669356
http://www.ncbi.nlm.nih.gov/pubmed/25369131
http://www.ncbi.nlm.nih.gov/pubmed/25369131
http://www.ncbi.nlm.nih.gov/pubmed/25369131
http://en.wikipedia.org/wiki/Oxidative_stress
http://www.ncbi.nlm.nih.gov/pubmed/24960183
http://www.ncbi.nlm.nih.gov/pubmed/24960183


66 
 

 
Marco Pirisinu, “Rational design and applications of a new Cell-penetrating Peptide 

targeting Mitochondria”. Tesi di Dottorato di ricerca in Neuroscienze XXVII ciclo. Univerità 
degli studi di Sassari 

 Cartier, R., Reszka, R. Utilization of synthetic peptides containing nuclear localization 

signals for nonviral gene transfer systems. Gene Therapy, (2002). 9, 157–167 

 Chance B. Hydroperoxide metabolism in mammalian organs. Physiol. Rev. 1979, 59, 527–

605 

 Chen Y. Mitochondrial electron-transport-chain inhibitors of complexes I and II induce 

autophagic cell death mediated by reactive oxygen species. J. Cell Sci. 2007, 120, 4155–

4166 

 Chen Z., Lash LH. Evidence for mitochondrial uptake of glutathione by dicarboxylate and 2-

oxoglutarate carriers. J Pharmacol Exp Ther. 1998 May;285(2):608-18. 

 Cho S., Szeto HH, Kim HJ, Pinto J. A cell permeable antioxidant peptide SS31 attenuates 

CD36-mediated ischemic injury via normalizing redox state. Washington, DC:Society for 

Neuroscience;2005 

 Cooper GM. The cell: a molecular approach. 2nd ediction, 2000 

 Dai D-F, Chiao Y. A., Marcinek D. J., Szeto H, Rabinovitch P.S. Mitochondrial oxidative 

stress in aging and healthspan. Longevity and Healthspan, 2014, 3:6 

 Derossi D, Calvet S, Trembleau A, Brunissen A, Chassaing G, Prochiantz A. Cell 

internalization of the third helix of the Antennapedia homeodomain is receptor-

independent. J Biol Chem. 1996 Jul 26;271(30):18188-93 

 Derossi D; Joliot AH; Chassaing G; Prochiantz A. The third helix of the Antennapedia 

homeodomain translocates through biological membranes. J. Biol. Chem.1994, 269, (14), 

10444-50 

 Dhanasekaran A, Kotamraju S, Kalivendi SV, et al . Supplementation of endothelial cells 

with mitochondria-targeted antioxidants inhibit peroxide-induced mitochondrial iron 

uptake, oxidative damage, and apoptosis. J Biol Chem. 2004; 279:37575-37587 

 Dixon MJ., Bourré L., MacRobert AJ., Eggleston IM.. Novel prodrug approach to 

photodynamic therapy: Fmoc solid-phase synthesis of a cell permeable peptide 

incorporating 5-aminolaevulinic acid. Bioorg Med Chem Lett. 2007 Aug 15;17(16):4518-22 

 Doherty J, McMahon HT. Mechanisms of Endocytosis. Annu. Rev. Biochem. 2009. 78:31.1–

31.46 

 Doughan AK. Mitochondrial redox cycling of mitoquinone leads o superoxide production 

and cellular apoptosis. Antioxid Redox Signal, 2007, 9:1825-1836 

 Dringen R. Glutathione reductase from bovine brain. Methods Enzymol. 2002, 348, 281–

288 

 Duchardt F, Fotin-Mleczek M, Schwarz H, Fischer R, Brock R. A comprehensive model for 

the cellular uptake of cationic cell- penetrating peptides. Traffic (Copenhagen, Denmark) 8 

(7) (2007) 848 – 6 

 Dusek P, Roos PM, Litwin T, Schneider SA, Flaten TP, Aaseth J. The neurotoxicity of iron, 

copper and manganese in Parkinson's and Wilson's diseases.J Trace Elem Med Biol. 2014 

Jun 2.  

 Edelstein A, Amodaj N, Hoover K, Vale R, Stuurman N. Computer control of microscopes 

using micromanager. Frederick M. Ausubel (Ed.), et al., Current Protocols in Molecular 

Biology (2010) (Chapter 14, Unit14 20 

 Edelstein A, Amodaj N, Hoover K, Vale R, Stuurman N. Computer control of microscopes 

using µManager. Curr Protoc Mol Biol. 2010 Oct;Chapter 14:Unit14.20 

http://www.ncbi.nlm.nih.gov/pubmed?term=Chen%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=9580605
http://www.ncbi.nlm.nih.gov/pubmed?term=Lash%20LH%5BAuthor%5D&cauthor=true&cauthor_uid=9580605
http://www.ncbi.nlm.nih.gov/pubmed/9580605
http://www.ncbi.nlm.nih.gov/pubmed/8663410
http://www.ncbi.nlm.nih.gov/pubmed/8663410
http://www.ncbi.nlm.nih.gov/pubmed/8663410
http://www.ncbi.nlm.nih.gov/pubmed?term=Dixon%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=17587577
http://www.ncbi.nlm.nih.gov/pubmed?term=Bourr%C3%A9%20L%5BAuthor%5D&cauthor=true&cauthor_uid=17587577
http://www.ncbi.nlm.nih.gov/pubmed?term=MacRobert%20AJ%5BAuthor%5D&cauthor=true&cauthor_uid=17587577
http://www.ncbi.nlm.nih.gov/pubmed?term=Eggleston%20IM%5BAuthor%5D&cauthor=true&cauthor_uid=17587577
http://www.ncbi.nlm.nih.gov/pubmed/?term=M.+J.+Dixon%2C+L.+Bourre%2C+A.+J.+MacRobert+and+I.+M.+Eggleston%2C+Bioorg.+Med.+Chem.+Lett.%2C+2007%2C+17%2C+4518%E2%80%934522
http://www.ncbi.nlm.nih.gov/pubmed/24954801
http://www.ncbi.nlm.nih.gov/pubmed/24954801
http://www.ncbi.nlm.nih.gov/pubmed/20890901
http://www.ncbi.nlm.nih.gov/pubmed/20890901


67 
 

 
Marco Pirisinu, “Rational design and applications of a new Cell-penetrating Peptide 

targeting Mitochondria”. Tesi di Dottorato di ricerca in Neuroscienze XXVII ciclo. Univerità 
degli studi di Sassari 

 Fawell S., Seery J., Daikh Y., Moore C., Chen L.L., Pepinsky B., Barsoun J., Tat-mediated 

delivery of heterologous proteins into cells. Proc. Natl. Acad. Sci. U. S. A., 1994, 91, 664–

668 

 Fittipaldi A., Ferrari A., Zoppe M., Arcangeli C., Pellegrini V., Beltram F., Giacca G.,Cell 

membrane lipid rafts mediate caveolar endocytosis of HIV-1 Tat fusion proteins. J. Biol. 

Chem., 2003, 278, 34141–34149 

 Futaki S, Nakase I, Tadokoro A, Takeuchi T, Jones AT. Arginine-rich peptides and their 

internalization mechanisms. Biochem Soc Trans. 2007 Aug;35(Pt 4):784-7. Review 

 Futaki S, Suzuki T, Ohashi W, Yagami T, Tanaka S, Ueda K, Sugiura Y. Arginine-rich 

peptides. An abundant source of membrane-permeable peptides having potential as 

carriers for intracellular protein delivery. J Biol Chem. 2001 Feb 23;276(8) 

 G. Cecchini, Function and structure of complex II of the respiratory chain. Annu Rev 

Biochem. 2003;72:77-109 

 Galante J.M., Wong S.Y., Hatefi H. Composition of Complex V of the Mitochondrial 

Oxidative Phosphorylation System. The journal of biological chemistry. Vol. 254, n° 25, 

December 1979, pp. 12372-12378 

 Gauuan PJ, Trova MP, Gregor-Boros L, Bocckino SB, Crapo JD, Day BJ. Superoxide 

dismutase mimetics: synthesis and structure-activity relationship study of MnTBAP 

analogues. Bioorg Med Chem. 2002 Sep;10(9):3013-21 

 Gaweda-Walerych K. The impact of mitochondrial DNA and nuclear genes related to 

mitochondrial functioning on the risk of Parkinson's disease. Curr. Genomics. 2013 

Dec;14(8):543-59 

 Goldfarb DS, Gariépy J, Schoolnik G, Kornberg RD. Synthetic peptides as nuclear 

localization signals. Nature. 1986 Aug 14-20;322(6080):641-4. 

 Green M.; Loewenstein P.M. Autonomous functional domains of chemically synthesized 

human immunodeficiency virus Tat trans-activator protein. Cell 1988, 55, (6), 1179-88. A. 

D. Frankel; C. O. Pabo, Cellular uptake of the tat protein from human immunodeficiency 

virus. Cell 1988, 55, (6), 1189-93 

 Gregory EM. Superoxide dismutase and oxygen toxicity in a eukaryote, J Bacteriol. 1974; 

117(2):456-60 

 Grigorieff N. Structure of the respiratory NADH:ubiquinone oxidoreductase (complex I), 

Curr Opin Struct Biol. 1999 Aug;9(4):476-83 

 Halliwell B. The antioxidant paradox. Lancet. 2000; 355 : 1179–1180 

 Hazel H. Szeto H. Cell-permeable, Mitochondrial-targeted, Peptide Antioxidant. The AAPS 

Journal 2006; 8 (2) Article 32 

 He Z, Song D, van Zalen S, Russell JE. Structural determinants of human ζ-globin mRNA 

stability. J Hematol Oncol. 2014 Apr 21;7(1):35 

 Hewitt J. Superoxide dismutase in some obligately anaerobic bacteria, FEBS Lett. 1975, 15; 

50(3):315-8 

 Hillaireau H, Couvreur P. Nanocarriers’ entry into cell: relevance to drug delivery. Cellular 

and Molecular Life Sciences, 2009. 66(17): p. 2873-2896) 

 Horobin R. W. Mitochondriotropics: A review of their mode of action, and their 

applications for drug and DNA delivery to mammalian mitochondria. J. Control. Release 

2007, 121, (3), 125-136 

 Hroudová J. Mitochondrial Dysfunctions in Neurodegenerative Diseases: Relevance to 

Alzheimer’s Disease. BioMed Research International. Volume 2014, Article ID 175062 

http://www.google.it/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCEQFjAA&url=http%3A%2F%2Fwww.ncbi.nlm.nih.gov%2Fpmc%2Farticles%2FPMC43009%2F&ei=OeZZVPLnAYjKaIe9gNgM&usg=AFQjCNFE2Pcjk1im-fp1WQUia9wcXllL2A&bvm=bv.78677474,d.d2s
http://www.google.it/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCEQFjAA&url=http%3A%2F%2Fwww.ncbi.nlm.nih.gov%2Fpmc%2Farticles%2FPMC43009%2F&ei=OeZZVPLnAYjKaIe9gNgM&usg=AFQjCNFE2Pcjk1im-fp1WQUia9wcXllL2A&bvm=bv.78677474,d.d2s
http://www.ncbi.nlm.nih.gov/pubmed/17635148
http://www.ncbi.nlm.nih.gov/pubmed/17635148
http://www.ncbi.nlm.nih.gov/pubmed/11084031
http://www.ncbi.nlm.nih.gov/pubmed/11084031
http://www.ncbi.nlm.nih.gov/pubmed/11084031
http://www.ncbi.nlm.nih.gov/pubmed?term=Cecchini%20G%5BAuthor%5D&cauthor=true&cauthor_uid=14527321
http://www.ncbi.nlm.nih.gov/pubmed/14527321
http://www.ncbi.nlm.nih.gov/pubmed/14527321
http://www.ncbi.nlm.nih.gov/pubmed?term=Gauuan%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=12110324
http://www.ncbi.nlm.nih.gov/pubmed?term=Trova%20MP%5BAuthor%5D&cauthor=true&cauthor_uid=12110324
http://www.ncbi.nlm.nih.gov/pubmed?term=Gregor-Boros%20L%5BAuthor%5D&cauthor=true&cauthor_uid=12110324
http://www.ncbi.nlm.nih.gov/pubmed?term=Bocckino%20SB%5BAuthor%5D&cauthor=true&cauthor_uid=12110324
http://www.ncbi.nlm.nih.gov/pubmed?term=Crapo%20JD%5BAuthor%5D&cauthor=true&cauthor_uid=12110324
http://www.ncbi.nlm.nih.gov/pubmed?term=Day%20BJ%5BAuthor%5D&cauthor=true&cauthor_uid=12110324
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bioorganic+and+Medicinal+Chemistry+10%2C+3013+%282002
http://www.ncbi.nlm.nih.gov/pubmed/24532986
http://www.ncbi.nlm.nih.gov/pubmed/3638500
http://www.ncbi.nlm.nih.gov/pubmed/3638500
http://www.ncbi.nlm.nih.gov/pubmed?term=Gregory%20EM%5BAuthor%5D&cauthor=true&cauthor_uid=4590469
http://www.ncbi.nlm.nih.gov/pubmed/4590469
http://www.ncbi.nlm.nih.gov/pubmed/10449365
http://www.ncbi.nlm.nih.gov/pubmed?term=Hewitt%20J%5BAuthor%5D&cauthor=true&cauthor_uid=163764
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hewitt+and+Morris+1975+bacteria


68 
 

 
Marco Pirisinu, “Rational design and applications of a new Cell-penetrating Peptide 

targeting Mitochondria”. Tesi di Dottorato di ricerca in Neuroscienze XXVII ciclo. Univerità 
degli studi di Sassari 

 Huang J, Li X, Li M, Li J, Xiao W, Ma W, Chen X, Liang X, Tang S, Luo Y. Mitochondria-

targeted antioxidant peptide SS31 protects the retinas of diabetic rats. Curr Mol Med. 

2013 Jul;13(6):935-45 

 Hudson D., Methodological implications of simultaneous solid-phase peptide synthesis. 1. 

Comparison of different coupling procedures. J. Org. Chem., 53, 61 (1988) 617-624 

 Jauslin ML, Meier T, Smith RA, Murphy MP. Mitochondria-targeted antioxidants protect 

Friedreich Ataxia fi broblasts from endogenous oxidative stress more effectively than 

untargeted antioxidants. FASEB J.2003;17:1972-1974 

 Jensen PK. Antimycin-insensitive oxidation of succinate and reduced nicotinamide-

adenine dinucleotide in electron-transport particles pH dependency and hydrogen 

peroxide formation, Biochim Biophys Acta. 1966; 10; 122(2):157-66 

 Jones J. Aminoacid and peptide synthesis. Oxford University Press-Oxford, 1991, 25-41 

 Joshi DC, Bakowska JC. Determination of mitochondrial membrane potential and reactive 

oxygen species in live rat cortical neurons. J Vis Exp. 2011 May 23;(51 

 Kaminaga Y, Nagatsu A, Akiyama T, Sugimoto N, Yamazaki T, Maitani T,Mizukami H 

Production of unnatural glucosides of curcumin with drastically enhanced water solubility 

by cell suspension cultures of Catharanthus roseus. FEBS Lett 2003,555:311–316 

 Kelso GF. Selective targeting of a redox-active ubiquinone to mitochondria within cells: 

antioxidant and antiapoptotic properties. J Biol Chem. 2001;3:4588–4596 

 Kim YS. β-Carotene inhibits neuroblastoma cell invasion and metastasis in vitro and in vivo 

by decreasing level of hypoxia-inducible factor-1α. J Nutr Biochem. 2014 Jun;25(6):655-64 

 Kirkham M, Fujita A, Chadda R, Nixon SJ, Kurzchalia TV, Sharma DK, Pagano RE, Hancock 

JK,Mayor S, Parton RG. Ultrastructural identification of uncoated caveolin-independent 

early endocytic vehicles. J Cell Biol. 2005 Jan 31;168(3):465-76 

 Lajoie J M, Eric E.V. Targeting Receptor-Mediated Transport for Delivery of Biologics 

Across the Blood-Brain Barrier. Annual rev. Of Pharmacol and toxicology. 2015. 55:31.1-

31.19 

 Leid M, Kastner P, Lyons R, Nakshatri H, Saunders M, Zacharewski T, Chen JY, Staub A, 

Garnier JM, Mader S. Purification, cloning, and RXR identity of the HeLa cell factor with 

which RAR or TR heterodimerizes to bind target sequences efficiently. Cell. 1992 Jan 

24;68(2):377-95 

 Lin R, Angelin A, Da Settimo F, Martini C, Taliani S, Zhu S, Wallace DC. Genetic analysis of 

dTSPO, an outer mitochondrial membrane protein, reveals its functions in apoptosis, 

longevity, and Ab42-induced neurodegeneration. Aging Cell. 2014 Jun;13(3):507-18 

 Lindberg S, Munoz –Alarcon A, Helmfors H, Mosqueira H, Gyllborg D, Tudoran O,.Langel Ü. 

Pepfect 15, a novel endosomolytic cell – penetrating peptide for oligonucleotide delivery 

via scavenger receptors. Int J Pharm, 2013. 441(1-2): P. 242-247 

 Liu X. Induction of apoptotic program in cell-free extracts: requirement for dATP and 

cytochrome c. Cell.1996; 86:147 – 157 

 Ludtke J, Zhang G, Sebestyen M, Wolff J. A nuclear localization signal can enhance both 

the nuclear transport and expression of 1 kb DNA. Cell Sci., 1999, 112. 2033–2041 

 Lundberg P, El-Andaloussi S, Sütlü T, Johansson H, Langel U. Delivery of short interfering 

RNA using endosomolytic cell-penetrating peptides. FASEB J. 2007 Sep;21(11):2664-71 

 Luzio JP, Parkinson MD, Gray SR, Bright NA. The delivery of endocytosed cargo to 

lysosomes. Biochem Soc Trans, 2009. 37(Pt 5):p. 1019–1021 

http://www.ncbi.nlm.nih.gov/pubmed/23745582
http://www.ncbi.nlm.nih.gov/pubmed/23745582
http://www.ncbi.nlm.nih.gov/pubmed/?term=Jensen%2C+P.+K.+%281966%29+Biochim.+Biophys.+Acta+122%2C+157-166
http://www.ncbi.nlm.nih.gov/pubmed?term=Joshi%20DC%5BAuthor%5D&cauthor=true&cauthor_uid=21654619
http://www.ncbi.nlm.nih.gov/pubmed?term=Bakowska%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=21654619
http://www.ncbi.nlm.nih.gov/pubmed/21654619
http://www.ncbi.nlm.nih.gov/pubmed/24746828
http://www.ncbi.nlm.nih.gov/pubmed/24746828
http://www.ncbi.nlm.nih.gov/pubmed/15668297
http://www.ncbi.nlm.nih.gov/pubmed/15668297
http://www.ncbi.nlm.nih.gov/pubmed?term=Leid%20M%5BAuthor%5D&cauthor=true&cauthor_uid=1310259
http://www.ncbi.nlm.nih.gov/pubmed?term=Kastner%20P%5BAuthor%5D&cauthor=true&cauthor_uid=1310259
http://www.ncbi.nlm.nih.gov/pubmed?term=Lyons%20R%5BAuthor%5D&cauthor=true&cauthor_uid=1310259
http://www.ncbi.nlm.nih.gov/pubmed?term=Nakshatri%20H%5BAuthor%5D&cauthor=true&cauthor_uid=1310259
http://www.ncbi.nlm.nih.gov/pubmed?term=Saunders%20M%5BAuthor%5D&cauthor=true&cauthor_uid=1310259
http://www.ncbi.nlm.nih.gov/pubmed?term=Zacharewski%20T%5BAuthor%5D&cauthor=true&cauthor_uid=1310259
http://www.ncbi.nlm.nih.gov/pubmed?term=Chen%20JY%5BAuthor%5D&cauthor=true&cauthor_uid=1310259
http://www.ncbi.nlm.nih.gov/pubmed?term=Staub%20A%5BAuthor%5D&cauthor=true&cauthor_uid=1310259
http://www.ncbi.nlm.nih.gov/pubmed?term=Garnier%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=1310259
http://www.ncbi.nlm.nih.gov/pubmed?term=Mader%20S%5BAuthor%5D&cauthor=true&cauthor_uid=1310259
http://www.ncbi.nlm.nih.gov/pubmed/1310259
http://www.ncbi.nlm.nih.gov/pubmed/24977274
http://www.ncbi.nlm.nih.gov/pubmed/24977274
http://www.ncbi.nlm.nih.gov/pubmed/24977274
http://www.ncbi.nlm.nih.gov/pubmed/17463227
http://www.ncbi.nlm.nih.gov/pubmed/17463227


69 
 

 
Marco Pirisinu, “Rational design and applications of a new Cell-penetrating Peptide 

targeting Mitochondria”. Tesi di Dottorato di ricerca in Neuroscienze XXVII ciclo. Univerità 
degli studi di Sassari 

 Mahon K., Potocky T., Blair D., Roy M, Stewart K., Chiles T., Kelley S. Deconvolution of the 

cellular oxidative stress response with organelle-specific Peptide conjugates. Chem. Biol., 

2007, 14, 923–930 

 Mahon, K. P., Potocky, T. B., Blair, D., Roy, M. D., Stewart, K. M., Chiles, T. C., & Kelley, S. 

O. Deconvolution of the Cellular Oxidative Stress Response with Organelle-Specific 

Peptide Conjugates. Chemistry and Biology, (2007) 14, 923–930 

 Meade BR, Dowdy SF. Exogenous siRNA delivery using peptide transduction domains/cell 

penetrating peptides. Adv Drug Deliv Rev. 2007 Mar 30;59(2-3):134-40. 

 Mecocci P. Antioxidant clinical trials in mild cognitive impairment and Alzheimer’s disease. 

Biochim. Biophys. Acta 2012, 1822, 631–638 

 Merrefield
 
R.B., solid phase  peptide synthesis. The synthesis of a tetrapeptide, Journal of 

the American Chemical Society 85 (14) (1963) 2149-21 

 Meyers DE. Mitochondrial cardiomyopathy: pathophysiology, diagnosis, and 

management. Tex Heart Inst J. 2013; 40 (4):385-94 

 Miller ER III, Pastor-Barriuso R, Dalal D, Riemersma RA, Appel LJ, Guallar E. Meta-analysis: 

high-dosage vitamin E supplementation may increase all-cause mortality. Ann Intern Med. 

2005 Jan 4;142(1):37-46 

 Morciano G, Giorgi C, Bonora M, Punzetti S, Pavasini R, Wieckowski MR Campo G, Pinton 

P. J. Molecular identity of the mitochondrial permeability transition pore and its role in 

ischemia-reperfusion injury Mol Cell Cardiol. 2014 Aug 26. pii: S0022-2828(14)00262-4 

 Morris MC, Depollier J, Mery J, Heitz F, Divita G. A peptide carrier for the delivery of 

biologically active proteins into mammalian cells. Nat Biotechnol. 2001 Dec;19(12):1173-6. 

 Mueller J, Kretzsschmar I, Volkmer R, Boisguerin R. Comparison of cellular uptake using 22 

CPPs in 4 different cell lines. Bioconjugate chemistry 19 (12) (2008) 2363 –74 

 Murakami K. Prooxidant action of rosmarinic acid: transition metal-dependent generation 

of reactive oxygen species. Toxicol In Vitro. 2007 Jun;21(4):613-7 

 Muriel A., Fehrentz JA, Martinez J.,Subra G. Methods and Protocols of Modern Solid Phase 

Peptide Synthesis. Molecular Biotechnology. 2006, volume 33 

 Murphy MP , Smith RA . Drug delivery to mitochondria: the key to mitochondrial 

medicine. Adv Drug Deliv Rev .2000;41,235-250 

 Murphy MP. Drug delivery to mitochondria: the key to mitochondrial Medicine. Adv Drug 

Deliv Rev. 2000; 41:235-250 

 Nichols B. Caveosomes and endocytosis of lipid rafts. J Cell Sci, 2003. 116(§Pt 23): p. 4707-

4714 

 Niess AM. Free radicals and oxidative stress in exercise-immunological aspects. Exerc 

Immunol Rev. 1999;5:22-56 

 Oehlke J, Scheller A, Wiesner B, Krause E, Beyermann M, Klauschenz E, Melzig M, Bienert 

M. Cellular uptake of an alpha-helical amphipathic model peptide with the potential to 

deliver polar compounds into the cell interior non-endocytically. Biochim Biophys Acta. 

1998 Nov 11; 1414(1-2):127-39 

 Pae J., Säälik P, Liivamägi L, Lubenets D, Arukuusk P, Langel U, Pooga M. Translocation of 

cell-penetrating peptides across the plasma membrane is controlled by cholesterol and 

microenvironment created by membranous proteins. J Control Release. 2014 Jul 

10;192C:103-113 

http://www.ncbi.nlm.nih.gov/pubmed?term=Meade%20BR%5BAuthor%5D&cauthor=true&cauthor_uid=17451840
http://www.ncbi.nlm.nih.gov/pubmed?term=Dowdy%20SF%5BAuthor%5D&cauthor=true&cauthor_uid=17451840
http://www.ncbi.nlm.nih.gov/pubmed/?term=B.+R.+Meade+and+S.+F.+Dowdy%2C+Adv.+Drug+Delivery+Rev.%2C+2007%2C+59%2C+134%E2%80%93140.
http://www.ncbi.nlm.nih.gov/pubmed?term=Meyers%20DE%5BAuthor%5D&cauthor=true&cauthor_uid=24082366
http://www.ncbi.nlm.nih.gov/pubmed/24082366
http://www.ncbi.nlm.nih.gov/pubmed/15537682
http://www.ncbi.nlm.nih.gov/pubmed/15537682
http://www.ncbi.nlm.nih.gov/pubmed/25172387
http://www.ncbi.nlm.nih.gov/pubmed?term=Morris%20MC%5BAuthor%5D&cauthor=true&cauthor_uid=11731788
http://www.ncbi.nlm.nih.gov/pubmed?term=Depollier%20J%5BAuthor%5D&cauthor=true&cauthor_uid=11731788
http://www.ncbi.nlm.nih.gov/pubmed?term=Mery%20J%5BAuthor%5D&cauthor=true&cauthor_uid=11731788
http://www.ncbi.nlm.nih.gov/pubmed?term=Heitz%20F%5BAuthor%5D&cauthor=true&cauthor_uid=11731788
http://www.ncbi.nlm.nih.gov/pubmed?term=Divita%20G%5BAuthor%5D&cauthor=true&cauthor_uid=11731788
http://www.ncbi.nlm.nih.gov/pubmed/?term=M.+C.+Morris%2C+J.+Depollier%2C+J.+Mery%2C+F.+Heitz+and+G.+Divita%2C+Nat.+Biotechnol.%2C+2001%2C+19%2C+1173%E2%80%931176
http://www.ncbi.nlm.nih.gov/pubmed?term=Murakami%20K%5BAuthor%5D&cauthor=true&cauthor_uid=17267171
http://www.ncbi.nlm.nih.gov/pubmed/17267171
http://www.ncbi.nlm.nih.gov/pubmed/10519061
http://www.ncbi.nlm.nih.gov/pubmed/10519061
http://www.ncbi.nlm.nih.gov/pubmed?term=Oehlke%20J%5BAuthor%5D&cauthor=true&cauthor_uid=9804921
http://www.ncbi.nlm.nih.gov/pubmed?term=Scheller%20A%5BAuthor%5D&cauthor=true&cauthor_uid=9804921
http://www.ncbi.nlm.nih.gov/pubmed?term=Wiesner%20B%5BAuthor%5D&cauthor=true&cauthor_uid=9804921
http://www.ncbi.nlm.nih.gov/pubmed?term=Krause%20E%5BAuthor%5D&cauthor=true&cauthor_uid=9804921
http://www.ncbi.nlm.nih.gov/pubmed?term=Beyermann%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9804921
http://www.ncbi.nlm.nih.gov/pubmed?term=Klauschenz%20E%5BAuthor%5D&cauthor=true&cauthor_uid=9804921
http://www.ncbi.nlm.nih.gov/pubmed?term=Melzig%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9804921
http://www.ncbi.nlm.nih.gov/pubmed?term=Bienert%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9804921
http://www.ncbi.nlm.nih.gov/pubmed?term=Bienert%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9804921
http://www.ncbi.nlm.nih.gov/pubmed/?term=j+Oehlke+1998+cellular+uptake
http://www.ncbi.nlm.nih.gov/pubmed/25016968
http://www.ncbi.nlm.nih.gov/pubmed/25016968
http://www.ncbi.nlm.nih.gov/pubmed/25016968


70 
 

 
Marco Pirisinu, “Rational design and applications of a new Cell-penetrating Peptide 

targeting Mitochondria”. Tesi di Dottorato di ricerca in Neuroscienze XXVII ciclo. Univerità 
degli studi di Sassari 

 Penninckx M. A short review on the role of glutathione in the response of yeasts to 

nutritional, environmental, and oxidative stresses. Enzyme Microb Technol. 2000,26:737–

742 

 Petri S, Kiaei M, Damiano M. Cell-permeable peptide antioxidants as a novel therapeutic 

approach in a mouse model of amyotrophic lateral sclerosis. J Neurochem.2006; 98:1141-

1148 

 Pias EK, Ekshyyan OY, Rhoads CA, Fuseler J, Harrison L, Aw TY. Differential effects of 

superoxide dismutase isoform expression on hydroperoxide-induced apoptosis in PC-12 

cells. J Biol Chem. 2003 Apr 11;278(15):13294-301 

 Pichorner H, Metodiewa D, Winterbourn CC. Generation of superoxide and tyrosine 

peroxide as a result of tyrosyl radical scavenging by glutathione. Arch Biochem Biophys. 

1995 Nov 10;323(2):429-37 

 Pooga M, Hällbrink M, Zorko M, Langel U. Cell penetration by transportan. FASEB J. 1998 

Jan; 12(1):67-77 

 Pujals S., Giralt E. Proline-rich, amphipathic cell-penetrating peptides. Adv Drug Deliv Rev. 

2008 Mar 1;60(4-5):473-84 

 Radi R. Detection of catalase in rat heart mitochondria. J Biol Chem. 1991, 

15;266(32):22028-34 

 Ran L. Genetic analysis of dTSPO, an outer mitochondrial membrane protein, reveals its 

functions in apoptosis, longevity, and Aβ42-induced neurodegeneration. feb 2014 

 Rao J., Dragulescu-Andrasi A., Yao H. Fluorescence imaging in vivo: recent advances. Curr 

Opin Biotechnol. 2007 Feb;18(1):17-25.  

 Rapp U. Purification of superoxide dismutase from fungi and characterization of the 

reaction of the enzyme with catechols by electron spin resonance spectroscopy, Can J 

Biochem. 1973 ;51(2):158-71) 

 Reiter RJ, Melchiorri D, Sewerynek E, Poeggeler B, Barlow-Walden L, Chuang J, Ortiz GG, 
Acuña-Castroviejo D. A review of the evidence supporting melatonin's role as an 
antioxidant. J Pineal Res. 1995 Jan;18(1):1-11. 

 Reliene R, Fischer E, Schiestl RH. Effect of N-acetyl cysteine on oxidative DNA damage and 

the frequency of DNA deletions in atm-deficient mice. Cancer Res. 2004 Aug 

1;64(15):5148-5 

 Richard J.P., Melikov K., Brooks H., Prevot P., Lebleu B., Chernomordik L.V. Cellular uptake 

of unconjugated TAT peptide involves clathrin-dependent endocytosis and heparan 

sulfate receptors. J. Biol. Chem., 2005, 280, 15300–15306 

 Riemer J. Review Oxidation-driven protein import into mitochondria: Insights and blind 

spots. Biochim Biophys Acta. 2011 Mar; 1808(3):981-9 

 Rivas F. In this Issue: Inflammation Cell. 2010 Mar 19; 140(6):755,757 

 Roels F. Cytochemical demonstration of extraperoxisomal catalase. I. Sheep liver. J 

Histochem Cytochem. 1976; 24(6):713-24 

 Rosania G.R., Supertargeted chemistry: identifying relationships between molecular 

structures and their sub-cellular distribution. Curr. Top. Med. Chem. 2003, 3, (6), 659-685 

 Rösen P. The role of oxidative stress in the onset and progression of diabetes and its 

complications: a summary of a Congress Series sponsored by UNESCO-MCBN, the 

American Diabetes Association and the German Diabetes Society. Diabetes Metab Res Rev 

2001;17: 189–212 

 Roy A, Ganguly A, BoseDasgupta S, Das BB, Pal C, Jaisankar P, Majumder HK. 

Mitochondria-dependent reactive oxygen species-mediated programmed cell death 

http://www.ncbi.nlm.nih.gov/pubmed?term=Pias%20EK%5BAuthor%5D&cauthor=true&cauthor_uid=12551919
http://www.ncbi.nlm.nih.gov/pubmed?term=Ekshyyan%20OY%5BAuthor%5D&cauthor=true&cauthor_uid=12551919
http://www.ncbi.nlm.nih.gov/pubmed?term=Rhoads%20CA%5BAuthor%5D&cauthor=true&cauthor_uid=12551919
http://www.ncbi.nlm.nih.gov/pubmed?term=Fuseler%20J%5BAuthor%5D&cauthor=true&cauthor_uid=12551919
http://www.ncbi.nlm.nih.gov/pubmed?term=Harrison%20L%5BAuthor%5D&cauthor=true&cauthor_uid=12551919
http://www.ncbi.nlm.nih.gov/pubmed?term=Aw%20TY%5BAuthor%5D&cauthor=true&cauthor_uid=12551919
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pias%2C+E.+K.%2C+Ekshyyan%2C+O.+Y.%2C+Rhoads%2C+C.+A.%2C+Fuseler%2C+J.%2C+Harrison%2C+L.%2C+and+Aw%2C+T.+Y.+%282003%29+J.+Biol.+Chem.+278%2C+13294+%E2%80%93+1330
http://www.ncbi.nlm.nih.gov/pubmed?term=Pichorner%20H%5BAuthor%5D&cauthor=true&cauthor_uid=7487108
http://www.ncbi.nlm.nih.gov/pubmed?term=Metodiewa%20D%5BAuthor%5D&cauthor=true&cauthor_uid=7487108
http://www.ncbi.nlm.nih.gov/pubmed?term=Winterbourn%20CC%5BAuthor%5D&cauthor=true&cauthor_uid=7487108
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pichorner%2C+H.%2C+Metodiewa%2C+D.%2C+and+Winterbourn%2C+C.+C.+%281995%29+Arch.+Biochem.+Biophys.+323%2C+429+%E2%80%93+437
http://www.ncbi.nlm.nih.gov/pubmed?term=Pooga%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9438412
http://www.ncbi.nlm.nih.gov/pubmed?term=H%C3%A4llbrink%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9438412
http://www.ncbi.nlm.nih.gov/pubmed?term=Zorko%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9438412
http://www.ncbi.nlm.nih.gov/pubmed?term=Langel%20U%5BAuthor%5D&cauthor=true&cauthor_uid=9438412
http://www.ncbi.nlm.nih.gov/pubmed/9438412
http://www.ncbi.nlm.nih.gov/pubmed/18187229
http://www.ncbi.nlm.nih.gov/pubmed/1657986
http://www.ncbi.nlm.nih.gov/pubmed?term=Rao%20J%5BAuthor%5D&cauthor=true&cauthor_uid=17234399
http://www.ncbi.nlm.nih.gov/pubmed?term=Dragulescu-Andrasi%20A%5BAuthor%5D&cauthor=true&cauthor_uid=17234399
http://www.ncbi.nlm.nih.gov/pubmed?term=Yao%20H%5BAuthor%5D&cauthor=true&cauthor_uid=17234399
http://www.ncbi.nlm.nih.gov/pubmed/?term=J.+Rao%2C+A.+Dragulescu-Andrasi+and+H.+Yao%2C+Curr.+Opin.+Biotechnol.%2C+2007%2C+18%2C+17%E2%80%9325
http://www.ncbi.nlm.nih.gov/pubmed/?term=J.+Rao%2C+A.+Dragulescu-Andrasi+and+H.+Yao%2C+Curr.+Opin.+Biotechnol.%2C+2007%2C+18%2C+17%E2%80%9325
http://www.ncbi.nlm.nih.gov/pubmed/4348069
http://www.ncbi.nlm.nih.gov/pubmed/4348069
http://www.ncbi.nlm.nih.gov/pubmed/4348069
http://www.ncbi.nlm.nih.gov/pubmed?term=Reiter%20RJ%5BAuthor%5D&cauthor=true&cauthor_uid=7776173
http://www.ncbi.nlm.nih.gov/pubmed?term=Melchiorri%20D%5BAuthor%5D&cauthor=true&cauthor_uid=7776173
http://www.ncbi.nlm.nih.gov/pubmed?term=Sewerynek%20E%5BAuthor%5D&cauthor=true&cauthor_uid=7776173
http://www.ncbi.nlm.nih.gov/pubmed?term=Poeggeler%20B%5BAuthor%5D&cauthor=true&cauthor_uid=7776173
http://www.ncbi.nlm.nih.gov/pubmed?term=Barlow-Walden%20L%5BAuthor%5D&cauthor=true&cauthor_uid=7776173
http://www.ncbi.nlm.nih.gov/pubmed?term=Chuang%20J%5BAuthor%5D&cauthor=true&cauthor_uid=7776173
http://www.ncbi.nlm.nih.gov/pubmed?term=Ortiz%20GG%5BAuthor%5D&cauthor=true&cauthor_uid=7776173
http://www.ncbi.nlm.nih.gov/pubmed?term=Acu%C3%B1a-Castroviejo%20D%5BAuthor%5D&cauthor=true&cauthor_uid=7776173
http://www.ncbi.nlm.nih.gov/pubmed/7776173?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15289318
http://www.ncbi.nlm.nih.gov/pubmed/15289318
http://www.ncbi.nlm.nih.gov/pubmed?term=Rivas%20F%5BAuthor%5D&cauthor=true&cauthor_uid=20361418
http://www.ncbi.nlm.nih.gov/pubmed/20361418
http://www.ncbi.nlm.nih.gov/pubmed/?term=roels+1976+catalase
http://www.ncbi.nlm.nih.gov/pubmed/?term=roels+1976+catalase
http://www.ncbi.nlm.nih.gov/pubmed?term=Ganguly%20A%5BAuthor%5D&cauthor=true&cauthor_uid=18703668
http://www.ncbi.nlm.nih.gov/pubmed?term=BoseDasgupta%20S%5BAuthor%5D&cauthor=true&cauthor_uid=18703668
http://www.ncbi.nlm.nih.gov/pubmed?term=Das%20BB%5BAuthor%5D&cauthor=true&cauthor_uid=18703668
http://www.ncbi.nlm.nih.gov/pubmed?term=Pal%20C%5BAuthor%5D&cauthor=true&cauthor_uid=18703668
http://www.ncbi.nlm.nih.gov/pubmed?term=Jaisankar%20P%5BAuthor%5D&cauthor=true&cauthor_uid=18703668
http://www.ncbi.nlm.nih.gov/pubmed?term=Majumder%20HK%5BAuthor%5D&cauthor=true&cauthor_uid=18703668


71 
 

 
Marco Pirisinu, “Rational design and applications of a new Cell-penetrating Peptide 

targeting Mitochondria”. Tesi di Dottorato di ricerca in Neuroscienze XXVII ciclo. Univerità 
degli studi di Sassari 

induced by 3,3'-diindolylmethane through inhibition of F0F1-ATP synthase in unicellular 

protozoan parasite Leishmania donovani. Mol Pharmacol. 2008 Nov;74(5):1292-307 

 Saleh AF, Aojula H, Arthanari Y, Offerman S, Alkotaji M, Pluen A. Improved Tat-mediated 

plasmid DNA transfer by fusion to LK15 peptide. J Control Release. 2010 Apr 

19;143(2):233-42 

 Saraste M. Oxidative phosphorylation at the fin de siècle. Science 283 (1999) 1488–1493 

 Scheffler I.E., Mitochondria. Wiley-Liss, Inc.: New York, 1999 

 Schiller PW, Nguyen T.H, Berezowska I., Dupuis S., Weltrowska G., Chung N.N., Lemieux C. 

Synthesis and in vitro opioid activity profiles of DALDA analogues. Eur. J. Med. Chem. 35 

(2000) 895–901 

 Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S, 

Rueden C, Saalfeld S, Schmid B, Tinevez JY, White DJ, Hartenstein V, Eliceiri K, Tomancak P, 

Cardona Fiji A. An open-source platform for biological-image analysis Nat. Methods, 9 

(2012), pp. 676–682 

 Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S, 

Rueden C, Saalfeld S, Schmid B, Tinevez JY, White DJ, Hartenstein V, Eliceiri K, Tomancak P, 

Cardona A. Fiji: an open-source platform for biological-image analysis. Nat Methods. 2012 

Jun 28;9(7):676-82. doi: 10.1038/nmeth.2019 

 Sheu S. Targeting antioxidants to mitochondria: a new therapeutic direction. Biochim 

Biophys Acta. 2006; 1762 : 256 – 265 

 Sheu SS. Nauduri D., Anders MW. Targeting antioxidants to mitochondria: a new 

therapeutic direction. Biochim Biophys Acta. 2005; 1762:256-265 

 Singh D, Kiarash R, Kawamura K, LaCasse E, Gariepy E. Biochemistry. Penetration and 

intracellular routing of nucleus-directed peptide-based shuttles (loligomers) in eukaryotic 

cells 1998, 37, 5798–5809 

 Singh, D., Kiarash, R., Kawamura, K., LaCasse, E. C., & Gariépy, J.. Penetration and 

intracellular routing of nucleus-directed peptide-based shuttles (loligomers) in eukaryotic 

cells. Biochemistry, (1998)37, 5798–5809 

 Skulachev VP. An attempt to prevent senescence: a mitochondrial approach. Biochim 

Biophys Acta. 2009;3:437–461 

 Smith RA, Porteous CM, Coulter CV, Murphy MP. Selective targeting of an antioxidant to 

mitochondria. Eur J Biochem. 1999 Aug;263(3):709-16. 

 Smith RA, Porteous CM, Coulter CV, Murphy MP. Selective targeting of an antioxidant to 

mitochondria. Eur J Biochem. 1999 Aug;263(3):709-16 

 Smith RA., Hartley RC., Cochemé HM, Murphy MP. Mitochondrial pharmacology. Trends 

Pharmacol Sci. 2012 Jun;33(6):341-52 

 Smith RA., Porteous CM., Gane AM., Murphy MP. Delivery of bioactive molecules to 

mitochondria in vivo Proc Natl Acad Sci U S A. 2003 Apr 29;100(9):5407-12.. 

 Soomets U, Zilmer M, Langel U. Manual solid-phase synthesis of glutathione analogs: a 

laboratory-based short course. Methods Mol Biol. 2005;298:241-57 

 Steinhubl SR. Why have antioxidants failed in clinical trials? Am J Cardiol. 2008 

May22;101(10A):14D-19D 

 Stewart KM, Horton KL, Kelley SO. Cell-penetrating peptides as delivery vehicles for 

biology and medicine. Org Biomol Chem. 2008 Jul 7;6(13):2242-55 

 Szarka A, Bánhegyi G, Sümegi B. Mitochondria, oxidative stress and aging. Orv Hetil. 2014 

Mar 23;155(12):447-52 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Mitochondria-Dependent+Reactive+Oxygen+Species-Mediated+Programmed+Cell+Death+Induced+by+3%2C3%E2%80%B2-Diindolylmethane+through+Inhibition+of+F0F1-ATP+Synthase+in+Unicellular+Protozoan+Parasite+Leishmania+donovani
http://www.ncbi.nlm.nih.gov/pubmed?term=Saleh%20AF%5BAuthor%5D&cauthor=true&cauthor_uid=20060860
http://www.ncbi.nlm.nih.gov/pubmed?term=Aojula%20H%5BAuthor%5D&cauthor=true&cauthor_uid=20060860
http://www.ncbi.nlm.nih.gov/pubmed?term=Arthanari%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=20060860
http://www.ncbi.nlm.nih.gov/pubmed?term=Offerman%20S%5BAuthor%5D&cauthor=true&cauthor_uid=20060860
http://www.ncbi.nlm.nih.gov/pubmed?term=Alkotaji%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20060860
http://www.ncbi.nlm.nih.gov/pubmed?term=Pluen%20A%5BAuthor%5D&cauthor=true&cauthor_uid=20060860
http://www.ncbi.nlm.nih.gov/pubmed/?term=A.+F.+Saleh+TAT+2010
http://www.ncbi.nlm.nih.gov/pubmed/22743772
http://www.ncbi.nlm.nih.gov/pubmed?term=Smith%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=10469134
http://www.ncbi.nlm.nih.gov/pubmed?term=Porteous%20CM%5BAuthor%5D&cauthor=true&cauthor_uid=10469134
http://www.ncbi.nlm.nih.gov/pubmed?term=Coulter%20CV%5BAuthor%5D&cauthor=true&cauthor_uid=10469134
http://www.ncbi.nlm.nih.gov/pubmed?term=Murphy%20MP%5BAuthor%5D&cauthor=true&cauthor_uid=10469134
http://www.ncbi.nlm.nih.gov/pubmed/?term=Smith%2C+R.+A.%2C+Porteous%2C+C.+M.%2C+Coulter%2C+C.+V.%2C+and+Murphy%2C+M.+P.+%281999%29+Eur.+J+Biochem.+263%2C+709+%E2%80%93+716
http://www.ncbi.nlm.nih.gov/pubmed?term=Smith%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=10469134
http://www.ncbi.nlm.nih.gov/pubmed?term=Porteous%20CM%5BAuthor%5D&cauthor=true&cauthor_uid=10469134
http://www.ncbi.nlm.nih.gov/pubmed?term=Coulter%20CV%5BAuthor%5D&cauthor=true&cauthor_uid=10469134
http://www.ncbi.nlm.nih.gov/pubmed?term=Murphy%20MP%5BAuthor%5D&cauthor=true&cauthor_uid=10469134
http://www.ncbi.nlm.nih.gov/pubmed/?term=Smith+RA+selective+1999
http://www.ncbi.nlm.nih.gov/pubmed?term=Smith%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=22521106
http://www.ncbi.nlm.nih.gov/pubmed?term=Hartley%20RC%5BAuthor%5D&cauthor=true&cauthor_uid=22521106
http://www.ncbi.nlm.nih.gov/pubmed?term=Cochem%C3%A9%20HM%5BAuthor%5D&cauthor=true&cauthor_uid=22521106
http://www.ncbi.nlm.nih.gov/pubmed?term=Murphy%20MP%5BAuthor%5D&cauthor=true&cauthor_uid=22521106
http://www.ncbi.nlm.nih.gov/pubmed/?term=Smith+RA.+Mitochondrial+pharmacology.+Trends+Pharmacol+Sci.+2012%3B3%3A341%E2%80%93352
http://www.ncbi.nlm.nih.gov/pubmed/?term=Smith+RA.+Mitochondrial+pharmacology.+Trends+Pharmacol+Sci.+2012%3B3%3A341%E2%80%93352
http://www.ncbi.nlm.nih.gov/pubmed?term=Smith%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=12697897
http://www.ncbi.nlm.nih.gov/pubmed?term=Porteous%20CM%5BAuthor%5D&cauthor=true&cauthor_uid=12697897
http://www.ncbi.nlm.nih.gov/pubmed?term=Gane%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=12697897
http://www.ncbi.nlm.nih.gov/pubmed?term=Murphy%20MP%5BAuthor%5D&cauthor=true&cauthor_uid=12697897
http://www.ncbi.nlm.nih.gov/pubmed/?term=smith+ra+2003+delivery+of+bioactive
http://www.ncbi.nlm.nih.gov/pubmed?term=Soomets%20U%5BAuthor%5D&cauthor=true&cauthor_uid=16044551
http://www.ncbi.nlm.nih.gov/pubmed?term=Zilmer%20M%5BAuthor%5D&cauthor=true&cauthor_uid=16044551
http://www.ncbi.nlm.nih.gov/pubmed?term=Langel%20U%5BAuthor%5D&cauthor=true&cauthor_uid=16044551
http://www.ncbi.nlm.nih.gov/pubmed/?term=soomets+2005
http://www.ncbi.nlm.nih.gov/pubmed?term=Steinhubl%20SR%5BAuthor%5D&cauthor=true&cauthor_uid=18474268
http://www.ncbi.nlm.nih.gov/pubmed/18474268
http://www.ncbi.nlm.nih.gov/pubmed?term=Stewart%20KM%5BAuthor%5D&cauthor=true&cauthor_uid=18563254
http://www.ncbi.nlm.nih.gov/pubmed?term=Horton%20KL%5BAuthor%5D&cauthor=true&cauthor_uid=18563254
http://www.ncbi.nlm.nih.gov/pubmed?term=Kelley%20SO%5BAuthor%5D&cauthor=true&cauthor_uid=18563254
http://www.ncbi.nlm.nih.gov/pubmed/?term=from+M.+Stewart++Kelly+et+all.+Org.+Biomol.+Chem.+2008%2C+6%2C+2242-2255
http://www.ncbi.nlm.nih.gov/pubmed/24631932


72 
 

 
Marco Pirisinu, “Rational design and applications of a new Cell-penetrating Peptide 

targeting Mitochondria”. Tesi di Dottorato di ricerca in Neuroscienze XXVII ciclo. Univerità 
degli studi di Sassari 

 Szeto H. Cell-permeable, Mitochondrial-targeted, Peptide Antioxidants. The AAPS Journal 

2006; 8 (2) Article 32 

 Szeto H. Mitochondria-Targeted Peptide Antioxidants: Novel Neuroprotective Agents The 

AAPS Journal 2006; 8 (3) Article 62 

 Takey K, Haucke V. Clathrin – mediated endocytosis: membrane factors pull the trigger. 

Tends Cell Biol, 2001. 11(9): p. 385 – 391 

 Takizawa Y, Kitazato T, Kishimoto H, Tomita M, Hayashi M. Effects of antioxidants on drug 

absorption in in vivo intestinal ischemia/reperfusion. Eur J Drug Metab. Pharmacokinet. 

2011 Jan;35(3-4):89-95 

 Tieu K, Ischiropoulos H, Przedborski S. Nitric oxide and reactive oxygen species in 

Parkinson's disease. IUBMB Life. 2003 Jun;55(6):329-35 

 Tkachenko A; Xie H; D. Coleman; Glomm W; Ryan J; Anderson M; Franzen S; Felheim D, 

Multifunctional gold nanoparticle-peptide complexes for nuclear targeting. J. Am. Chem. 

Soc. 2003, 125, 4700-4701 

 Veldhoen S., Laufer S.D., Trampe A., Restle T. Nucleic Acids Res., 2006, 34, 6561–6573 

 Vivès E.P., Brodin P., Lebleu B. A truncated HIV-1 Tat protein basic domain rapidly 

translocates through the plasma membrane and accumulates in the cell nucleus. Journal 

of biological chemistry, 1997.272(25):p.16010-16017 

 Vögtle FN. Intermembrane Space Proteome of Yeast Mitochondria Mol Cell Proteomics. 

Dec 2012; 11(12): 1840–1852 

 Wagstaff D; Glover D; Tremethick D; Jans D. Histone-mediated transduction as an efficient 

means for gene delivery. Mol. Ther. 2007, 15, (4), 721-731 

 Weissig V, Boddapati S.V., D’Souza G.G.M., Cheng S.M., in Drug Design Reviews, 2004, vol. 

1, pp. 15–28 

 Wu D, Soong Y, Zhao GM, Szeto HH. A highly potent peptide analgesic that protects 

against ischemia-reperfusion-induced myocardial stunning. Am J Physiol Heart Circ 

Physiol. 2002; 283: H783-H791 

 Wu G. Glutathione metabolism and its implications for health. J. Nutr. 2004,134, 489–492 

 Wu XR, Liu L, Zhang ZF, Zhang B, Sun H, Chan GL, Li N. Selective Protection of Normal Cells 

during Chemotherapy by RY4 Peptides. Mol Cancer Res. 2014 Oct;12(10):1365-76 

 Xue C, Liu W, Wu J, Yang X, Xu H. Chemoprotective effect of N-acetylcysteine (NAC) on 

cellular oxidative damages and apoptosis induced by nano titanium dioxide under UVA 

irradiation. Toxicol In Vitro. 2011 Feb;25(1):110-6 

 Yamada Y, Harashima H. Mitochondrial drug delivery systems for macromolecule and 

their therapeutic application to mitochondrial diseases. Adv Drug Deliv Rev. 2008 Oct-

Nov;60(13-14):1439-6 

 Yang L, Zhao Z, Calingasan NY, Luo G, Szeto HH, Beal MF. Mitochondria Targeted Peptides 

Protect Against 1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine Neurotoxicity 

ANTIOXIDANT & REDOX SIGNALING Volume 11, Number 9, 2009 

 Zamzami, N., Hirsch, T., Dallaporta, B., Petit, P. X., Kroemer G. Mitochondrial implication in 

accidental and programmed cell death: apoptosis and necrosis (1997) J. Bioenerg. 

Biomembr.29, 185–193 

 Zhao K, Luo G, Giannelli S, Szeto HH. Mitochondria-targeted peptide prevents 

mitochondrial depolarization and apoptosis induced by tert-butyl hydroperoxide in 

neuronal cell lines. Biochem Pharmacol. 2005; 70:1796-1806  

http://www.ncbi.nlm.nih.gov/pubmed/21302034
http://www.ncbi.nlm.nih.gov/pubmed/21302034
http://www.ncbi.nlm.nih.gov/pubmed?term=Tieu%20K%5BAuthor%5D&cauthor=true&cauthor_uid=12938735
http://www.ncbi.nlm.nih.gov/pubmed?term=Ischiropoulos%20H%5BAuthor%5D&cauthor=true&cauthor_uid=12938735
http://www.ncbi.nlm.nih.gov/pubmed?term=Przedborski%20S%5BAuthor%5D&cauthor=true&cauthor_uid=12938735
http://www.ncbi.nlm.nih.gov/pubmed/?term=%28IUBMB+Life+55%2C+329+%282003%29
http://www.ncbi.nlm.nih.gov/pubmed/?term=Vogtle%20FN%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/20932892
http://www.ncbi.nlm.nih.gov/pubmed/20932892
http://www.ncbi.nlm.nih.gov/pubmed/20932892
http://www.ncbi.nlm.nih.gov/pubmed/18655816
http://www.ncbi.nlm.nih.gov/pubmed/18655816


73 
 

 
Marco Pirisinu, “Rational design and applications of a new Cell-penetrating Peptide 

targeting Mitochondria”. Tesi di Dottorato di ricerca in Neuroscienze XXVII ciclo. Univerità 
degli studi di Sassari 

 Zhao K, Zhao GM, Wu D, Soong Y, Birk AV, Schiller PW, Szeto HH. Cell-permeable peptide 

antioxidants targeted to inner mitochondrial membrane inhibit mitochondrial swelling, 

oxidative cell death, and reperfusion injury. J Biol Chem. 2004 Aug 13;279(33):34682-90. 

Epub 2004 Jun 2 

 Zhao K. Cell-permeable Peptide Antioxidants Targeted to Inner Mitochondrial Membrane 

inhibit Mitochondrial Swelling, Oxidative Cell Death, and Reperfusion Injury. JBC Papers in 

Press, June , 2004, Vol. 279, No. 33, Issue of August 13, pp. 34682–34690 

 Zhao K., Zhao GM, Wu D, Soong Y., Birk A.V., Schiller PW and Szeto H.H. Cell-permeable 

Peptide Antioxidants Targeted to Inner Mitochondrial Membrane inhibit Mitochondrial 

Swelling, Oxidative Cell Death, and Reperfusion Injury. The Jornal of Biological Chemistry 

vol. 279, No. 33, Issue of August 13, pp. 34682–34690, 2004 

 Zhao WY, Han S, Zhang L, Zhu YH, Wang LM, Zeng L. Mitochondria-targeted antioxidant 

peptide SS31 prevents hypoxia/reoxygenation-induced apoptosis by down-regulating 

p66Shc in renal tubular epithelial cells. Cell Physiol Biochem. 2013; 32(3):591-600 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Zhao%20K%5BAuthor%5D&cauthor=true&cauthor_uid=15178689
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhao%20GM%5BAuthor%5D&cauthor=true&cauthor_uid=15178689
http://www.ncbi.nlm.nih.gov/pubmed?term=Wu%20D%5BAuthor%5D&cauthor=true&cauthor_uid=15178689
http://www.ncbi.nlm.nih.gov/pubmed?term=Soong%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=15178689
http://www.ncbi.nlm.nih.gov/pubmed?term=Birk%20AV%5BAuthor%5D&cauthor=true&cauthor_uid=15178689
http://www.ncbi.nlm.nih.gov/pubmed?term=Schiller%20PW%5BAuthor%5D&cauthor=true&cauthor_uid=15178689
http://www.ncbi.nlm.nih.gov/pubmed?term=Szeto%20HH%5BAuthor%5D&cauthor=true&cauthor_uid=15178689
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhao+K.%2C+Zhao+G.M.%2C+Wu+D.%2C+Soong+Y.%2C+Birk+A.V.%2C+Schiller+P.W.%2C+Szeto+H.H.+J.+Biol.+Chem.%2C+2004%2C+279%2C+34682%E2%80%93346909

