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Abstract

Background: Lipoplexes are non-viral vectors based on cationic lipids used to deliver DNA into cells, also known as
lipofection. The positively charge of the hydrophilic head-group provides the cationic lipids the ability to condensate
the negatively charged DNA into structured complexes. The polar head can carry a large variety of chemical groups
including amines as well as guanidino or imidazole groups. In particular, gemini cationic lipids consist of two positive
polar heads linked by a spacer with different length. As for the hydrophobic aliphatic chains, they can be unsaturated
or saturated and are connected to the polar head-groups. Many other chemical components can be included in the
formulation of lipoplexes to improve their transfection efficiency, which often relies on their structural features. Vary-
ing these components can drastically change the arrangement of DNA molecules within the lamellar, hexagonal or
cubic phases that are provided by the lipid matrix. Lipofection is widely used to deliver genetic material in cell culture
experiments but the simpler formulations exhibit major drawbacks related to low transfection, low specificity, low
circulation half-life and toxicity when scaled up to in vivo experiments.

Results: So far, we have explored in cell cultures the transfection ability of lipoplexes based on gemini cationic lipids
that consist of two C,4 alkyl chains and two imidazolium polar head-groups linked with a polyoxyethylene spacer,
(C4lmM),(C,0). Here, PEGylated lipids have been introduced to the lipoplex formulation and the transgene expression
of the Opal mitochondrial transmembrane protein in mice was assessed. The addition of PEG on the surface of the
lipid mixed resulted in the formation of la3d bicontinuous cubic phases as determined by small angle X-ray scattering.
After a single intramuscular administration, the cubic lipoplexes were accumulated in tissues with tight endothelial
barriers such as brain, heart, and lungs for at least 48 h. The transgene expression of Opal in those organs was identi-
fied by western blotting or RNA expression analysis through quantitative polymerase chain reaction.

Conclusions: The expression reported here is sufficient in magnitude, duration and toxicity to consolidate the bicon-
tinuous cubic structures formed by (C,4m),(C,0)-based lipoplexes as valuable therapeutic agents in the field of gene
delivery.
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Graphical Abstract

Background

Since the gene therapy emerged in the early 60s, the main
objective of treating a wide variety of genetic disorders
has been addressed either by the introduction of exoge-
nous DNA to supply damaged cellular DNA or by insert-
ing functional genes in living cells [1]. However, gene
delivery follows a complex pathway where each step must
fulfill specific constrains. Briefly, DNA binding and load-
ing to biocompatible and stable nanovehicles is crucial
for its cell uptake, endosomal escape and nuclear delivery
for transcription. DNA is a negatively charged and rigid
molecule that specifically interacts with positive nano-
carriers through electrostatic interactions and allows the
condensation of DNA molecules to cross the negatively
charged plasma membrane. Among the most widely used
cationic and non-viral vectors; polymers, dendrimers and
lipids offer a flexible manufacturing, versatile tailoring
and safety profiles [2, 3].

Lipoplexes, which consist of a lipid/DNA highly packed
complex, are obtained by self-assembling in aqueous
solution [4], giving rise to different phases [5, 6]. Lipid-
based phases allow not only the specific incorporation
of multiple drugs along with DNA into its hydrophilic
or hydrophobic cores [7] but also versatile formulations
able to simultaneously address cell targeting, highly con-
centrated loads and an enhanced endosomal escape [8].
In particular, inverted hexagonal phases display better
transfection efficiency than lamellar phases [6]. Inverted
hexagonal phases result of the presence of non-bilayer
lipids such as 1,2-dioleoyl-sn-glycero-3-phosphoeth-
anolamine (DOPE) [9, 10], which also facilitates pro-
tein-independent membrane destabilization and fusion
and subsequent endosomal escape [9, 10]. Other meso-
morphic structures can be obtained by means of other
helper lipids such as monoolein glycerol (MOG). MOG
is the most commonly used cubic phase forming lipid
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[11]. Cubic phases have proved to be promising in gene
transfer, especially in the field of siRNA silencing that is
favored by membrane fusion mediated by the onset of
pore formation [12, 13]. Although lipoplexes have been
shown as efficient DNA carriers in living cells [7, 14] clin-
ical studies using lipoplexes are still scarce. It is believed
that lipoplexes, similarly to liposomes, can be rapidly rec-
ognized and removed from the circulation by the reticu-
loendothelial system (RES) [15] when administrated in
animal models, thus sinking any significant localization
in targeted cells [16]. Since three decades ago, it is known
that polyethyleneglycol (PEG)-coated liposomes improve
their stability and increase their half-lives in circula-
tion [17]. PEG coating inhibits protein adsorption and
opsonization of liposomes, thereby avoiding or retarding
liposome recognition by the RES. PEGylation has been
previously used to produce new long-circulating lipo-
plexes for gene delivery purposes [18—-20].

So far, we have explored the use of synthetic gemini
cationic lipids with two positive polar heads linked by a
spacer from different length ((C,4Im),(C,0)), and mixed
with the zwitterionic phospholipid DOPE as efficient
DNA carriers [21-25]. Lipids with multiple cationic head
groups display higher transfection efficiency in compari-
son with conventional cationic lipids bearing only one
polar head. [14, 24] Lipoplexes containing gemini cati-
onic surfactants were shown to complex, transport and
deliver into the nucleus circular plasmids coding not only
for cytosolic proteins such as GFP or luciferase [23-25],
but also the outer mitochondrial membrane fusion pro-
tein Mfnl [26]. Here, we incorporate in the lipoplex
formulation the current gold standard for nanoparti-
cle furtiveness coating by means of commercially avail-
able PEGylated lipids (DSPE-PEG). The (C,,Im),(C,0)/
DOPE/DSPE-PEG mixed lipids condensed a DNA plas-
mid coding for the mitochondrial fusion protein Opal
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into a Ia3d bicontinuous cubic phase as determined by
small angle X-ray scattering (SAXS).

Mitochondria are dynamic interconnected organelles
that undergo fusion and fission processes that regulate
the energetic levels of the cell [27]. In mammals, Opal is
the transmembrane GTPase protein involved in the Inner
Mitochondrial Membrane (IMM) fusion [28]. Opal dele-
tion produces mitochondrial fragmentation and causes
the Autosomal Dominant Optic Atrophy (ADOA) mito-
chondrial disease [29]. The exogenous Opal expres-
sion can restore the mitochondrial fusion and rescue
the mitochondrial phenotype from fragmented to elon-
gated mitochondrial network [30]. This straightforward
observable is a powerful tool for the characterization of
mitochondrial morphology under normal and patho-
genic conditions [31]. Prior to the in vivo experiments,
we demonstrate the ability of (C,,Im),(C,0)/DOPE/
DSPE-PEG/OPAL1 lipoplexes to rescue the mitochon-
drial phenotype in OPA1l-Knockout mouse embryonic
fibroblasts (OPA1-KO MEFs). The phenotype recovery
was accompanied with the overexpression of Opal pro-
tein. After intraperitoneal, intracardiac or intramuscu-
lar administration, we monitored the biodistribution of
lipoplexes and the transgene expression of the mitochon-
drial fusion protein Opal in CD-1 mice. As expected
and independently of the route of administration, the
labeled lipoplexes remained mainly localized for 48 h in
vital tissues traditionally ascribed for drug elimination
or metabolism as liver, spleen or kidneys. However, the
(C14Im),(C,0)/DOPE/DSPE-PEG/OPAL1 lipoplexes were
able to penetrate in other tissues with tight endothelial
barriers such as brain, heart, and lungs upon intramus-
cular administration. The Opal levels were also increased
in those tissues as measured by either western blotting or
by RNA expression analysis through RT-PCR.

Along with our previous works, the control over the
cationic to fusogenic lipid ratio, the lipid to DNA ratio as
quantified by the effective charge ratio, the supramolecu-
lar arrangement within the lipoplex and more important,
the route of administration make this work a first experi-
mental approach to a preclinical study for the validation
of lipoplexes as valuable therapeutic agents in gene deliv-
ery against mitochondrial disorders [32].

Results and discussion

Formation of (C,4lm),(C,0)/DOPE/DSPE-PEG/OPA1
lipoplexes and structural characterization

The mixed lipids used in this work consisted of bis
(hexadecyl dimethyl imidazolium) oxyethylene gem-
ini cationic lipid (with two imidazolium polar head
linked with a polyoxyethylene spacer of one oxygen
and four carbon atoms, (Ci,Im),(C,O) [24], the zwit-
terionic phospholipid DOPE and the PEGylated lipid
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(1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[carboxy(polyethylene glycol)-2000]) (DSPE-PEG) in
a 15:80:5 molar ratio. The cationic lipid is necessary to
guarantee the condensation of the negatively charged
plasmid through electrostatic interactions. The non-
bilayer DOPE is known to form hexagonal phases [9, 10]
that facilitates membrane destabilization and fusion and
subsequent endosomal escape. DSPE-PEG was used to
prevent the adsorption of serum proteins and antibod-
ies onto the surface of lipoplexes and render them furtive
within the blood stream in in vivo experiments [17]. The
mixed nanoaggregates, after hydration and extrusion,
presented a hydrodynamic diameter of 200+20 nm as
measured by Dynamic Light Scattering and a zeta-poten-
tial of §=28.2+0.6 mV.

Lipoplexes were formed by incubating the mixed lipids
(C;6lm),(C,0)/DOPE/DSPE-PEG with increasing
amounts of the plasmid DNA coding for the mitochon-
drial fusion protein Opal (MSCV-OPA1). The zeta
potential curve of (C,cIm),(C,O)/DOPE/DSPE-PEG/
OPAL1 lipoplexes at different total lipid/DNA (m;/mp)
mass ratio is plotted in Fig. 1A. At very high m;/m, val-
ues, the zeta-potential value is close to the value meas-
ured for the mixed lipids alone. The zeta potential
displays a charge inversion from positive to negative val-
ues as the my, increases, and thus reaching a maximal
negative value for DNA alone. The experimental points
were fitted to a sigmoidal function and the zero potential
value, (m; /mp)q, defines the electroneutrality, where the
positive (C,,Im),(C,O) and the negative DNA charges
are balanced (& effective charge ratio equals to 1, p.g=1).
In general, increasing the cationic lipoplex charge
(pege>1) prevents particle aggregation that leads to a bet-
ter interaction with the cell membrane and improves the
transfection yield [24, 25, 33]. As in previous reports, the
determination of the effective charge ratio between the
positive charges given by the cationic lipids and the nega-
tive ones given by the phosphates of plasmid DNA, is
crucial for preparing the different lipoplex formulations.
To obtain the effective charge it is necessary to fit the zeta
potential values for different mixed lipids/plasmid DNA
mass ratio to a sigmoidal function in order to obtain the
electroneutrality value when zeta potential is zero (more
details in Additional file 1) [21]. The supercoiled confor-
mation of plasmid DNA (pDNA) and the presence of a
large amount of counterions usually render the DNA
molecules with a lower effective negative charge than its
nominal one. Also, the (C,,Im),(C,O) lipid used here
have a delocalized positive charge that might yield also to
a lower effective positive charge. In consequence, the
effective charge of the cationic lipid (q:l'?, L+) and the plas-

mid DNA (qé?, ) are required for an accurate formula-
tion of lipoplexes in terms of charge ratio. For that, the
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Fig. 1 A Zeta potential of GCL/DOPE/DSPE-PEG/DNA at different Lipid/DNA mass ratios (mL/mD). (mL/mD)g, is the electroneutrality value.

Black open circles for ctDNA and red circles for MSCV-OPA1. B SAXS diffractograms of GCL/DOPE/DSPE-PEG mixed lipids. Inset: g-values vs.

" for the la3d phase. C SAXS diffractograms of GCL/DOPE/DSPE-PEG/OPAT at p.=2.5. Inset: g-values vs. (hz + k24 /2) 2 for two
different la3d phases (red and white symbols). D SAXS diffractograms of GCL/DOPE/DSPE-PEG/OPAT at pey=4. Inset: g-values vs. (h? + k? + /) 12
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effective charge of (C,,Im),(C,O) is first determined in
(C14Im),(C,0)/DOPE/DSPE-PEG mixed lipids using a
linear calf-thymus DNA (ctDNA) (see reference [21] for
full details of the whole procedure). From the experimen-
tal value of (m;/mp)q as measured from the zeta poten-
tial (Fig. 1A) and assuming g;;,...~= —2/bp, the obtained
value for q‘)}’ ,+was+1.9 +0.1 [24, 25]. With those values

and the experimental value of (m;/mp), for
(C16Im),(C,0)/DOPE/DSPE-PEG/OPA1, we quantified
the negative effective charge per base pair accessible to
the (C,4Im),(C,O) lipid. We obtained qe}'D =—1.8+0.2/
bp. This value is more negative than that found previ-
ously for other plasmid DNAs [21, 22, 24, 25] but similar
to a plasmid DNA coding for an outer mitochondrial
fusion protein Mfnl [26]. In the following, we tested the
transfection efficiency of lipoplexes prepared at p.=2.5
and 4 where the positive charge of lipoplexes is ensured.
We have previously allocated, for a very similar sys-
tem ((C;6Im),(C,O)/DOPE/MEN1 at p.4=4), a bet-
ter transfection efficiency for lipoplexes structured into

two compacted hexagonal H; phases structure [26]. The
addition of a PEGylated lipid into the mixed lipids might
modify the supramolecular structure of lipoplexes, and
thus modify the transfection efficacy. The aggregation
pattern of the mixture of lipids, as well as the structure
of the lipoplexes at ps=2.5 and 4 were determined by
SAXS experiments [5]. Figure 1B shows the radially inte-
grated SAXS diffractogram for the ternary lipid mixture
(C14Im),(C,O)/DOPE/DSPE-PEG. We used the ratios of
g-values corresponding to each diffraction peak to deter-
mine the identity of the phases present in the system
[34]. The Bragg peaks found in the diffractograms for the
mixed lipids in the absence of OPA1 follow the ratios of
6, N/8,:/14, /16,/20, /22, etc.; which are indexed to
a bicontinuous cubic phase of the gyroid type (Q%, Ia3d).
Due to the low signal to noise ratio of our samples, only
the most intense peaks were resolved («/6, /8, +/20 and
V/22). The large volume of the head group bearing the
PEG polymer reduces the negative spontaneous cur-
vature of the (C;4Im),(C,O)/DOPE/DSPE-PEG mixed
lipids and might stabilize the phase transition from the
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hexagonal Hj; phase found from the binary mixture [27]
to a Ia3d cubic phase [11, 35]. The lattice periodic dis-
tance, a2, was determined through the linear relationship
between the g-values and their corresponding ratio value
as (h2 + k24 12) 1/2, where h, k and 1 are the Miller indi-
ces (see inset of Fig. 1B). The slope of the linear trend is
= 2% and a a9 value of 13.0+0.1 nm was obtained. The
periodic distance a? comprises the hydrophobic region
of lipids, L, and the radius of the water cylindrical chan-
nels where the pDNA might be hosted, r,,. Taking geo-
metrical considerations [36] the r,, can be obtained from
rw = 0.24842 — L. If a value of L ~ 1.7 nm is assumed for
Ia3d cubic phases [35], the aqueous radius is 7, ~ 1.5 nm.

The SAXS diffractograms of the (C,;Im),(C,O)/DOPE/
DSPE-PEG/OPAL lipoplexes show the presence of two
coexisting cubic phases at both p.=2.5 (Fig. 1C) and
peg=4 (Fig. 1D). A first gyroid phase is characterized
by the same g-values and sharp peaks produced by the
lipid scaffold (see Fig. 1B). The second Ia3d cubic phase
displays broadened peaks that are also shifted to lower
g-values. A 4@ value of 19.040.2 nm was obtained for
this phase, which leads to swelled aqueous channels
with radius r, ~ 2.8 nm. Surprisingly, the addition of
MSCV-OPA1 did not compact the cubic phase through
the electrostatic interactions between (C,4Im),(C,O)/
DOPE/DSPE-PEG and the DNA, and the swollen cubic
phase might result from steric hindrance after DNA
hosting in the water channels. The positive counter ions
accompanying the negatively charged DNA might induce
electrostatic repulsion across the positively charged
(C16Im),(C,0)/DOPE/DSPE-PEG aggregates as previ-
ously reported [37]. As a result, some water channels of
the gyroid cubic phase formed by the ternary mixture
of (Cy4,Im),(C,O)/DOPE/DSPE-PEG are swollen by the
presence of DNA plasmid [38].

(C46Im),(C,0)/DOPE/DSPE-PEG/OPAT1 lipoplexes enter

the cell through the endosomal pathway and present low
cytotoxicity

The cellular uptake of lipoplexes and their cytotoxicity
were evaluated in both wild type mouse embryonic fibro-
blasts (MEFs wt) and in OPA1-Knockout mouse embry-
onic fibroblasts (OPA1-KO MEFs). Prior to lipoplex
formation, the ternary lipid mixture was complemented
with 1% mol of the fluorescent dye DiR (red channel) and
cells were labeled with a lysosomal marker (green chan-
nel, see “Methods”) to track the lipoplexes uptake within
cells. Then, both MEFs wt and OPA1-KO MEFs were
incubated with 130 uM of lipoplexes and imaged up to
24 h (Fig. 2A). During early uptake (2 h incubation) lipo-
plexes are only found at the proximity of plasma mem-
branes as no colocalization of the lysosomal dye and the
lipid probe is displayed. At longer incubation times (8
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and 24 h), a progressive colocalization of the probes is
observed. The maximum overlap of the green and the red
fluorescence signals is monitored at 24 h, indicative for a
complete colocalization of lipoplexes and lysosomes. We
conclude that the lipoplex uptake was produced via the
endosomal pathway. Complementary information was
obtained through living cell imaging (Additional file 1:
Fig. S1) where the cellular uptake in MEFs wt of lipo-
plexes at different concentration is revealed after 24 h
incubation. Here, the incubation of cells with high con-
centrations of lipoplexes (400 uM) did not compromise
cell viability or morphology.

To quantitatively determine the toxicity of
(C,6lm),(C,O0)/DOPE/DSPE-PEG/OPA1 lipoplexes, we
exposed MEFs wt and OPA1-KO MEFs to lipoplexes at
different p.4 and measured the cell viability over time by
means of the resazurin-based alamarBlue cell viability
assay (Fig. 2B). Lipofectamine2000 was used as a positive
control. In general, (C,;Im),(C,O)/DOPE/DSPE-PEG/
OPAL1 lipoplexes either at p,=2.5 or 4 do not produce
a significant effect on cell viability after 48 h incubation.
Only lipoplexes at p.g=4 presented a significant cyto-
toxicity (~20%, p<0.05) on OPA1-KO MEFs after 72 h
of incubation. The low cytotoxicity of (C,cIm),(C,O)/
DOPE/DSPE-PEG/OPAL1 lipoplexes after 24 h incuba-
tion was also confirmed independently by scanning flow
cytometry (Additional file 1: Fig. S2). In comparison with
other monomeric or dimeric cationic lipids, the low cyto-
toxicity of (C,,Im),(C,O)/DOPE/DSPE-PEG/OPAL1 lipo-
plexes lays on their delocalized positive charge [24].

The overexpression of Opa1 by the cubic (C,¢Im),(C,0)/
DOPE/DSPE-PEG/OPAT1 lipoplexes partially rescues

the elongated mitochondrial phenotype in OPA1-KO MEFs
In the absence of treatment, the morphology of the mito-
chondrial network is elongated or ball-shaped under nor-
mal (MEFs wt) and pathogenic conditions (OPA1-KO
MEFs) respectively [32] (Fig. 3). Under the assumption
that an exogenous expression of Opal can restore the
mitochondrial fusion and complement the mitochondrial
phenotype from fragmented to elongated mitochondrial
network [31], the efficiency of (C;¢Im),(C,O)/DOPE/
DSPE-PEG/OPAL lipoplexes was tested in both MEFs wt
and OPA1-KO MEFs by scanning confocal fluorescence
microscopy. As shown in confocal micrographs, MEFs
wt maintained the normal mitochondrial phenotype 72 h
after treatment with lipoplexes at p.g=2.5 and pg=4.
Though this is not a direct evidence for protein expres-
sion, this observation is in agreement with the non-toxic-
ity of these lipoplexes (Fig. 3, top panel). As for OPA1-KO
MEFs, the fragmented mitochondria were partially and
progressively turned into elongated mitochondria from
8 h of treatment with lipoplexes.
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For a better quantification of the mitochondrial phe-
notype complementation, the mitochondrial network
structure was outlined from its underlying tree structure
as determined by the Skeleton Analyzer plug-in from
Image]. [26, 39] The ratio of elongated mitochondria over
the fragmented nodes before and after treatment was

plotted as a function of incubation time (Additional file 1:
Fig. S3). MEFs wt kept the normal mitochondrial mor-
phology after 72 h of treatment with lipoplexes. Again,
this observation confirms the non-toxic character of
these lipoplexes after long incubation times. In contrast,
the incubation of OPA1-KO MEFs with transfection with
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and OPA1-KO MEFs (lower rows) transfected with (C,4Im),(C,0)/DOPE/
DSPE-PEG/OPAT lipoplexes at p.s=2.5 and 4 at different time intervals. The mitochondrial network was labeled with TMRM (1 uM). Scale bars are

fals

(C16Im),(C,0)/DOPE/DSPE-PEG/OPA1  lipoplexes at
peg=2.5 and 4 increased up to fourfold the ratio of elon-
gated mitochondria after 8 h of treatment. The increase
of the elongated fraction indicates a partial complemen-
tation of the normal phenotype by restoring the Opal
fusion activity. As a control, the incubation of the ter-
nary lipid mixture (without the OPA1 plasmid) did not
produce any remodeling of the mitochondrial network
either in MEFs wt or OPA1-KO MEFs (Additional file 1:
Fig. S4). Note also that a similar transfection efficiency,
as visualized by the complementation of the mitochon-
drial phenotype, was obtained with lipoplexes without
PEGylated lipid and using a very similar plasmid in terms

of effective charge and size [26]. This allows us to suggest
that the transfection efficiency is, at least, not compro-
mised by the presence of DSPE-PEG. Finally, we did not
consider standard transfection reagents as a control due
to the very low expression efficiency shown to comple-
ment the mitochondrial phenotype [26].

To unequivocally allocate the partial rescue of the
normal mitochondrial phenotype to the presence of
new copies of Opal protein after gene transfection, the
expression levels of Opal were determined by immune-
detection at different incubation times. The Opal lev-
els were referred to GRP75 (OPA1/GRP75) or B-actin
(OPA1/B-Actin) as house-keeping proteins to quantify
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the overexpression of exogenous Opal in MEFs wt and
OPA1-KO MEFs (Fig. 4). Both human and murine cells
produce up to 8 splicing variants (isoforms) of Opal [40,
41]. Isoforms are processed by at least three proteases
forming long (L) and short (S) forms of Opal with dif-
ferent molecular sizes [42, 43]. L-forms are anchored to
the IMM whereas S-forms are peripherally attached to
the IMM with a fraction that diffuse in the Inter Mem-
brane Space (IMS) [28, 40]. Western blots of mitochon-
drial lysates prepared from different tissues show a set of
5 bands (2 L-forms and 3 S-forms) with apparent molec-
ular weights between 80 and 100 kDa with different rela-
tive abundance. In the particular case of MEFs, the lower
band of the L-form and the two lower bands of S-forms
are found to be more intense. As expected, we did not
detect Opal in OPA1-KO MEFs, which results in mito-
chondrial fragmentation [44, 45].

We first quantified the Opal protein levels in MEFs
wt treated with (C,,Im),(C,O)/DOPE/DSPE-PEG/OPA1
lipoplexes after 24 h of incubation and compared with
the protein basal levels obtained in the absence of treat-
ment (Fig. 4A). The densitometric analysis of western
blots indicates no increase of the Opal protein levels
after incubation with lipoplexes at p s=2.5. However, we
monitored a threefold increase of the Opal levels when
cells were treated with lipoplexes at p,z=4. The absence
of Opal basal levels in OPA1-KO MEFs allows us to allo-
cate the protein overexpression directly to the action of
lipoplexes (Fig. 4B). We detected the presence of three
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bands corresponding to one L-form and two S-forms.
The densitometric analysis suggests that the protein
levels of Opal after treatment did not reached similar
values as those obtained for MEFs wt in the absence of
treatment. We conclude that the mitochondrial network,
completely fragmented in OPA1-KO-MEFs, is partially
rescued by lipoplexes generating both L- and S-forms, in
agreement with previous reports using viral carriers [46].

Biodistribution and transfection efficiency of (C,¢lm),(C,0)/
DOPE/DSPE-PEG/OPAT1 lipoplexes in mice

The biodistribution of (C,,Im),(C,0)/DOPE/DSPE-PEG/
OPAL1 lipoplexes was traced by labeling the lipid mixture
with DiR’ The DiR’-labeled lipoplexes (10 mg of mixed
lipids/ kg of mouse) were administrated through differ-
ent pathways (intraperitoneal, IP; intracardiac, IC and
intramuscular, IM) and their accumulation in different
organs was measured as the mean fluorescence intensity
of ROIs enclosing the organs (Fig. 5A). We compared the
biodistribution of lipoplexes after 24 h and 48 h of treat-
ment with the basal intensity signal found in the absence
of treatment. In the absence of treatment, a basal fluores-
cence intensity was found in vital organs like liver, spleen,
kidneys and the muscle tissue from back legs (Fig. 5B).
After IP administration the accumulation DiR-labeled
lipoplexes was significantly increased in liver, spleen and
kidneys but also lungs and brain were observed to accu-
mulate lipoplexes (Fig. 5B). For an IC administration, the
biodistribution pattern of lipoplexes was similar to that

control
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Fig. 4 Western blot analysis of Opal and GRP75 protein levels in MEFs wt (A) and OPA1-KO MEFs (B) after transfection with (C,¢Im),(C,0)/DOPE/
DSPE-PEG/OPA1 lipoplexes at p¢= 2.5 and 4 at different time intervals. The relative ratios of band intensity between Opal and GRP75 (lower
panels) were quantified by ImageJ. Student’s t-test was performed to measure the significance of statistical difference between the different groups
and the control (in the absence of treatment) from 3 independent experiments. (*p < 0.05 was considered statistically significant)
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Fig.5 A In vivo biodistribution of DiR-labeled (C,¢Im),(C,0)/DOPE/DSPE-PEG/OPA1 lipoplexes in CD-1 mice after 48 h without treatment (control)
and with treatment via intraperitoneal (IP), intracardiac (IC) and intramuscular (IM) administration. B Mean fluorescence intensity of ROIs enclosing

found in the absence of treatment, only the liver showed
an increased accumulation as compared to control levels,
and heart, brain and lungs were also labeled with DiR;
suggesting the bioaccumulation of lipoplexes in those
organs (Fig. 5B). A general increased accumulation of
lipoplexes was found after IM administration. Here, not
only the fluorescent intensity levels found in liver, spleen,
kidneys and muscles doubled their basal values but also
the accumulation of lipoplexes in brain, heart and lungs
raised when compared to other administration pathways
(Fig. 5B). Our findings based on the comparative study
of the three different injection routes allow us to estab-
lish the IM injection as the mouse preference-oriented

drug administration. Independently of the administration
pathway, we could also trace a progressive disappearance
of lipoplexes within the mice after 4 weeks of incubation
without producing any cytotoxicity to animals (Addi-
tional file 1: Fig. S5).

We then evaluated the ability of (C,,Im),(C,0)/DOPE/
DSPE-PEG/OPAL1 lipoplexes to transport, deliver and
overexpress Opal in mice. The Opal protein levels after
48 h incubation with lipoplexes at p.s=4 and adminis-
trated by either IP, IC or IM injection were compared to
the protein background in different organs (heart, brain,
lungs, muscles, liver, spleen and kidneys). After euthana-
sia, all organs presented normal coloration, texture and
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size after lipoplex treatment independently of the admin-
istration pathway. Western blots displayed different pat-
terns containing up to 2 L-forms and 2 S-forms of Opal
depending on the organ (Additional file 1: Fig. S6). After
quantification, the densitometric analysis of western
blots indicated an increase of ~50% of the Opal levels in
heart, brain, lungs and kidneys (Fig. 6A). Independently
of the administrations route, this is consistent with the
onset of the accumulation of lipoplexes in brain and lungs
and the increase of the fluorescence intensity in heart or
kidneys after treatment (see Fig. 5). In contrast, the sys-
tematic higher accumulation of lipoplexes in the liver
after administration did not result in a significant over-
expression of Opal protein. A similar observation was
made for spleen or muscles where the biodistribution
of lipoplexes was not affected by IC or IP injections but
highly increased by IM injection (Fig. 6B). The drug elim-
ination function of the liver and spleen might explain the
concomitant accumulation of lipoplexes in those organs
without an efficient expression of the Opal protein
though. A definitive evidence of Opal overexpression
through lipoplexes was obtained by using RT-PCR, often
considered as the gold standard to detect gene expression
of a given transcript in a cell or tissue [47]. According to
the western blot analysis shown in Fig. 6, heart and spleen
were considered to be representative for an optimal and
unresponsive Opal overexpression respectively, and
were chosen for RT-PCR analysis. The data displays the
fold change of the mRNA copies from the targeted gene
expression (Fig. 7). We measured a 50-100% increase of
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the mRNA-fold in heart after 48 h incubation with lipo-
plexes at ps=4. In contrast, the same treatment did not
result in any change of the mRNA fold increase in spleen.
These results were consistent with the higher accumula-
tion and overexpression of Opal in heart as measured by
in vivo imaging experiments (Fig. 5) and western blotting
(Fig. 6).

Face to viral vectors, lipofection represents less than 5%
of the ongoing clinical trials based on gene therapy [48].
The main reason for this evidence lies on the lower trans-
fection efficiency and the unfavorable biodistribution
of lipoplexes relative to viral vectors [49]. Despite of the
benefits of using lipid/DNA complexes associated to their
safety (non-toxicity and non-immunogenicity), their ver-
satile formulation and their easy manufacture; the first
generation of cationic lipids displayed a very dissimilar
biodistribution and transfection efficiency. Despite some
authors reported a successful in vivo transfection with
an accumulation of lipoplexes in lung, liver, spleen, heart
and kidneys, lasting for several days or weeks [50-54]
other reports signaled a low activity of expressed proteins
in systemic organs [55—57] or a maximal protein activity
after 24 h of administration [58, 59]. The observed dis-
crepancy between reports might lay on the different pro-
moters, reporter genes, or the detection method used.
However, the intravenous administration used in those
reports seems to show a similar biodistribution pat-
tern that consists on a rapid accumulation in lungs fol-
lowed by a hepatic clearance [60]. The strong interaction
between cationic lipids and the bloodstream proteins
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Fig. 6 A Western blot of Opal and GRP75 protein levels in kidneys and brain from CD-1 mice after 48 h of transfection with (C,5Im),(C,0)/DOPE/
DSPE-PEG/OPAT lipoplexes (p.=4). Different lanes correspond to the groups without treatment (C) and with treatment via intraperitoneal (IP),
intracardiac (IC) and intramuscular (IM) administration. B Relative ratios of band intensity between Opa1 and GRP75 from different organs of
CD-1 mice treated with (C,¢Im),(C,0)/DOPE/DSPE-PEG/OPA1 lipoplexes (p.s=4) via intraperitoneal (IP), intracardiac (IC) and intramuscular (IM)
administration. Results shown are mean =% s.e.m. from 3 independent experiments. The statistical significance was determined using a Student’s
t-test between the different groups and the negative control (in the absence of treatment); (*p < 0.05 was considered statistically significant)
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mediates the rapid elimination of lipoplexes through the
RES [61].

Although the contribution of the PEG moiety to bio-
distribution is not straightforward, since no controls in
the absence of the PEGylated lipid was carried out, a few
studies report the biodistribution of lipoplexes based on
gemini-cationic lipid with disparate results. Whereas
local administration (topic and ocular) produced signifi-
cantly high expression of the reporter plasmids [62, 63],
intravenous administration through the penile vein of
pH-sensitive sugar-based gemini cationic lipids showed a
local accumulation at the site of injection and a remark-
able expression of the protein only in liver and spleen
[64]. Intravenous administration of pH-sensitive sugar-
based gemini cationic lipids trough the tail vein leaded to
a transfection efficiency that was sevenfold higher than
the commercially available lipofection agents in lung and
heart after 24 h of treatment [65]. However, the intrave-
nous administration through the tail vein of quaternary
gemini cationic lipids-based lipoplexes resulted in their
accumulation mainly in liver and spleen for 24 h that pre-
cedes a first accumulation in lungs within the first min-
utes after injection [16]. Again, the rapid redistribution of
lipoplexes from lungs to vital organs for drug elimination
such as liver, spleen or kidneys is observed upon an intra-
venous administration.

Here, we show that the specific use of a gemini cationic
lipid combined with a PEGylated lipid does not com-
pletely avoid the preliminary capture of lipoplexes in the
lungs but allows for a wide and sustained biodistribution
of lipoplexes in vital organs such as heart or brain after
IM administration. The delocalized positive charge of
gemini cationic lipids [24], the furtiveness of lipoplexes
provided by the polymer coating [18-20] and the local
injection might hamper the electrostatic interactions of

cationic surfactants with the plasma proteins and the fol-
lowing rapid clearance of lipoplexes by the RES. Moreo-
ver, the overexpression of the Opal protein in those
organs was mostly enhanced after treatment (Fig. 6). This
observation is particularly interesting as a high increase
of Opal levels might protect from heart and brain dam-
age induced by ischemia—reperfusion injury [66]. Like-
wise, the specific targeting of gemini cationic lipid-based
lipoplexes to skeletal muscle may be further exploited
given that myopathy is one of the most frequent clini-
cal symptoms of ADOA. Although we did not detect
a significant increase in the Opal levels in muscles, we
demonstrate a local accumulation of lipoplexes in that
tissue. However, two major drawbacks have been iden-
tified for an optimal OPA1-gene therapy [67]. First, the
slight overexpression of Opal in mice upon transfection
with viral nanocarriers [66] and second, the inability of
single Opal isoforms to completely recover the network
dynamics [68]. The use of cubic gemini cationic lipid-
based nanovectors might represent an alternative to viral
vectors and overcome the stated issues. Additional work
is required to explore (a) the simultaneous transfection
of multiple plasmids coding for different Opal isoforms
and (b) the local administration of lipoplexes within eye,
as this organ has been shown to be an excellent target for
mitochondrial optic neuropathies gene therapy [69, 70].

Conclusions

Despite the growing knowledge on the physicochemical
properties of lipoplexes and the development of versatile
formulations displaying high transfection yields in liv-
ing cells, the extensive use of lipofection in gene therapy
is still in progress. Non-viral gene therapy clinical trials
targeting multiple diseases have increased in the last dec-
ade, but only 30% of them are based on lipid nanocarriers
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[71]. In particular, gemini cationic lipids have not been
explored yet in clinical trials and a gemini cationic lipid-
based gene therapy remains elusive due to the inconclu-
sive demonstration of an efficient and specific transgene
delivery. We show that (C,¢,Im),(C,O), along with DOPE
and a PEGylated lipid, in conjunction with plasmid DNA
can form bicontinuous cubic lipoplexes able to transport
and release a plasmid coding for the Opal mitochondrial
protein in living cells. Upon treatment, the fragmented
mitochondrial phenotype observed in OPA1-KO MEFs is
partially recovered and accompanied with an overexpres-
sion of the Opal protein. Moreover, the Opal protein
was overexpressed in vital organs such as heart or brain
when lipoplexes were administrated into mice through
intramuscular pathway. Our results pave the way for
using synthetic gemini cationic lipid-based cationic lipo-
plexes as therapeutic non-viral gene nanocarriers against
mitochondrial dysfunctions.

Methods

Lipids and plasmids

The gemini cationic lipid bis (hexadecyl dimethyl imida-
zolium) oxyethylene (C;,Im),(C,O), with a polyoxythe-
lyne spacer of one oxygen and four carbon atoms (Scheme
S1), was synthesized according to ref [72]. The zwitteri-
onic phospholipid 1,2-dioleoyl-sn-glycerol-3-phosphoe-
thanolamine (DOPE) and 1,2-distearoyl-sn-glycerol — 3
— phospho ethanolamine-N-[carboxy(polyethylene gly-
col)-2000] (sodium salt) (DSPE-PEG2000) (DSPE-PEG)
were purchased from Avanti Polar Lipids (Additional
file 1: Scheme S1). The fluorescent dye 1,1’-Dioctadecyl-
3,3,3,3’-Tetramethylindotricarbocyanine Iodide (Inv-
itrogen™ DiR’) was provided by Fisher Scientific. The
plasmids pMSCV-OPA1 encoding a variant for the OPA1
human transcript splice form 1 were synthesized accord-
ing to ref. [31].

Chemicals and antibodies

N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic  acid
(HEPES), HEPES (sodium salt), HEPES (free acid), Tetra-
methylrhodamine (TMRM, T668), the AlamarBlue cell
viability reagent (DAL1025), the NUPAGE LDS sample
buffer (4x) from Novex, the Complete Mini Protease
Inhibitor cocktail from Roche Applied Sciences and
the BCA Assay Kit from Pierce, the RIPA lysis buffer
10x from Millipore were all provided by Fisher Scientific.
Lipofectamine2000 Transfection reagent (11668019)
was purchased from Thermo Fisher Scientific. Rhoda-
minel23 (R8004), LysoTracker Green (DND-26), DL-
dithiothreitol (DTT; D0632) and [-mercaptoethanol
were purchased from Sigma Aldrich. Mouse Anti-Opal
monoclonal antibody (1:2000) was purchased by BD Bio-
sciences (#612607). B-actin (1:2000) and GRP-75 (1:2000)
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antibodies were purchased from Santa Cruz Biotech-
nology (#sc-47778 and SC-133137, respectively). Anti-
mouse and anti-rabbit HRP secondary antibodies were
provided by GE Healthcare (#GENA931 and A0545,
respectively). GAPDH, glyceraldehyde-3-phosphate
dehydrogenase (ab8245), was purchased from Abcam.

Mixed lipids and lipoplexes preparation

A dry film of (C;4Im),(C,0), DOPE and DSPE-PEG at
a molar ratio of 15/80/5 respectively (15/80/4/1.3 for
(C;6lm),(C,O0)/DOPE/DSPE-PEG/DiR’) was prepared
after removing the chloroform solvent under high vac-
uum. The lipid film (5 mg/mL final concentration) was
then hydrated with 40 mM HEPES buffer at a pH=7.4
and sequentially extruded to a final diameter of 100 nm
[73]. Lipoplexes were formed at 37°C by mixing different
amounts of MSCV-OPA1 plasmid with (C,,Im),(C,O)/
DOPE/DSPE-PEG mixed lipids for 30 min, expressed
in effective charge ratio (p.q) between=charge ratio of
(C;6lm),(C,0)/DOPE/DSPE-PEG mixed lipids and DNA.

Zeta potential

(C;6lm),(C,0)/DOPE/DSPE-PEG mixed lipids and lipo-
plexes were prepared with 40 mM HEPES at pH=7.4.
The concentration of the MSCV-OPA1l plasmid was
kept as 0.05 mg/mL varying the concentration of the
(C;6lm),(C,O0)/DOPE/DSPE-PEG mixed lipids to pro-
duce different m; /m, mass ratios. Electrophoretic mobil-
ity of (C,,Im),(C,0)/DOPE/DSPE-PEG/OPAL1 lipoplexes
was measured, at 25°C, as a function of the m; /m, mass
ratio on a Zeta Potential Analyzer (Brookhaven Instrum.
Corp., USA). Each electrophoretic mobility value was
taken as an average of 30 independent measurements.
Zeta potential ({) was obtained from the electrophoretic
mobility (1¢) using the Henry equation

_ 3nue
- 2g08,f (kpa) (1)

where 7 is the water viscosity (8.904x10™* N m™ s at
298.15 K); ¢ and &, are the vacuum and relative per-
mittivity (8.854x 107! J71.C2m™! and 78.5, respec-
tively); and f(kpa) the Henry function which depends
on the reciprocal Debye length («p) and the hydrody-
namic particle radius (a). For medium-to-large particles
in a medium of moderate ionic strength (a > (kp)™h),
f(kpa) is assumed as 1.5 following the Smoluchowski
approximation [74, 75].

Small angle x-ray scattering (SAXS)

SAXS experiments were carried out in the beamline
NCD11 at the ALBA Synchrotron (Barcelona, Spain). The
energy of the incident beam was 12.6 keV (A\=0.9998 A).
Samples were placed in sealed glass capillaries. The
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scattered X-rays were detected on a Quantum 210r
CCD detector, converted to one-dimensional scatter-
ing by radial averaging, and represented as a function of
the momentum transfer vector (q, nm™?). The sample to
detector distance was of 2.88 m. SAXS experiments were
performed for (C,,Im),(C,0)/DOPE/DSPE-PEG/OPA1
lipoplexes at effective charge ratio p.=2.5 and 4. In each
capillary, the amount of MSCV-OPAL1 was 9 pg and the
amount of (C,4,Im),(C,0)/DOPE/DSPE-PEG mixed lipid
was changed accordingly keeping a final volume of 80 uL/
capillary. Measurements at each lipoplex composition
were run by duplicate in two independent capillaries.

Cell cultures

Mouse embryonic fibroblasts (MEF wt) and OPAI-
Knockout fibroblasts were from ATCC (CRL-2991 and
CRL-2995 respectively). Cells were cultured in com-
plete Dulbecco Modified Eagle Medium (DMEM) sup-
plemented with 10% Premium Fetal bovine serum
(FBS, South Africa S1300; Biowest, Nuallé, France), 1%
non-essential amino acids (MEM-NEA), 1% penicillin/
Streptomycin (final concentration of 100 U/mL of peni-
cillin and 100 pg/mL of streptomycin), all purchased
from Gibco. The cells were grown in a humidified incu-
bator (Forma Steri-Cycle ThermoFisher with HEPA fil-
ter, 5% CO,) at 37 °C and maintained with a split ratio of
1:15 at 80% of confluence in T75 flasks (Nunc). Trypsine/
EDTA 0.05% from Hyclone was used to detach cell cul-
tures from flasks. Dulbecco Phosphate Buffered Saline
without calcium and magnesium (DPBS) from Gibco and
Phosphate Buffered Saline 1x (PBS) from Hyclone, were
used for washing cells.

Confocal laser scanning microscopy (CLSM)

The cellular uptake of lipoplexes and the mitochondrial
network of MEFS and OPA1-KO MEFs were monitored
using a confocal Leica TCS SP5 inverted microscope
with a near-IR laser (750 nm) and a green laser (488 nm)
or an inverted Nikon Ti-E microscope equipped with a
Nikon scanning confocal microscope module C2, Nikon
Plan Apo 100 x NA 1.45 oil immersion objective and two
lasers (488 and 561 nm; Sapphire laser). 10° cells per cm?
of MEFs wt or OPAI-Knockout MEFs in a 4-well Nunc™
Lab-Tek™ slide (Thermo Fisher) containing 500 pL of
complete DMEM were treated with lipoplexes. Lipo-
plexes were prepared using MSCV-OPA1 and diluted
with complete DMEM at a final concentration of 0.36 pM
per well and at different p_4 of 2.5 or 4. For the mitochon-
drial morphology experiments, cells were labeled with
Rhodaminel23 (5.3 uM) or TMRM (1 pM) 30 min before
confocal imaging at different time intervals (0, 24 h, 48 h
and 72 h). For a given picture, the statistical distribution
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of both the elongated (including the branched nodes or
mitochondrial networks) and fragmented non-branched
nodes (individual round mitochondria) were determined
by using the Skeleton Analyzer plug-in for Image] [27,
41]. For each condition, the analysis was made for a pop-
ulation of three independent samples comprising more
than 10004200 different mitochondria. The time evolu-
tion of the mitochondrial network was determined as the
% of elongated mitochondria normalized by the initial %
of elongated mitochondria before treatment. To follow
the uptake of lipoplexes inside MEFs wt and OPA1-KO
MEFs, lipoplexes were labeled with DiR’ (1.3% mol of the
lipid composition). Prior to lipoplex incubation, MEFs
wt and OPA1-KO MEFs were labeled with Lysotracker
Green (1 pM). Cells were then imaged at different periods
of time. The overlap of the DiR’ and Lysotracker signals
was taken as indicative for a colocalization between lipo-
plexes and lysosomes. An additional proof for the cellular
uptake of the mixed lipids labeled with DiR’ was obtained
on a Cytell Cell Imaging System (GE Healthcare Life Sci-
ences). Here, 10° cells/well of MEFs wt were seeded in a
6-well plate. After 24 h, cells were transfected with mixed
lipids at different concentrations and the localization was
monitored after 24 h (see Additional file 1: Figure S1).

Cell viability assays

Cell viability was evaluated by the alamarBlue assay
(ThermoFisher) following the manufacturer’s pro-
tocol. 1000 cells were seeded in a 96-well plate and
grown up to~80% confluence (at 37 °C, 5% CO,, 99%
humidity). After incubation with lipoplexes (0.1 pg of
MSCV-OPAL for 6 h, cells were washed with DPBS and
re-incubated with complete growth medium (DMEM
with 10% FBS without Red Phenol) for different peri-
ods of time. 10% of alamarBlue was added two hours
before measuring the absorbance on a Multiskan FC
plate reader (ThermoFisher scientific). The absorbance
at 570 nm was monitored using 620 nm as the refer-
ence wavelength. The viability was determined by com-
parison with control cells in the absence of treatment
(100%). Lipofectamine2000 was used as a positive con-
trol following the manufacturer’s protocol. All reported
experiments were performed in triplicate. Alternatively,
cell viability was also monitored with the Annexin-V
assay. 10° MEFs wt and OPA1-KO MEFs with and with-
out treatment with lipoplexes (0.36 pg of MSCV-OPA1
at a charge ratio p.=2.5 and 4) were seeded in 12-well
plates. After 24 h, cells were stained with Annexin
V-Alexa568 (Roche) according to manufacturer's pro-
tocol. Apoptosis levels were measured by flow cytom-
etry (FACS Calibur BD Biosciences) as the percentage
of Annexin-V positive events of the total population.
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Biodistribution studies

Biodistribution studies of DiR’-labeled lipoplexes were
carried out according to approved protocols (protocol
32/2011 CEASA University of Padua and 318/2015 Ital-
ian Ministry of Health to L.S). 10 male non-consanguin-
eous CD-1 mice of 12 weeks old were maintained in a
temperature (22°C) and humidity (30-50%) controlled
animal care facility with a 12 h light/dark cycle and free
access to water and food. After intraperitoneal (N=3),
intracardiac (N=3) or intramuscular administration
(N=3) of DiR’-labeled lipoplexes (400 pg/per animal),
mice were anesthetized with a mixed solution composed
of 15 pL of rompun (Xylazine, 20 mg/mL) and 25 pL of
virbac zoletil (Tiletamine/zolazepam, 10/10 mg/mL).
The biodistribution of DiR- labeled lipoplexes at different
time intervals, was then determined on a Xenogen IVIS-
100 (Perkin-Elmer) using the Cy5.5 filter (675/694 nm).
After treatment, animals were sacrificed in a CO, cham-
ber with gradual CO, and O, flux and by cervical disloca-
tion. Subsequently, tissues from brain, spleen, liver, lungs,
kidney, muscle and heart were dissected, washed with
saline solution and frozen in liquid nitrogen for Western
Blot analysis and RT-PCR.

Western blot analysis

For in vitro experiments, 5 x 10° cells/well of MEFs wt
and OPA1-KO MEFs with and without transfected lipo-
plexes were seeded in 6-well plate and incubated for 24,
48 and 72 h. Cells were then harvested by centrifugation
for 1 min at 2544 g (Thermo Scientific Sorvall ST 8 Cen-
trifuge). After washing with PBS (1 min at 2544 g) cells
were lysed in 50 pL of lysis buffer (1 x RIPA comple-
mented with Complete Mini Protease Inhibitor cocktail)
for 30 min in ice. The supernatant with proteins was col-
lected after centrifugation for 10 min at 18,000 g and 4°C.
Protein concentration was determined by BCA Assay
using a Genesys 10S UV-vis Spectrophotometer (Ther-
moFisher Scientific). Proteins were then heated to 70°C
for 10 min in NUPAGE LDS sample buffer (4 x) sup-
plemented with 5% of -mercaptoethanol. 20 pg of total
protein was loaded per lane on a 7.5% SDS-polyacryla-
mide gel. SDS-PAGE and western blotting were per-
formed according to standard procedures with NUPAGE
LDS sample buffer, polyvinylidene difluoride Western
Blotting membranes (Roche), anti-OPA1 (1:2000 dilu-
tion), anti-GRP75 (1:2000 dilution), B-actin (1:2000 dilu-
tion) and secondary HRP antibodies (1:2000 dilution) for
the detection of specific proteins. Bands were developed
with Luminata chemiluminescent HRP substrate (Merck
Millipore) on a ImageQuant LAS 4000 (GE Healthcare).
Image] was used for protein level quantification by den-
sitometric analysis. For in vivo experiments, frozen
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mouse tissues were lysed with 200-500 uL of lysis buffer
(1 x RIPA complemented with Complete Mini Protease
Inhibitor cocktail) for 2 cycles of 30 s at 30 Hz on a Tis-
sueLyser II (QUIAGEN). After incubation for 30 min on
ice, the mitochondrial- enriched fraction was collected
by centrifugation (15,429 g for 10 min at 4°C in the pres-
ence of protease inhibitors). Protein concentration was
determined by BCA Assay. SDS-PAGE and western blot-
ting were performed as for in vitro experiments.

RT-PCR

For the analysis of transcripts, total RNA was extracted
from liquid-nitrogen snap-frozen spleen and heart speci-
mens with guanidinium thiocyanate, according to manu-
facturer instructions (TRIzol, Invitrogen, Carlsbad, CA,
USA). Tissue Lyser II (30 Hz 1 min (x 2)) was used to
help organs to lysate. 400 ng of total RNA were incubated
first with random primer hexamers and dntPs for 5 min
at 65 °C in a total volume of 13 pL. Then, RNA was retro-
transcribed with SuperScript IV reverse transcriptase
(Life Technologies) using RNase Out (Life technologies),
DTT and SupersCript IV in a final volume of 20 pL. The
used reaction program was: 23 °C 10 min, 55 °C 10 min
and 80° 10 min. 8 ng of cDNA was amplified by RT-PCR
assay using SYBR Green chemistry (Applied Biosystems)
and primers specifics for the amplification of OPA1l
and for actin and GAPDH as house-keeping genes were
designed. Fold change values were calculated using the
AACt method and an unpaired t-test was used to calcu-
late statistical significance.

Statistical analysis

Student’s t-test was performed to measure the sig-
nificance of statistical difference between the different
groups and the negative control (in the absence of treat-
ment). Differences were considered statistically signifi-
cant for p<0.05.
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acid; IC: Intracardiac; IM: Intramuscular; IMM: Inner Mitochondrial Membrane;
IMS: Inter Membrane Space; IP: Intraperitoneal; MEFs: Mouse Embryonic Fibro-
blasts; MOG: Monoolein glycerol; MSCV-OPAT1: Plasmid DNA coding for Opa’
protein; OPAT: Optic atrophy type 1 (autosomal dominant), Mitochondrial
Dynamin Like GTPase; OPA1-KO MEFs: Mouse embryonic Fibroblasts Knockout
in OPA1 protein; pDNA: Plasmid deoxyribonucleic acid; PBS: Phosphate Buffer
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Saline; RES: Reticuloendothelial system; RNA: Ribonucleic acid; RT-PCR: Reverse
Transcription Polymerase Chain Reaction; SAXS: Small angle X-ray scattering;
TMRM: Tetramethylrhodamine; WB: Western Blots.
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