| thank Prof. T6zsér for the comments.

My responses inline (>Response).

Some of the figures are in much worse quality than the others (e.g. Fig 5.1 is fairly blurred, text in Fig
5.2C or Fig 6.4.A is unreadable.)

>Response: | acknowledge that the aforementioned figures are of lesser quality that the rest; | don’t
have an excuse as of how did this happen, especially in view of the fact that | actually had figures 5.1,
5.2 and 6.4 in sufficiently high quality, attached hereby. Fig. 6.4.A seems to be of sufficient quality in
the printed version of the dissertation (page 83).

Glutamine appears to be a very important fuel for supporting mSLP. However, its conversion to
alpha-ketoglutarate releases ammonia which is known to cause ROS production and damage of
mitochondria. What is the fate of this ammonia in heavily glutamine-utilizing mitochondria?

>Response: Ammonia detoxification in relation to glutamine catabolism and its role in mSLP and
cancer is a topic that we have not addressed yet, but is high up in our list of future projects because
of the following reason: in the pathway glutamine -> glutamate -> a-ketoglutarate -> succinyl-CoA ->
succinate encompassing mSLP, ammonia generated by glutaminase acting on glutamine and NAD(P)*-
dependent glutamate dehydrogenase converting glutamate to a-ketoglutarate (or any other reaction
generating NHs, such as conversion of 2-oxoglutaramate to a-ketoglutarate or tetrahydrofolate
metabolism) is consumed by only two reactions in the mitochondrial matrix: i) carbamoyl-phosphate
synthetase 1 (CPS1) and ii) the reverse operation of glutamate dehydrogenase isoform 1 (GLUD1). In
healthy tissues, CPS1 is expressed only in the liver and intestinal epithelial cells; however, many
tumor cells also express this enzyme (Keshet et al. 2018). Apparently, in tumors the expression of
CPS1 assists not only in NH3 detoxification but also in maintaining the bioavailability of carbamoyl
phosphate for de novo pyrimidine synthesis required for tumor growth (Kim et al. 2017). Indeed, a
CPS1 inhibitor shows promise in managing tumors expressing this enzyme (Taguchi et al. 2020).
However, CPS1 reaction requires 2 moles of ATP hydrolyzed (converted to 2 ADP + Pi) per one mole
NHjs incorporated in carbamoyl phosphate. In the presence of OXPHOS defects, mSLP can only
provide one mole of ATP per glutamate entering the citric acid cycle. This negative net ATP balance is
further exacerbated if we consider that two moles of NH; are released from glutamine entering the
citric acid cycle because of the sequential action of GLS and GLUD1 requiring 4 moles of ATP by CPS1
for every mole of ATP made by succinyl-CoA synthase through mSLP starting from glutamine. GLUD1
in forward mode (i.e. incorporating NHs to a-ketoglutarate forming glutamate), obviously, is not a
valid consideration in seeking how to balance the net ATP between NHs detoxification and mSLP, as it
was deemed to operate in the direction of producing NHs and a-ketoglutarate towards mSLP.
Although this seems to be at odds with the concept that glutamine utilization -which is known to
occur heavily in most cancers- and mSLP as a promising target, these two phenomena need not take
place in the same mitochondria, let alone in the same cell(s); NHs is a diffusible molecule and it can
be envisaged that within tumor heterogeneity, some cells assume the function of NHz detoxification
and exhibit little -if any- OXPHOS defects, thus are capable of robust ATP generation, while this NH3
originated from other cancer cells that do exhibit OXPHOS defects but are most critical to the tumor
tissue because of some other reason, i.e. stem cell clonality. The notion that within the same tumor
tissue cancer cells with greater potential for rapid division but also exhibiting OXPHOS defects has



been documented (Gaude and Frezza 2014). We plan to address these considerations in more depth
within the next few years.

Two forms of SUCL is known, and they either produce GTP of ATP directly. Although these forms are
interconvertible, are there any metabolic basis of their differential expression, for example in the
light of GLUD 1 inhibition by GTP which also may influence the glutamine use. Diaphorases appear to
be important to provide NAD for mSLP. Vitamin K reductase also belongs to the diaphorases. Is there
any relevance of the Vitamin K status of the cells regarding the mSLP capacity. Could this be
medically relevant?

>Response: Regarding the differential expression of GTP- and ATP-forming SUCL, this has been
puzzling me ever since we performed a triple immunocytochemistry decorating in situ human
fibroblast mitochondria with Mitotracker orange (delineating the mitochondrial network), subunit
SUCLA2 (present only in the ATP-forming SUCL) and SUCLG2 (present only in the GTP-forming SUCL),
which was published in (Chinopoulos et al. 2019) and (Chinopoulos 2020). The aforementioned
previous two manuscripts are not part of the dissertation. As shown in figure 2 of (Chinopoulos 2020)
(Iam attaching this reference in my response), SUCLA2 and SUCLG2 were simultaneously present in
most of the mitochondrial network within the same cells. There is no cross-reactivity between the
anti-SUCLA2 and anti-SUCLG2 antibodies nor any similarities in their epitopes either; the presence of
either subunit strongly implies corresponding enzymatic activity, there is no possibility for subunit
lingering in the matrix without incorporation to a fully functional holoenzyme complex. The co-
presence of both ATP-forming and GTP-forming SUCL in the same mitochondrion is further
perplexing by the simultaneous presence of NME4, a mitochondrial nucleoside disphosphokinase
interconverting ATP+GDP<->ADP+GTP (Lacombe et al. 2018). To this day, | have not been able to
explain this apparent redundancy, i.e. the co-presence of ATP-forming SUCL, GTP-forming SUCL and
NME4 in the same mitochondrion, thus | cannot comment on the specific notion regarding GLUD1
inhibition by GTP which could influence glutamine use. | would address that by looking into the
expression of ATP-forming SUCL, GTP-forming SUCL and GLUD1 in specific cell types where a
reciprocal expression of SUCLG2 or SUCLA2 vs GLUD1 may shed light. Regarding a potential relevance
of vitamin K status as a substrate of the diaphorase vitamin K reductase, possibly influencing mSLP
capacity by providing NAD": indeed, there is a potential medical relevance in vitamin K availability
and whenever a cell/mitochondrion is subject to circumstances that may benefit from mSLP. There
are two aspects by which this can be investigated, and we are actually engaged in one of them: in
Leber Hereditary Optic Neuropathy (LHON), mitochondrial complex I is dysfunctional due to
mutations in several of its subunits (Yu-Wai-Man et al. 2002). Cells exhibiting complex | deficiency
could benefit from mSLP. Currently, idebenone is an FDA-approved drug for the treatment of LHON
(Kerr 2010). However, idebenone also exhibits significant side effects because it favors ROS
formation through its metabolism (Jaber and Polster 2015). We initiated a project by which we
attempt to bioenergetically rescue fibroblasts obtained from human subjects suffering from LHON
using quinones that can be used by diaphorases, such as vitamin K (proceedings and ethical
permission of this project are attached to this response). The other aspect regarding vitamin K and
mSLP concerns a prospective diminished vitamin K availability by means of dietary restriction, but
this is rare in adults.
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ARTICLE INFO ABSTRACT

Keywords: Neurometabolic disorders stem from errors in metabolic processes yielding a neurological phenotype. A subset of
Fibroblast those disorders encompasses mitochondrial abnormalities partially due to mitochondrial DNA (mtDNA) deple-
Blood tion. mtDNA depletion can be attributed to inheritance, spontaneous mutations or acquired from drug-related

Ly‘_‘éph'ocyteh horvlati toxicities. In the armamentarium of diagnostic procedures, mtDNA quantification is a standard for disease
IC\)le atlvfhpl osphorylation classification. However, alterations in mtDNA obtained from peripheral tissues such as skin fibroblasts and blood
europathology

cells do not often reflect the severity of the affected organ, in this case, the brain. The purpose of this review is to
highlight the pitfalls of quantitating mtDNA from peripheral —and not limited to-tissues for diagnosing patients
suffering from a variety of mtDNA depletion syndromes exhibiting neurologic abnormalities. In lieu, a quali-
tative test of mitochondrial substrate-level phosphorylation —even from peripheral tissues-reflecting the ability of
mitochondria to rely on glutaminolysis in the presence of respiratory chain defects is proposed as a novel di-

Ragged-blue fibers

agnostic assessment of mitochondrial functionality.

1. Neurometabolic disorders

Stated simply, neurometabolic disorders are those due to enzyme or
cofactor deficiencies leading to significant alterations in metabolism to
the extent of affecting the developing brain. Enzyme deficiencies may
be caused by genetic mutations inherited from the parents or acquired
during the fetal stage (Willemsen et al., 2016), (El-Hattab and Scaglia,
2013), (Suomalainen and Battersby, 2018). Even though mtDNA is
maternally inherited (see section 2) the diseases mentioned below
follow Mendelian inheritance since all mutations affect nuclear-en-
coded proteins. These disorders encompass a wide variety of conditions
including organic acidurias, amino-acidopathies (including defects of
the urea cycle), lipofuscinoses, leukodystrophies, and disorders of the
peroxisomes, lysosomes and mitochondria. In the vast majority of cases
there is no cure and treatment remains palliative, highly dependent on
the diagnostic workup of patients. To this end, “five new things” have
emerged in the literature reviewed in (Willemsen et al., 2016), speci-
fically: i) next-generation sequencing combined with next-generation
metabolic screening; ii) recognition of disease-specific MRI patterns; iii)
realization that some neurometabolic disorders do not follow a classic
autosomal recessive mode of inheritance in all families; iv) gene
therapy may soon be an option for treatment; v) neurometabolic dis-
orders also emerge in the adult life of some patients, thus future

E-mail address: chinopoulos.christos@eok.sote.hu.

https://doi.org/10.1016/j.mam.2019.11.004

professionals should be aware and prepared. The above “five new
things” not only shorten the time for definite diagnosis but also protect
the patients from unnecessary, often invasive procedures as well as
decreasing costs.

There are a number of mitochondrial disorders that may yield a
neurometabolic phenotype; among them, depletion of mitochondrial
DNA (mtDNA) -due to a variety of reasons, see section 4 is a potential
underlying cause which has rightfully earned own entries in the Men-
delian inheritance in Man, termed mtDNA depletion syndromes (MDS).
Before exploring this further, a background on mtDNA is warranted.

2. Mitochondrial DNA

In humans, mtDNA is a 16,589 base-pair long, double-stranded
circular DNA sequence coding for 13 polypeptides of electron transport
chain components, the 12S and 16S ribosomal RNAs and 22 transfer
RNAs critical for mitochondrial protein synthesis. Its two strands ex-
hibit different sedimentation rates due to enrichment of guanine in one
of them, thus they are referred to as “heavy” and “light” strand.

Nucleated cells harbor hundreds or thousands of mtDNA copies
(Ylikallio and Suomalainen, 2012), (Miller et al., 2003); furthermore,
mtDNA content may vary over time within the same cell (Moraes,
2001). It is a recurrent question how many mtDNA copies are present
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per mitochondrion, but it is best to consider mitochondria as a highly
dynamic intracellular network (Chan, 2006); thus, it is perhaps more
correct to report mtDNA copies per cell per some other mitochondrial
marker rather than mitochondrial count number. These copies are
bound to specific proteins forming so-called nucleoids in the shape of
foci or puncta attached to the inner mitochondrial membrane (Hensen
et al., 2014), (Spelbrink, 2010). The mtDNA/nucleoid molecule ratio in
cultured human cells is 1.4 (Kukat et al., 2011), thus, it is probably safe
to assume that one nucleoid binds to one mtDNA molecule (Johnston
et al., 2015).

In one end of the mtDNA content spectrum, the human oocyte
contains hundreds of thousands of mtDNA copies. However, following
fertilization, mtDNA replicates only after the blastocyst stage; until this
occurs, zygote mtDNA copies are being distributed to all blastocyst
cells. Consequently, each female primordial germ cell harbors a rela-
tively small number of mtDNA copies. The reduction of mtDNA copies
in the primordial germ cells is known as “bottleneck”, a phenomenon
that we now know to exist in other cell types as well, reviewed in
(Zhang et al., 2018). The number of mtDNAs transmitted through this
bottleneck in humans has been estimated to vary from ~9 (Li et al.,
2016) to ~30-35 (range 9-141) (Rebolledo-Jaramillo et al., 2014). The
time elapsed for one round of mtDNA replication is about 1 h (Clayton,
1982) and it takes place independently from cell division, obviously
also occurring in post-mitotic cells. During fetal life, mtDNA amount
increases but not appreciably (Suomalainen and Isohanni, 2010); en-
ergy provision by glycolysis is more prevalent thus, even the most se-
vere mitochondrial abnormalities do not yet manifest (Suomalainen
and Isohanni, 2010). mtDNA content as well as respiratory chain sub-
units increase dramatically in the first year of life, a period coinciding
with the manifestation of several mtDNA depletion syndromes (Morten
et al., 2007).

Up until recently it was believed that mtDNA is exclusively mater-
nally inherited; however, it was recently shown that mtDNA can also be
inherited from the father (Luo et al., 2018), although this seems to be a
very rare event, and currently contested (Lutz-Bonengel and Parson,
2019). In any case, paternal contribution of mtDNA to the fertilized egg
is expected to be negligible, because the number of mtDNA molecules in
the oocyte outnumber those in the sperm by a factor of 10,000 (Pyle
et al., 2015). Furthermore, it was postulated that the results of (Luo
et al., 2018) could be explained by the presence of multicopies of
mtDNA in the nuclear genome termed “Mega-NUMT” that segregate in
an autosomal dominant manner regardless of parental origin
(Balciuniene and Balciunas, 2019). Thus, in the vast majority —if not all-
of cases the notion that male and female mtDNAs don't recombine
imply that the mtDNA sequence can only be altered by accumulating
mutations along the lineage.

3. mtDNA maintenance

mtDNA is maintained by securing a sufficiently high number of
healthy copies (a phenomenon termed “homoplasmy”, see below in this
section), rather than proofreading a single copy; this is because mi-
tochondria harbor only one DNA polymerase as opposed in the nucleus.
This, and in addition to the fact that DNA in mitochondria are devoid of
protective histones while being in proximity to reactive oxygen species
emanating from the electron transport chain, substantiate the reasons
why mtDNA is ~10 times more prone to uncorrected mutagenesis. It is
not the subject of the present work to review mtDNA maintenance
mechanisms, though some background is hereby outlined so as to assist
the reader, focusing on processes that are associated with neurometa-
bolic diseases. mtDNA maintenance mechanisms are exhaustively re-
viewed elsewhere (Gustafsson et al.,, 2016), (Suomalainen and
Battersby, 2018), (El-Hattab et al., 2017), (Viscomi and Zeviani, 2017).

Pathways known to be directly involved in mtDNA maintenance are
shown in Fig. 1 (reproduced by permission from (El-Hattab et al.,
2017)). From this figure it is apparent that mtDNA maintenance
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Fig. 1. Obtained from (El-Hattab et al.,, 2017), by permission. A diagram
showing the proteins that are involved in mtDNA maintenance and known to be
associated with MDMDs: 1) Enzymes of mitochondrial nucleotide salvage
pathway that convert the deoxyribonucleosides (thymidine, deoxycytidine,
deoxyguanosine, and deoxyadenosine) to deoxyribonucleotide monopho-
sphates (ANMPs: thymidine monophosphate (TMP), deoxycytidine monopho-
sphate (ACMP), deoxyguanosine monophosphate (dGMP), and deoxyadenosine
monophosphate (dAMP)), then to deoxyribonucleotide diphosphates (dNDPs:
thymidine diphosphate (TDP), deoxycytidine diphosphate (dCDP), deox-
yguanosine diphosphate (dGDP), and deoxyadenosine diphosphate (dADP)),
then to deoxyribonucleotide triphosphates (dNTPs: thymidine triphosphate
(TTP), deoxycytidine triphosphate (dCTP), deoxyguanosine triphosphate
(dGTP), and deoxyadenosine triphosphate (dATP)). Thymidine kinase 2 (TK2;
encoded by TK2) and deoxyguanosine kinase (DGK; encoded by DGUOK)
convert the deoxyribonucleosides to dNMPs. Nucleotide monophosphate kinase
(NMPK) converts dNMPs to dDMPs. Nucleotide diphosphate kinase (NDPK)
converts dANMPs to dNTPs. NDPK forms complex with both succinyl-CoA ligase
(SUCL composed of an alpha subunit encoded by SUCLG1 and a beta subunit
encoded by either SUCLA2 or SUCLG2) and gamma-aminobutyrate transami-
nase (GABAT; encoded by ABAT). 2) Enzymes of cytosolic nucleotide metabo-
lism: ribonucleotide reductase (RNR; composed of 2 catalytic subunits and two
small subunits either R2 or p53-inducible small RNR subunit (p53R2; encoded
by RRM2B)) converts ribonucleotide diphosphates (NDPs) to dNDPs. Thymi-
dine phosphorylase (TP; encoded by TYMP) converts thymidine to thymine. 3)
Proteins involved in mitochondrial nucleotide transport: adenine nucleotide
translocator 1 (ANT1; encoded by SLC25A4), acylglycerol kinase (AGK; en-
coded by AGK), and MPV17 protein (encoded by MPV17). 4) Enzymes involved
in mtDNA synthesis: Twinkle (encoded by TWNK) which is a DNA helicase that
separates the DNA stands (presented as blue lines), DNA polymerase y (pol v;
consisting of catalytic subunit encoded by POLG and two accessory subunits
encoded by POLG2) which needs RNA primer (presented as red lines) to initiate
DNA synthesis (presented as blue arrows), and mitochondrial transcription
factor A (TFAM; encoded by TFAM) that is required for the generation RNA
primer (presented as red lines). 5) Nucleases removing RNA primers and flap
intermediate (presented as red and blue lines): RNase H1 (encoded by
RNASEH1), DNA helicase/nuclease 2 (DNA2; encoded by DNA2), and mi-
tochondrial genome maintenance exonuclease 1 (MGMEIL; encoded by
MGME1). 6) Proteins involved in mitochondrial fusion: mitofusin 1 (MFN1;
encoded by MFN1), mitofusin 2 (MFN2; encoded by MFN1), dynamin-related
GTPase OPA1 (encoded by OPA1), and F-box and leucine-rich repeat 4 (FBXL4;
encoded by FBXL4). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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depends on many nuclear gene-encoded proteins. Furthermore, unin-
terrupted provision of nucleotides -achieved by intramitochondrial re-
cycling as well as import from the cytosol-is required. In addition,
mtDNA maintenance also depends on regulated exchange of in-
tramitochondrial contents through mitochondrial fission/fusion and
bioenergetic parameters that affect protein or other metabolite import,
critical for mtDNA. Perturbations in one or more of the above me-
chanisms may impact mtDNA by conferring depletion or large fragment
deletions. In rarer circumstances an excess of mtDNA can be observed
to lead to disease, see section 4.

4. Mitochondrial DNA maintenance defects (MDMDs)

Defects in mtDNA maintenance are due to mutations in nuclear
genes coding for proteins involved in mtDNA synthesis, nucleotide pool
maintenance, mitochondrial fission/fusion or regulating basic bioe-
nergetic processes, rendering them among the most common of the
inherited disorders of metabolism, reviewed in (Schaefer et al., 2004).
Originally reported in 1988 (Holt et al., 1988) and (Wallace et al.,
1988) and considered rare, we now know that the prevalence of mi-
tochondrial diseases can be as high as 1 in 2,000 individuals
(Suomalainen and Battersby, 2018). Secondary causes of mtDNA de-
pletion are reviewed in (Nogueira et al., 2014), (Niyazov et al., 2016),
(Rotig and Poulton, 2009).

The mechanisms by which mtDNA gets depleted are incompletely
understood: until recently, two theories have been formulated, i) the
“slipped-strand model” (Shoffner et al., 1989) a consequence of the
guanine-cytosine bias of the heavy and light strand, and ii) a second
model proposing that deletions are caused by double strand breaks
followed by DNA repair (Krishnan et al., 2008). Most recently though,
evidence was put forward suggesting that mtDNA deletions are formed
by copy-choice recombination during active DNA synthesis of the light
strand (Persson et al., 2019), arguing against both previously proposed
models.

mtDNA depletion can also be drug-induced (Arnaudo et al., 1991),
as it occurs during anti-retroviral treatment (Montaner et al., 2004),
(Casula et al., 2007), (Morse et al., 2012), (Lewis et al., 2003), (Young,
2017). One-fifth of patients undergoing anti-retroviral treatment de-
velop a phenotype stemming from mtDNA depletion, although in most
cases this is reversible upon cessation of treatment (Lewis et al., 2003),
(Young, 2017), (Dagan et al., 2002), (Lewis et al., 2001). Whatever the
cause of damaging mtDNA maintenance, the result may be quantitative
(mtDNA depletion) or qualitative (multiple mtDNA deletions). mtDNA
deletion syndromes are caused by large-scale deletions of mtDNA on the
order of several thousand base pairs and are usually sporadic (Holt
et al.,, 1988). This author supports the classification by El-Hattab,
Craigen and Scaglia, including the concept that defects in mtDNA
maintenance genes result in mtDNA depletion and multiple mtDNA
deletions, both representing the spectrum of a single disease group (EI-
Hattab et al., 2017), thus adopting the term of mitochondrial DNA
maintenance defects (MDMDs). Rarely, mtDNA maintenance defects
may be because of an excess: by supplementing HeLa cells with surplus
thymidine for just 4 h, mitochondrial dTTP and dGTP pools increased to
such an extent that multiple mtDNA deletions were apparent after 8
months of culture (Song et al., 2003); furthermore, a very high mtDNA
copy number was associated with several pathologies associated with
mtDNA maintenance defects in transgenic mice (Ylikallio et al., 2010);
in humans, this possibility remains unexplored.

When inherited, MDMDs do so in an autosomal recessive or domi-
nant manner and can basically manifest in any organ at any time
(Suomalainen and Battersby, 2018). Pathogenic variants for all nuclear
genes depicted in Fig. 1 have been reported to yield an MDMD. mtDNA
depletion syndromes are reported and periodically updated in the
OMIM database; currently, the search string ["'mtDNA depletion” OR
“mitochondrial DNA depletion"] in OMIM database yields 65 entries.
What is important to realize is that the knowledge of a specific defect in
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mtDNA due to one reason or another, does not afford the investigator
with the capacity of predicting the severity of disease, simply because
the latter depends on at least three parameters: i) the severity of mu-
tation, partially dictated by its position in the affected gene, ii) per-
centage of variable mtDNA content, and iii) likelihood for disease
manifestation (phenotype). The latter parameter also depends on the
affected organ; furthermore, with lesser amount of mtDNA, chances for
pathogenic mtDNA depletion increases. Thus, these three parameters
are strongly interrelated.

Despite that MDMDs may appear in any organ at any time, on the
basis of an apparent preponderance for tissue-specific manifestation
these disorders are usually classified as myopathic, encephalomyo-
pathic, hepatocerebral or neurogastrointestinal (El-Hattab and Scaglia,
2013). In most cases it is thought that because adequate amount of
mtDNA is required for the production of subunits of mitochondrial re-
spiratory chain complexes and therefore energy-harnessing through
oxidative phosphorylation (OXPHOS), mtDNA depletion results in en-
ergy-shortage (Moraes et al., 1991), (Sarzi et al., 2007), (Spinazzola
et al., 2009). Notably though, MDMDs leading to respiratory chain
dysfunction let subunits of complex II intact, simply because they are all
nuclear-encoded. However, mindful that mitochondria participate in
calcium homeostasis, biosynthesis of heme and steroid hormones,
apoptosis, cell cycle regulation —to name a few-it must be pointed out
that exactly because they do so many things, it is oversimplifying to
consider that mtDNA depletion —or any mitochondrial problem for that
matter-yields phenotypes exclusively from issues regarding OXPHOS.
Indeed, mitochondria require ~1,500 proteins for proper operation
(Pagliarini et al., 2008), (Calvo and Mootha, 2010) out of only ~100 of
are directly involved in oxidative phosphorylation and the production
of ATP (Gorman et al., 2016). This concept is critical for understanding
the novel diagnostic test outlined below in which mitochondria are
challenged to benefit from glutaminolysis in the absence of an active
respiratory chain, see section 6.

5. Insufficient correlation between mtDNA quantification and
neurometabolic disease severity

When a neurometabolic disease is suspected of having a mi-
tochondrial origin a host of clinical assessments and multitude of in-
vestigations are at hand which differ for pediatric vs adult patients
(Bernier et al., 2002), (Walker et al., 1996). Historically, serum creatine
kinase, alanine and lactate levels have been used as indices of mi-
tochondrial diseases, but these measures are known to be nonspecific
and somewhat insensitive (Debray et al., 2007). Muscle biopsy followed
by histologic and functional assessment are the “gold standard”
(Mitochondrial Medicine Society's Committee on et al., 2008),
(Suomalainen, 2011), (Viscomi and Zeviani, 2017), (Nishigaki et al.,
2003), (Nishino et al., 1999), (Nolden et al., 2005), (Ostergaard et al.,
2007a), (Chretien et al., 1998), however, carrying a number of un-
certainties (Tucker et al., 2011). Functional assays encompass re-
spiratory chain component activities including that of the F,-F; ATP
synthase, blue-native gel electrophoresis, semi-quantitation of the var-
ious protein components within complexes and supercomplexes via
western blots and gel electrophoresis, oxygen consumption rate esti-
mations and their alterations in the presence of various specific in-
hibitors. However, a muscle biopsy is invasive, exhibits high false-ne-
gative and false-positive rates and a disappointingly high
irreproducibility among laboratories evaluating respiratory chain en-
zyme activities (Rodenburg et al., 2013), (Medja et al., 2009). In ad-
dition, in muscle homogenate the activity of respiratory chain compo-
nents may vary from normal to about 50% of the controls' mean
(Servidei et al., 1991). Despite that MDMDs were discovered by mea-
suring enzymatic activities of the respiratory chain complexes in af-
fected tissues based on measurements prone to inaccuracies, exactly
because of the complexity and high degree of irreproducibility, Viscomi
and Zeviani have tactfully suggested that “these assays should be
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carried out in specialized centers, as they require ad hoc expertise and
standardized, verified and complex technologies and diagnostic proto-
cols” (Viscomi and Zeviani, 2017). Finally, the costs of surgical proce-
dures especially for children are considerable, since they require an-
esthesia (Suomalainen, 2011). On the other hand, new biomarkers
show promise in diagnosing mitochondrial diseases, such as measuring
the serum levels of fibroblast growth factor 21 (FGF21) and growth/
differentiation factor 15 (GDF15) (Suomalainen et al., 2011), (Davis
et al., 2013), (Yatsuga et al., 2015).

Mindful that normal respiratory chain activities in muscle do not
exclude respiratory chain deficiency in another tissue, an under-
appreciated factor for diagnosis of mitochondrial diseases is tissue se-
lection. As stated above, the amount of depleted mtDNA may vary
among cells and therefore within and between tissues. In general, tis-
sues harboring the highest levels of mtDNA depletion tend to be those
that are difficult or almost impossible to obtain such as the brain, heart,
retina and cochlea whereas more accessible tissues such as skin fibro-
blasts and blood cells exhibit low mutation levels (Sue et al., 1998). It is
considered prudent to culture fibroblasts obtained from a skin biopsy
from a patient who donated muscle for diagnostic procedures under the
impression that fibroblasts may harbor the deficiency in oxidative
phosphorylation as shown in skeletal muscle and serving as a much
easier tissue for diagnostic workup regarding assigning pathogenicity to
new mutations (Gorman et al., 2016). This may assist in the following:
once an index case has been identified, relatives can also be tested in a
much less invasive manner by providing buccal, urine and blood DNA
samples (Gorman et al., 2016). However, reports of classical MDMDs
are outlined below in which mtDNA was not found to be depleted in
several tissues. In almost all cases, mtDNA was quantified by Southern-
blot analysis or real-time PCR (Gourlain et al., 2003). In both ap-
proaches, mtDNA amount is compared to a specific nuclear reference
gene, and always examined using age- and tissue-matched controls as
well (Clay Montier et al., 2009), (Hakonen et al., 2007), (Gotz et al.,
2008). An extent of mtDNA decrease of more than 35-40% compared to
controls is deemed pathologic (Poulton and Holt, 2009).

In (Tzoulis et al., 2014) it was shown that autosomal recessive
mutations in POLG (see also Fig. 1) mtDNA depletion and secondary
mtDNA mutations were cell- and tissue-specific. In (Nishino et al.,
1999) and (Nishino et al., 2000), only half of the patients exhibiting
mutations in TP causing mitochondrial neurogastrointestinal en-
cephalomyopathy (MNGIE) syndrome harbored mtDNA depletions. In
patients with deoxyguanosine kinase (DGUOK) mutations, mtDNA de-
pletion was observed in liver but not in muscle (Mandel et al., 2001),
even though this disease affects the muscle as well (Freisinger et al.,
2006). The effect of DGUOK mutations on mtDNA content obtained
from fibroblasts is variable (Morten et al., 2007). In (Gauthier-Villars
et al., 2001), it was shown that patients suffering from Alpers-Hutten-
locher syndrome usually exhibit respiratory chain defects and mtDNA
depletion in liver, but not always in skeletal muscle; fibroblasts were
shown to be mosaic in nature in respect of their mtDNA content. Fi-
nally, mtDNA depletion was found to be brain-specific in patients with
infantile-onset spinocerebellar ataxia (IOSCA) syndrome while no al-
terations were found in muscle (Hakonen et al., 2008). In (Ostergaard,
2008), it was shown that in patients with mutations in SUCLG1 and
SUCLA2 a combined respiratory chain defect was observed in liver or
muscle, but not in skin fibroblasts. Likewise, in muscle of SUCLA2-de-
ficient individuals mtDNA content was reduced to 20-60% compared to
age-matched controls (Elpeleg et al., 2005), (Carrozzo et al., 2007),
(Ostergaard et al., 2007b), (Carrozzo et al., 2016). In patients suffering
from TK2 deficiency, only 66% of those exhibited a greater than 30%
mtDNA depletion (Garone et al., 2018).

In the same line of thought, i.e. that mtDNA depletion may not be
necessarily leading to mitochondrial pathology in humans, the
MPV17 /™ mouse with severe mtDNA depletion in liver failed to de-
monstrate an appreciable decrease in respiratory chain activities, not
even overt liver failure with age, only grey hair early in adulthood and
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focal segmental glomerulosclerosis with massive proteinuria and co-
chlear lesions (Viscomi et al., 2009).

Overall, mtDNA depletion in a tissue does not imply depletion in
another; by the same token, mtDNA depletion is not necessarily asso-
ciated with respiratory chain defects.

6. Mitochondrial substrate-level phosphorylation (mSLP) in the
absence of electron transport and its use as a mitochondrial
diagnostic marker

It has been firmly established that when the respiratory chain is
pharmacologically inhibited or in the presence of anoxia, mitochondria
are still able to utilize downstream metabolites of glutamine (gluta-
mate, a-ketoglutarate) using NAD™ obtained from sources other than
complex I (Chinopoulos, 2019), (Ravasz et al., 2018), (Kiss et al., 2013),
(Chinopoulos et al., 2010), a concept which is likely to be exploited in
cancer cells thriving in adverse tumor microenvironments (Chinopoulos
and Seyfried, 2018). This serves the purpose of generating high-energy
phosphate nucleotides within the mitochondrial matrix through the
process of mitochondrial substrate-level phosphorylation (mSLP) for i)
fueling a reverse-operating Fo—F; ATP synthase (Chinopoulos, 2011b)
and ii) maintaining the ANT in forward mode, thus un-straining gly-
colysis (Chinopoulos, 2011a). An mSLP test is qualitative (presence vs
absence of mSLP, there is no parameter that needs to be quantified) and
can be performed in skin fibroblasts requiring no specialized machinery
(spectrofluorimetry in plate or cuvette format is standard laboratory
equipment). The test that we have devised is based on an “interroga-
tion” of the directionality of succinate-CoA ligase (SUCL), a citric acid
cycle enzyme that interconverts succinyl-CoA and ADP (or GDP) to
CoASH, succinate and ATP (or GTP) (Johnson et al., 1998), essentially
performing mSLP. This enzyme is a heterodimer composed of an in-
variant a subunit encoded by SUCLG1 and a substrate-specific [ sub-
unit, encoded by either SUCLA2 or SUCLG2. This dimer combination
results in either an ATP-forming (EC 6.2.1.5) or a GTP-forming SUCL
(EC 6.2.1.4). The possibility of co-presence of an ATP- and GTP-forming
SUCL in the same mitochondrion has only been recently investigated in
human fibroblasts, where it was found that in these cells the majority of
in situ mitochondria co-express both isoforms (Chinopoulos et al.,
2019), see Fig. 2 (reproduced from (Chinopoulos et al., 2019) by per-
mission). This seems redundant, mindful that an intramitochondrial
diphosphate kinase (NME4) can transfer the high-energy bond between
adenine and guanine nucleotides (Lacombe et al., 2018). In any case,
mSLP supports the production of sufficient amounts of [ATP] in the
mitochondrial matrix for both a reverse-operating Fo—F; ATP synthase
(Chinopoulos, 2011b) and maintain the ANT in forward mode
(Chinopoulos, 2011a). Presence of mSLP maintains ANT in forward
mode for reasons outlined in (Chinopoulos, 2019), (Ravasz et al.,
2018), (Kiss et al., 2013), (Chinopoulos et al., 2010), and this can be
easily assessed by checking the effect of a highly-specific ANT inhibitor
—carboxyatractyloside- in permeabilized cells with blocked complex I
(using rotenone). Under these conditions, mSLP can only occur in the
presence of suitable substrates specifically those stemming from glu-
taminolysis, but not succinate (Kiss et al., 2013). Such a test is depicted
in Fig. 3 (obtained from (Tretter et al., 2016), by permission). As shown
in figure panel 3A, the test relies on the principle that the ATP-ADP
exchange through the ANT is electrogenic, since one molecule of ATP*
~ is exchanged for one molecule of ADP3 ~ (Klingenberg, 2008). If the
ANT operates in forward mode, abolition of its operation by carbox-
yatractyloside (cATR) will lead to a gain of AWm. If the ANT operates in
reverse, abolition of its operation by the inhibitor will lead to a loss of
AWm. Note that addition of the ANT inhibitor must take place after
complex I is inhibited (i.e. by rotenone), thus, it cannot be over-
emphasized that the mSLP test addresses the extent of compensation
(i.e. remaining mitochondrial functionality) when the electron trans-
port chain is non-functional. It does not yield any information regarding
the respiratory chain, it only provides information if the in situ
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Fig. 2. Confocal images of immunolabeling of human fibroblasts from healthy subjects. Blue: anti-SUCLA2; Red: anti-SUCLG2; Green: Mitotracker orange (MTO).
Reproduced from (Chinopoulos et al., 2019) by permission. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

mitochondria of the examined cells are able to harness energy from
glutamine-derived metabolites when the respiratory chain is inhibited.
In essence, this test will hint on the ability of mitochondria to cope with
a defect in their respiratory chain. By employing this test, we have
reported that defects in SUCLA2 and SUCLG1, respectively, yield an
mSLP negative test, i.e. no mSLP present. As shown in figure panels 3B
and 3C, in situ fibroblast mitochondria of a SUCLA2-deficient patient
(B) or SUCLG1-deficient patient (C) exhibited no mSLP compared to
age-matched controls. Note that patients with defects in SUCLA2 and
SUCLG1 exhibit mtDNA depletion in some but not all tissues, while the
phenotypes are debilitating leading to life termination at a young age
(Ostergaard, 2008). Obviously, this test has been applied in fibroblasts
from patients suffering from MDMDs due to mutations in the enzyme
directly related to mSLP; efforts are ongoing in our laboratory to verify
the validity of this test using fibroblasts from patients suffering from
various mtDNA depletion syndromes.

Finally, it may be relevant to ponder on the fact that mSLP relies on
a sufficient clearance of succinate, which can occur by increasing suc-
cinate dehydrogenase (SDH) activity; it is thus not surprising that in
several MDMDs, ragged-blue fibers are observed in histological ex-
amination of muscle tissue, which is none other than an increase in SDH
activity (DiMauro et al., 1999).

6.1. mSLP protocol

The mSLP protocol can be performed in cultured fibroblasts exactly
as in (Kacso et al., 2016) and (Chinopoulos et al., 2019). It is best to
compare cultured fibroblasts from the patient and at least three con-
trols. It is not important to age- and gender-match the controls to the
patient; the controls serve the purpose of ensuring that the mSLP pro-
tocol is being performed correctly; it is not a quantitative test, and for
this reason it is also not necessary to normalize results to protein con-
tent or a housekeeping protein. Basically, fibroblasts [two 75cm"2
(midi) or one 175cm™ (maxi) flask)] are cultured to approximately
80% confluence. On the day of the experiment, two buffers need to be
prepared: 500 ml of ice-cold buffer “A”, containing 110 mM K-gluco-
nate, 10 mM HEPES (free acid), 10 mM KH,PO,, 10 mM mannitol,
10 mM NaCl, 8 mM KCl, 1.5 mM MgCl,, 0.01 mM EGTA, 0.5 mg/ml BSA
(essentially fatty acid-free), with the pH adjusted to 7.25 with KOH, and
5ml of buffer “B” which in addition to the substances mentioned for
buffer “A” it contains the following: 5 uM safranine O, 5 mM glutamate,
5mM malate, 5mM o-ketoglutarate and 175pl of 2.5mM digitonin
(purity > 90%, dissolved in DMSO). For exact catalogue numbers of
chemicals, the reader is referred to http://antactivity.com/Buffers_
chemicals.html. Buffer “B” must be kept at 37 °C. Feeding media are
aspirated and cells are washed once with ice-cold buffer “A”, then
harvested by scraping in buffer “A” (no need for trypsinization, cells
will be eventually permeabilized for the mSLP assay within a few
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Fig. 3. Reproduced from (Tretter et al., 2016), (Kacso et al., 2016),
(Chinopoulos et al., 2019), by permission. A: Explanatory cartoon graph of
AWm measurements of mitochondria regarding the ‘biosensor test’ addressing
the directionality of the ANT, and as an extension of this, the directionality of
SUCL. Black trace represents a safranine O signal calibrated to A¥m, in mV. B:
Reconstructed time course of safranin O signal from permeabilized fibroblasts
of a control subject (black dots) and a patient suffering from complete SUCLA2
deletion (green dots). Rot: rotenone, 1 uM. C: Reconstructed time courses of
safranine O signal (expressed as percentage) indicating AWm from permeabi-
lized fibroblasts of three age-matched control subjects (red triangles, green
quadrangles and yellow diamonds) and the patient (IP) exhibiting SUCLG1
defect (black circles). Rot: rotenone, 5puM; cATR: carboxyatractyloside, 1 pM;
SF6847 500 nM. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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minutes, it is redundant to maintain high viability of the cells). Pellet
cells by centrifugation at 3,500 rpm for 2.5 min using an angular rotor
(or at 1,100 rpm for 10 min if a swing-bucket rotor is used) in at 50 ml
tubes containing at least 40ml of buffer (to dilute calcium of the
feeding media as much as possible). Wash cells once with buffer “A”,
and repeat the centrifugation step. Resuspend final pellet in 0.7 ml of
buffer “B”. Use a plate reader for recording safranine O fluorescence
(495ex/585em). Split the 0.7 ml pellet in three 0.2ml (record in tri-
plicates) and add to individual wells of a 96 white plate suitable for
fluorescence, and insert into the plate reader. The interior of the plate
reader must be kept at 37 °C; possibility for automatic shaking of the
plate is imperative (i.e. every 3s). Acquisitions should be made every
10-15s. Allow 5 min for adequate polarization of in situ mitochondria
and cell membrane permeabilization by digitonin. Record baseline for
3min, add 2mM ADP (from a 6.9 pH-ed 200 mM stock, see http://
antactivity.com/Buffers_chemicals.html), see Fig. 3. Record for 3 more
minutes, then add 5 puM rotenone. Record for an additional 3 min, then
add 1pM carboxyatractyloside. Record for an additional 3 min, then
add 250 nM of the uncoupler SF6847. The volume of each addition to
each well should be not less than 1 ul and no more than 2 pl. Convert
fluorescence traces to percentages and compare the 3 controls with that
from the patient cells. If carboxyatractyloside leads to hyperpolariza-
tion in the controls but to a depolarization in the patient, mSLP in the
patient is impaired. This means that the fibroblasts of the patient are
unable to harness ATP from mitochondrial substrate-level phosphor-
ylation from glutaminolysis, thus his/her mitochondria cannot com-
pensate for a potential electron transport chain dysfunction to an ap-
preciable degree.

7. Conclusions

The present review does not make an attempt to indicate how much
mtDNA depletion is required for disease manifestation; it merely dis-
cusses that quantitating mtDNA on peripheral -but not limited to-tis-
sues is not pathognomonic. Furthermore, the concept of mSLP as a
qualitative and not quantitative test for evaluating the extent of mi-
tochondrial functionality in the absence of an electron transport chain
is put forward. Having said that, it cannot be overemphasized that the
mSLP test cannot be used to differentiate among the numerous defects
described in mtDNA translation, or involving a single complex, or
secondary to other diseases involving mitochondrial dysfunction; it can
only provide an indication if the affected mitochondria are able to
energetically compensate and maintain —albeit- minor- ATP production
and not act as sinks of cytosolically made ATP.
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Tisztelt Elnok Ur!

A Leber-féle 6rokl6do latdideg sorvadas (LHON, Leber’s Hereditary Optic Neuropathy) egy
rapidan progredialé kétoldali latasvesztéssel jaré o6roklodd betegség, melyet a retinalis
ganglionsejtek pusztuldsa miatti latoideg-atréfia okoz. Hatterében a mitokondrialis DNS-t
érintd pontmutacio all, mely miatt a 1égzési lanc I-es komplexe gatolt.

Az oxidativ forszforilaci6 gatldsa miatt kiemelt jelentdsége van azoknak az alternativ
energiatermelé  folyamatoknak, amelyek nagy energiagji foszfatokat termelnek a
mitokondrium matrixéban, ezzel védve a sejtet az ATP kimeriiléssel szemben.

Az Orvosi Biokémiai Intézet neurobiokémiai munkacsoportjaban az elmult években zajlott
intenziv kutatomunka kézéppontjaban ezeknek az alternativ energiatermelé utvonalaknak a
feltérképezése 4ll, kiilonds tekintettel azokra a vegyiiletekre, melyekkel ezek a folyamatok
erésithetdek a sejtek talélésének érdekében. Ezek koziil a kinon-szarmazékok az egyik
igéretes vegyiiletcsoport, melynek tagjai bizonyos korképekben jelenleg is a terapia részét
jelentik.

A LHON jelenleg egyetlen elfogadott terapiajat az idebenon jelenti. Az idebenon egy révid
lancu kinon-vegyiilet, ami a karosodott 1égzési komplex megkeriilésével segiti az oxidativ
foszforilaciot, illetve az alternativ energiatermelé folyamatokat. Az Orvosi Biokémiai
Intézetben kidolgozott allatkisérletes modellekben tSbb kinon-vegyiilet hatasat is vizsgaltak a
mitokondridlis anyagcsere folyamatokra, eredményeik alapjan nem az idebenon a
leghatékonyabb vegyiilet a csoportban.

Ezek alapjan felmeriil, hogy LHON péciensekbél szarmazd mitokondriumokon is
megvizsgaljuk a fenti eredményeket. Ehhez géndiagnosztikéval igazolt, a SE Szemklinika
neuro-ophthalmolégiai szakrendelése altal gondozott LHON paciensekbdl punch-bérbiopszia
utjan vennénk mintat a Szemészeti Klinikdn. A mintdk az Orvosi Biokémia Intézetben
kertilnek feldolgozasra.

A résztvevokkel elbre ismertetjiik a mintavétel menetét és céljat, valamint a tajékoztatas utan
beleegyezd nyilatkozatot irnak ald. Belegyezésiiket kérjilk a mintavételhez és az adataik
tudomanyos felhaszndldsdhoz. A vizsgalatban valé részvétel onkéntes. Amennyiben a



mintavétel soran kéros reakciot tapasztalunk, az eljaras felfiiggesztése mellett azonnal a
hivatalos szakmai protokolloknak megfelelé kezelést alkalmazunk.

A fentiek alapjan kérem Elnok Ur szives engedélyét, hogy az LHON paciensekbdl szarmazo
mitokondriumokon  végzett vizsgdlatok elvégzéséhez hozzéajaruljon az alabbiakban
részletezett protokoll alapjan.
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»Kinon-vegyiiletek hatasianak vizsgalata Leber-féle 6rokl6dé latéideg
sorvadassal gondozott betegekbél szarmazé mitokondriumokon”

El6zetes attekinto:

A Leber-féle 6roklodd latoideg sorvadas (Leber’s hereditary optic neuropathy, LHON)
egy rapidan progredidlé kétoldali latasvesztéssel jaré o6roklédd betegség, melyet a
retinalis ganglionsejtek pusztulasa miatti latéideg-atréfia okoz. Az anyai agon 6rokl6dé
betegség hatterében a mitokondrialis genomban bekovetkezett pontmutacié all, mely a
mitokondralis 1égzési lanc I-es komplexét érinti. A 3 leggyakoribb mutécié a G11778A,
T14484C és G3460A [1]. Az I-es komplex defektusa kovetkeztében a sejt ATP termelése
lecsékken, mely a sejt pusztuldsdhoz vezet [2]. Az ATP termelés csékkenése
kulcsfontossagli a mitkondrialis betegségek patogenezisében, de nem magyarazza azt
teljesen. Az elektrontranszporthoz NADH oxid4cidja is kapcsolodik. Légzési lanc gatlés
esetén reduktiv ekvivalensek szaporodnak fel. A NADH/NAD" ardny emelkedésével
ledllnak a NAD'-fiiggd folyamatok (tobbek kozott a glikolizis, tovabb csokkentve a
termel6dd6 ATP mennyiségét) és reaktiv szabadgyokok szabadulnak fel [3]. A csokkent
ATP termelés és a ,reduktiv stressz‘ tehat egyiittesen vezetnek a sejt pusztulasahoz.

Az utdbbi évek intenziv mitokondrialis anyagcsere kutatasai vilagitottak ra az alternativ
energiatermel folyamatok kiilonleges szerepére azokban a kérfolyamatokban, amikor az
oxidativ  foszforilacié gatolt. Az Orvosi Biokémiai Intézet neurobiokémiai
munkacsoportja (OBI) egy 2010-t6l datdlédé publikacié sorozatban mérte fel a
mitokondrialis szubsztrat szintii foszforilacié (SzSzF) jelent6ségét. Az SzSzF-ban részt
vevé enzimek: a szukcinil-KoA ligaz, az alfa-ketoglutarat-dehidrogenaz enzimkomplex, a
diaforéz enzimek, a komplex III és a citokrom c. Ezek az enzimek nagyenergiaji
foszfatokat termelnek a mitokondrialis matrixban oxidativ foszforilacié hianyéban (1.
Abra).

A légzési lanc gatlasa esetén az ATPszintdz enzim a SzSzF 4ltal termelt ATP-t
hidrolizalva (,,reverse” mod) protonokat pumpal ki a mitokondrialis membranok kézotti
térbe és ezzel képes fenntartani a membranpotencialt egy koztes értéken, hogy az adenin-
nukleotid transzlokator (ANT) tovébbra is a citoplazma felé tovabbitsa az ATP-t
(»forward“ méd). Ez a mechanizmus védelmet nyujt a citoszolikus/nuklearis ATP
kimeriiléssel szemben olyan helyzetekben, amikor az elektron transzport lanc
miikodésképtelen [4] [5] [6].
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1.Abra A mitokondriélis elektrontranszport lanc (az I-es komplex farmakoldgiailag gatolt
rotenonnal) €s a szusztrat szintii foszforilacio enzimei és kapcsolataik

Q és OH,: lipofil kinon és hidrokinon. Q¢ és QH : hidrofil kinon és hidrokinon. € Dyreq) €s € Doy : elektron
donor redukalt vagy oxidalt formaban. a-Kg: alfa-ketoglutarat; DHAP: dihidroxiaceton-foszfat; DHODH:
dihidroorotat-dehidrogenaz; ETFDH: elektron-transzferalé-flavoprotein dehidrogenaz; Gly-3-P: glicerol-3-
foszfat; GPDH: glicerol-3-foszfat dehidrogenaz; IMM: mitokondrium belsd membran; IMS: intermembran

tér; Glu: glutamat; KGDHC: a-ketoglutarat dehidrogenaz; SDH: szukcinat-dehidrogenaz; SUCL: szukcinil-
KoA-ligaz

A SzSZF miikodése kvalitativ modon detektélhaté (SzSzF vagy van, vagy nincs, nincs
sziikségszerlien kvantifikdlandd paraméter), standard laboratériumi eszkozpark mellett
tesztelhetd bor eredetii fibroblasztokon.

Hogy az ANT “forward médban” miikodik, vagyis a mitokondrium matrixbél a
citoplazma felé tovabbitja az ATP-t, egyszerlien igazolhaté permeabilizalt sejteken, a
nagy specificitdsi ANT-gatl6 szer, a karboxiatraktilozid segitségével. Amennyiben az I-
es komplex gétolt, akar farmakoldgiailag (rotenonnal), akar pl. genetikai mutacié révén
(lasd LHON), csak SzSzF tud torténni megfeleld szubsztratok jelenlétében [5]. Az ANT-
n keresztiil zajloé ATP-ADP csere elektrogén folyamat, miutdn egy molekula ATP*
cseréje torténik egy molekula ADP* re [7]. Amennyiben az ANT “forward modban”
mikddik, karboxiatraktiloziddal torténé mikddésgétlés pozitiv iranyt membranpotencial
valtozast fog eredményezni. Ha az ANT “reverse médban” miikddik, mikodésének
gatlasa mebranpotencial csokkenést okoz. Gatolt I-es komplex mellett a SzSzF mérése a
kompenzécio mértékét jelzi (a maradék mitokondrialis funkcidt), ami mukodésképtelen
elektrontranszport lanc esetén elérhetd. A 1égzési lancrol nem kapunk informaciot, csak
az in situ mitokondriumok azon képességérol, hogy glutamin-eredetii metabolitokbol



nyerjenek energiat, ha a légzési lanc gatolt, mint példaul LHON-ben. Megfelel
kinonmolekulak tdmogathatjdk a glutaminolizist, ezzel az alfa-ketoglutarat complex
szamara NAD"-ot szolgaltatva.

A LHON jelenlegi gyogyszeres terdpiajat az idebenon jelenti, egy kinon-szarmazék, ami
a karosodott 1égzési komplex megkeriilése révén segiti az oxidativ foszforilaciot.

Az OBl-ban kidogozott allatkisérletes modellekben az I-es komplex gatlasa mellett
kiilonboz6 kinon-szdrmazékokat teszteltek, tobbek kdzott az idebenont és a 2-metoxi-1,4-
naftokinont (MNQ). Az MNQ amellett, hogy a komplex I-et megkertilve hatékonyan
képes elektronokat atadni a mitokondrilis 1égzési lancnak, az NQO-diaforaz enzim
szubsztratjaként a SzSzF-t is timogatja [8]. Mindezekkel egyiitt az MNQ az idebenonnal
hatékonyabb kinon-vegyiiletnek bizonyult az ATP termelé folyamatok fenntartdsaban
gatolt 1égzési lanc esetén allatkisérletekben [9].

A fenti eredmények titkrében felmeriil, hogy LHON paciensek esetében- ahol szintén a
légzési lanc I-es komplex genetikai defektusa all fenn- Ssszehasonlitsuk a kiilonbdzé
kinon-szarmazékok hatdsossagat. E célbdl a Szemészeti Klinika neuro-ophthalmoloégiai
szakrendelése altal gondozott, genetikai vizsgélattal igazolt LHON paceinsekbél punch-
borbiopszia utjan vett mintdkbol tenyésztett fibroblasztokon kivanjuk vizsgalni a
kiilonboz6 kinon-szarmazékok hatasat a mitokondrialis ATP teremelésre.

Az intracellularis NADH/NAD" arannyal parhuzamosan véltozik az extracellularis laktat
és piruvdt mennyisége (2. Abra) [3]. Ezért a mitochondridlis 1égzési lancot érintd
betegségekben gyakran mérhetd emelkedett laktat/piruvat arany. Ez egyfeldl fontos
kiegészit6 informacié a diagnozis felallitdsdhoz, mésrészt terdpias jelentdsége is lehet,
amennyiben az ardny csokkentése az intracellularis NADH szint csékkenéséhez vezet.

A NADH szint mérheté csokkenését okozd piruvat vérszint elérése piruvat bevitellel
gyakorlatilag lehetetlen. Tisztitott bakterialis laktat-oxidaz és katalaz enzimek fazidja in
vivo allatkisérletes modellben sikeresen normalizalta az intracellularis NADH/NAD"
aranyt €s enyhitette a reduktiv stresszt [10].

LHON betegekben a laktat/piruvat aranyrél kevés adat 4ll rendelkezésre, ezért
vizsgalatunk keretein beliil ezen betegek szérum laktét és piruvat szintjét is ellendriznénk.
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2.Abra. A extracellularis laktat-oxidaz ¢s katalaz enzimek hatdsa az intracellularis
NADH/NAD" aranyra (Patgiri és mtsai alapjan, lasd[10]).
LOX: laktat-oxidaz; CAT: katalaz; LDH: laktat-dehidrogenaz
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Vizsgalati protokoll

A résztvevok toborzasinak, bevalasztdsinak, kizdrasinak rendszere
Bevonasi kritériumok:

* Tipusos klinikai kép (fiatal felndtteket érintd hirtelen jelentkezd, gyorsan
progredial6 latasromlés, centralis l4ttér kiesés), melynek hatterében a harom
leggyakoribb LHON mutécié egyikét genetikai vizsgalattal sikertilt igazolni
Minden beteg részére - fliggetleniil a vizsgalatban valé részvételtdl - egyedi
méltanyossagi kérelem utjan idebenon hatéanyag tartalmu készitményt igényliink
a Nemzeti Egészségbiztositasi Alapkezel6n keresztiil.

e LHON betegek anyai agu hozzétartozéi, igazolt LHON mutaciéval

e A tervezett kontroll vizsgalatokat a Szemklinika és az Orvosi Biokémiai Intézet
dolgozoi és azok ismeretségi korébol valasztjuk ki.

Kizarasi kritériumok:
o Genetikai vizsgalattal nem igazolt latasromlas

o Ismert gydgyszerérzékenység az érzéstelenitdvel szemben
e Viarandossag

Mintavétel (punch biopszia, vérvétel)

Az eljaras sordn a beteggel megbeszélt borteriiletet fertétlenitjiik, majd Lidokainos
subcutan infiltracié alkalmazésaval érzéstelenitjiik. Az elékészitett bérteriiletrdl 6 mm
atmérdjl, kor alaku, €les szélli "bérlyukasztd" eszkozzel a szévetmintét eltavolitjuk. A
keletkezett sebet steril kotszerrel fedjiik. A keletkezett seb varhato gyogyulasi ideje 5
nap. Varrat a legtobb esetben nem sziikséges. Ha a szakorvos megitélése szerint a seb
zarasa varrattal sziikséges, a mintavétel utani 7. napon varratszedést végziink.

Vérvétel és a vérmintik szallitasa:

A laktét/piruvat ardny meghatdrozasa vénas vérbdl torténik. A konyokhajlati feliiletes
veénakbol a bér fertGtlenitését kovetden géles csbbe 2 mL vénas vért vesziink. A vénas
vért tartalmazo géles csdveket a SE Szemklinika dolgozdja széllitja jégen a SE 1.Sz.
Gyermekgyogyaszati Klinika Anyagcsere Sziiré  és Diagnosztikai Kozpontjanak
laboratériumaba, ahol a szérum laktat/piruvat arany meghatarozast végzik.

A Kkedvezétlen események és a siilyos nemkivanatos események lehetosége, a
bekovetkezésiik esetén kovetendé eljarasok

A borbiopszids mintavétel soran szovédmények eléfordulasanak esélye csekély. A
vizsgalat folyamdn vett biologiai mintak gyjtése kisfoku helyi fajdalommal jar. Vérzés,
duzzanat, a seb elfertdz6dése eléfordulhat. A punch biopszia helyén kis heg marad.
Sulyosabb szovédmény a helyi érzéstelenitéssel kapcsolatban jelentkezhet. A lokalis
crzéstelenités szovodménye lehet allergias reakcio, vérnyomds esés, sulyos esetben
keringés és/vagy légzésleallas.




A vénas vérvétel szovédménye véromleny, ritkén a véna gyulladasa lehet.
Az Osszes mem kivanatos mellékhatast feljegyezzilk a vizsgalat alatt és a szakmai
protokolloknak megfeleléen ellatjuk.

Szévetmintak feldolgozasa

A mintak szallitasa:

A mintékat a Szemklinika dolgozdja szallitja Orvosi Biokémiai Intézetbe. A mintak a
szallitas alatt 4-61-on vannak.

A mintak feldolgozasa, fibroblaszt tenyészet létrehozdsa:

A bdrmintékat kollagenaz enzimmel kezeljiik, majd 70 um-es sziirére tessziik. A sz(irén
athaladé sejteket 2-3 napra poly-L-ornitinnel bevont 8-lyuka LabTek II sejttenyészto
kamraba helyezziik (Nunc, Rochester, NY, USA) kériilbeliil 3*10"5 sejtstirliségben. A
tenyészté médium RPMI1640 (GIBCO, Life technologies, Carlsbad, CA, USA), 10%
magzati borji savoval (fetal bovine serum) és 2 mM glutaminnal kiegészitve. A sejteket
37 °C-on 5%-o0s CO, tartalom mellett taroljuk.

A mitokondridlis szubsztrdt szintii foszforildacié meghatdrozdsinak menete:

A méresekhez 80% konfluencidji fibroblaszt tenyészet sziikséges. A teszt nem
kvantitativ, ezért nincs sziikség az eredmények fehérjetartalomra torténd normalizaldséra.
A kisérlet napjan két puffer oldatot kell késziteni: 500 ml jéghideg “A” puffert,
(Osszetétel: 110 mM K-glukonat, 10mM HEPES, 10 mM KH,PO,, 10 mM mannitol,
10 mM NaCl, 8 mM KCl, 1.5 mM MgCl,, 0.01 mM EGTA, 0.5 mg/ml BSA (esszencialis
zsirsav mentes), pH 7.25-re allitva KOH-dal), és 5 ml “B” puffert, amely az “A” puffer
OsszetevOin feliil még a kovetkezoket tartalmazza: 5 uM safranin O, 5 mM glutamat, 5
mM malat, 5 mM o-ketoglutarat és 175 pl 2.5 mM-os digitonin (tisztasag > 90%,
DMSO-ban oldva). A “B” puffert 37 fokon kell tartani. A tapoldat eltavolitasat kovetden
a sejttenyészetet atmossuk jéghideg “A” pufferrel, majd &sszegyiijtjiik a sejteket “A”
pufferben. 3500 rpm-en 2,5 percig centrifugélva iilepitjiik a sejteket (50 mL-es csében,
legalabb 40 mL pufferrel, a tapoldat kalcium tartalménak higitasa érdekében). “A”
pufferrel torténd egyszeri atmosast kovetden a centrifugaldst megismételjiik. Az igy
kapott iiledéket 0,7 mL “B” pufferben szuszpendaljuk. A Safranine O fluoreszcenciat
plate leolvasoval rogzitjiik (495ex/585em). A 0,7 mL iiledéket harom részre osztjuk
(haromszori ismételt méréshez), majd egy 96-lyuku fehér plate kiilon lyukaiba adagoljuk
¢s a leolvasoba helyezziik. Fontos, hogy a leolvasé belseje 37 O fok hémérsékleti
legyen, és elengedhetetlen a plate automatikus rézatésa. Adatrogzités 10-15
masodpercenként torténik. 5 percet varunk, ennyi idé sziikséges, hogy a digitonin
permeabilizalja a sejtmembrant és az in situ mitokondriumok polarizalédjanak. 3 percig
rogzitjik az alapvonalat, majd 2mM ADP-t adunk. 3 perc rogzitést kovetben 5 uM
rotenont adunk. Kovetkez6 3 perces rogzitést kovetéen 1 puM karboxiatraktilozidot



adunk. A kovetkezd 3 perces rogzités végén a szétkapcsolészer, 250nM SF6847
kovetkezik. Minden hozzdadott vegyiilet térfogata 1 és 2 pl kozott legyen. A
fluoreszcencia gorbék szazalékos konvertalasat kdvetben Osszehasonlitjuk a harom
kontrollt a beteg eredményekkel. Ha a karboxiatraktilozid hiperpolarizal a kontrollokban,
de depolarizal a betegben, az azt jelenti, hogy a beteg mitokondriumban nem miiksdik a
SzSzF. gy a beteg fibroblasztok nem juthatnak ATP-hez a glutaminolizis és a SZSZF
atjan, vagyis az 6 mitokondriumaik nem képesek kompenzalni a miikodésképtelen
elektrontranszport lanc kiesését. A SzSzF elégtelensége a diaforaz enzimek miikodéséhez
sziikséges szubsztratok (mint az MNQ) jelenlétével enyhithetd.

Legjobb, ha a betegbdl szdrmazo fibroblasztokat legalabb harom egészséges kontrollal

tudjuk Osszehasonlitani. Nem sziikségszer(i, de célunk kor-és nem szerint identikus
kontrollt vélasztani.



Betegtajékoztato

»Kinon-vegyiiletek hatasanak vizsgalata Leber-féle 6roklodo latéideg sorvadassal
gondozott betegekbdl szarmazo6 mitokondriumokon”

Arra kérjik Ont, vegyen részt egy klinikai vizsgalatban. Mielétt dontene
részvételérdl, fontos, hogy megértse, mi a vizsgalat célja, milyen velejaréi vannak,
hogyan hasznéljék fel az Ontél szarmazo adatokat, melyek a lehetséges elénydk,
kockazatok és kellemetlenségek. Kérjiik, olvassa el figyelmesen az alabbi tajékoztatot.

MI A VIZSGALAT HATTERE ES CELJA?

Onnél kezeldorvosa Leber-féle latéideg sorvadas nevii betegséget allapitott meg.
A betegség hatterében egy 6roklodo genetikai hiba éll, melynek kdvetkeztében a sejtek
energiatermeld alkotérészeiben, a mitokondriumokban a f6 energiatermeld tGtvonal gatolt.
Az energiadeficit kovetkeztében a latohartya ganglionsejtjei elpusztulnak, ami stlyos
foku latascsokkenéshez vezet. A Leber-féle betegség eddig egyetlen ismert és elfogadott
gyogyszeres kezelését az idebenon nevli hatéanyag jelenti, melynek szedését
kezelborvosa Onnek is javasolta. Az idebenon szerepe a betegségben, hogy a blokkolt &
energiatermeld utvonal helyett alternativ energiatermel6 utakat segitsen, ezzel segitve az
ideghdrtya sejtjeinek talélését, ami a meglévd latds megdrzésének zaloga. Vizsgalatunk
célja az On szervezetébdl szarmazo, a Leber-féle betegséget okozé génmutaciét hordozé
sejtek vizsgéalata. Az idebenon vegyiiletéhez hasonld anyagok hatasat kivanjuk vizsgalni
a mitokondrialis energiatermelés tamogatasara, azzal a szdndékkal, hogy az idebenonnal
hatékonyabb vegyiiletet azonositsunk.

KOTELEZO-E A RESZVETEL?

Az On déntésén mulik, hogy részt vesz-e. Ha nem kivan részt venni a klinikai
vizsgalatban, az semmiféle hatranyt nem jelent Onnek, és tovabbra is jogosult marad az
Ont megilleté gydgyszeres és orvosi kezelésre. Ha ugy hatéroz, hogy részt vesz a
vizsgalatban, ald kell irnia ezt a Betegtajékoztatot és a mellékelt ’Irdsos beleegyezési
nyilatkozatot’ is. Ha a részvétel mellett dont, a késébbiekben a beleegyezését szoban
vagy irasban indoklas nélkiil barmikor visszavonhatja. Ez nem befolyasolhatja tovabbi
egészségligyi ellatasanak szinvonalat.

MI TORTENIK, HA RESZT VESZ A VIZSGALATBAN?

Amennyiben vallalja, hogy vizsgalatunkban részt vesz, egy szemész szakorvos
bérbiopszids mintat vesz az alkarjabol, melyet az Orvosi Biokémiai Intézetbe szallitunk
tovabbi feldolgozas céljabol. Ezen kiviil vérvétel torténik konyokvénabol laboratériumi
vizsgalat céljabol.



MELYEK A VIZSGALATTAL KAPCSOLATOS LEHETSEGES

MELLEKHATASOK, KOCKAZATOK ES KELLEMETLENSEGEK?

A borbiopszias mintavétel soran helyi érzéstelenitést kovetéen kisméretii (6 mm
atmérgjli) bérdarabot tavolitunk el az el6zetesen fert6tlenitett teriiletrol.
A beavatkozassal Osszefliggésben fellépd panaszok lehetnek: a beavatkozas helyén
fajdalom, vorosség, duzzanat, kisfoku vérzés, hegképzodés, seb elfert6zodése.
Stlyosabb szovodmény a helyi érzéstelenitéssel kapcsolatban jelentkezhet. A lokalis
érzéstelenités szovodménye lehet allergias reakcio, vérnyomas esés, sulyos esetben
keringés és/vagy légzésleallas. Ezért kérjik, ismert gyogyszerérzékenységeit minden
esetben jelezze kezeldorvosanak!

Vérvétel soran a konyokhajlati vénakbol a bor fertdtlenitését kovetden 1 vérvételi
csobe vesziink vér. Ennek szovédménye vérzés, véromleny, ritkan a véna gyulladasa
lehet.

MELYEK A RESZVETELBOL SZARMAZO LEHETSEGES ELONYOK?
A kutatasban val6 részvétel fontos tarsadalmi hatasa, hogy elémozditsuk a Leber-
féle betegség kezelésének hatékonysagat.

JELENT-E A RESZVETEL PLUSZ KOLTSEGET?
A kutatasban valo részvétel Onnek plusz koltséggel nem jar.
A vizsgalattal kapcsolatban koltségtéritést nem all modunkban adni.

HOGYAN KEZELIK SZEMELYES ADATAIMAT?

Az ’frasos beleegyezd nyilatkozat’ cimii nyilatkozat alairasaval On hozzéjarul,
hogy kezel8orvosa, valamint a vizsgalatban résztvevé személyek az On személyes adatait
a vizsgalat adminisztracidjahoz, lebonyolitasahoz, tudomanyos- ¢és statisztikai
elemzéshez kezelje és felhasznalja a személyes adatok védelmére vonatkozo jogszabalyi

rendelkezéseknek megfelelden.

Részvételét koszonjik!

Téjékoztatast végzo orvos aldirasa

A beteg alairasa

Datum



SEMMELWEIS UNIVERSITY

Faculty of Medicine

Department of Medical Biochemistry
Director: Professor Laszlé Csanady, MD, PhD, DSc

Nyilatkozat

Az emberen végzett orvostudomanyi kutatdsok tekintetében a 23/2002. (V.9) EtM rendeletre
figyelemmel nyilatkozom, hogy a kutatasi terv dsszeallitisa a hatalyos jogszabalyokban €s az
Orvosok Vilagszovetsége Helsinki )Dﬁgl_dgt?;eiéjiban foglaltaknak megfeleléen tortént. A
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SEMMELWEIS UNIVERSITY

Faculty of Medicine

Department of Medical Biochemistry
Director: Professor Laszl6 Csanady, MD, PhD, DSc

Nyilatkozat a vizsgalat soran gyiijtott adatokrol

A vizsgalatban résztvevo alanyok személyes adatait az informacios dnrendelkezési jogrol és az
informacidszabadsagrol szol6 2011. évi CXII. torvény, valamint az egészségligyi €s a hozzajuk
kapcsolodo személyes adatok kezelésérdl és védelmérdl (kiemelten a II. fejezet 21. §.
tudomanyos kutatas céljabol torténd adatkezelésre) szold 1997. évi XLVIL torvény
rendelkezéseinek megfelelden kezeljiik.
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Beleegyezo nyilatkozat

»Kinon-vegyiiletek hatasanak vizsgalata Leber-féle 6roklodo latéideg sorvadassal
gondozott betegekbél szarmazo mitokondriumokon”

Alulirott részt kivanok venni a fenti vizsgéalatban. Hozzajarulok, hogy szoveti mintamat
¢s adataimat csak és kizarolag kutatasi céllal felhasznaljak. A vizsgilat megkezdése elétt
elolvastam a mellékelt tajékoztatét és tudattdk velem a kutatds céljat és menetét,
felmeriilé kérdéseimet megvalaszoltdk. A beleegyezés ©nkéntes és befolydsolastol
mentes. Tudataban vagyok, hogy barmikor, akéar szoban, akar irasban indoklas nélkiil a
beleegyezésemet visszavonhatom, anélkiil, hogy ebbdl hatranyom szarmazna.

Résztvevo neve:

Anyja neve:
Sziletési datum:
Lakcim:

Aléairas:

Vizsgélatot végzd személy alairasa:

Budapest, 20...........cceevenn.



»Kinon-vegyiiletek hatisinak vizsgalata Leber-féle 6roklédé latoideg
sorvadassal gondozott betegekbol szirmazé mitokondriumokon”
VIZIT ADATLAP

Név: Sziiletési datum:

LHON génmutacié tipusa:
Idebenont szed a paciens: igen/nem
Ha igen, midta?:

Egyéb ismert betegségek:
Rendszeresen szedett gydgyszerek:
Gyogyszerérzékenység:

Autorefraktometria:
od Dsph Dcyl fok
0s Dsph Dcyl fok

Latoélesség (Snellen-tabla):
od

oS

Goldmann-perimetria tortént: igen/nem
Papilla OCT-vizsgalat tortént: igen/nem
Macula OCT-vizsgalat tortént: igen/nem

Borbiopszia tortént a vizit soran: igen/nem

Vérvétel tortént a vizit soran: igen/nem

Kedvez6tlen, nem kivéanatos esemény a mintavétel soran tortént: igen/nem
Ha igen, részletezve:

Vizsgalo alairasa Vizsgalati datum



SEMMELWEIS UNIVERSITY

Faculty of Medicine

Department of Medical Biochemistry
Director: Professor Laszlé Csanady, MD, PhD, DSc

Befogadé nyilatkozat
Alulirott Prof Csanady Laszl6, a Semmelweis Egyetem Orvosi Biokémiai Intézet
igazgatdjaként a ,,Kinon-vegyiiletek hatasanak vizsgalata Leber-féle 6roklodé latoideg
sorvadassal gondozott betegekbdl szarmazé mitokondriumokon” cimi vizsgalatnak
intézményi hatterét biztositom.
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Oktatis, kutatds, gyogyitas: 250 cve ALTALANOS ORVOSTUDOMANYI KAR ‘ --------------
az cgészséy szolgdlatiban Szemészeti Klinika [rag oAl *
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Prof. Dr. Nagy Zoltan Zsolt

Befogado nyilatkozat

Alulirott Prof. Nagy Zoltan Zsolt, a Semmelweis Egyetem Szemészeti Klinika
igazgatojaként a ,,Kinon-vegyiiletek hatasanak vizsgalata Leber-féle 6roklodo
latoideg sorvadassal gondozott betegekbdl szarmazo mitokondriumokon” cimi
vizsgalatnak intézményi hatterét biztositom.

Tisztelettel:
Dr. Nagy Zoltan Zsolt
egyetemi tanar, igazgatd
Budapest, 2020.
Cim: 1085 Budapest, Maria u. 39. Tel.: (06-1) 267-4951, (06-1) 303-9435
Postacim: 1085 Budapest, Ull6i ut 26.; 1428 Budapest, Pf. 2. Fax: (06-1) 210-0309

E-mail: titkarsag.szem@med.semmelweis-univ.hu Web: http:/semmelweis.hu/szemeszet
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