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There is growing evidence that the sequence variation of mitochondrial DNA (mtDNA), which clusters in population- and/or geographic-speciﬁc haplogroups, may result in functional eﬀects that, in turn, become relevant
in disease predisposition or protection, interaction with environmental factors and ultimately in modulating
longevity.
To unravel functional diﬀerences between mtDNA haplogroups we here employed transmitochondrial cytoplasmic hybrid cells (cybrids) grown in galactose medium, a culture condition that forces oxidative phosphorylation, and in the presence of rotenone, the classic inhibitor of respiratory Complex I. Under this experimental paradigm we assessed functional parameters such as cell viability and respiration, ATP synthesis, reactive
oxygen species production and mtDNA copy number.
Our analyses show that haplogroup J1, which is common in western Eurasian populations, is the most sensitive to rotenone, whereas K1 mitogenomes orchestrate the best compensation, possibly because of the haplogroup-speciﬁc missense variants impinging on Complex I function. Remarkably, haplogroups J1 and K1 ﬁt the
genetic associations previously established with Leber's hereditary optic neuropathy (LHON) for J1, as a penetrance enhancer, and with Parkinson's disease (PD) for K1, as a protective background.
Our ﬁndings provide functional evidences supporting previous well-established genetic associations of speciﬁc haplogroups with two neurodegenerative pathologies, LHON and PD. Our experimental paradigm is instrumental to highlighting the subtle functional diﬀerences characterizing mtDNA haplogroups, which will be
increasingly needed to dissect the role of mtDNA genetic variation in health, disease and longevity.

1. Introduction
The human mitochondrial genome (mtDNA) is a multicopy circular
molecule of 16,569 base pairs (bp) in length (Andrews et al. 1999),
which encodes 13 key proteins for oxidative phosphorylation (OXPHOS) as well as 22 tRNA and two rRNA genes, needed for mtDNA
expression and translation, due to the slightly diﬀerent genetic code
from nuclear DNA (nDNA) (Schon et al. 2012; Gustafsson et al. 2016).
Proteins carrying out mtDNA replication, transcription and translation,

as most of the proteins needed to build mitochondria are instead encoded in the nDNA, with about 1500 proteins composing the nuclear
mitoproteome (Calvo et al. 2016). The mtDNA is strictly maternally
inherited, follows non-Mendelian transmission rules (Schon et al. 2012;
Gustafsson et al. 2016) and is characterized by a high mutation rate,
which introduces continuously new variants that, at least initially, coexist in the cell with the original sequence (heteroplasmy) (Payne et al.
2013). When the new variants aﬀect the germline, they might be inherited, often after having gone through bottlenecks. Therefore, they
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sometimes reach homoplasmy becoming ﬁxed in a new mtDNA haplotype, or might be lost, leaving only the original genome sequence
(Stewart and Chinnery 2015). Variants with functional eﬀect on OXPHOS eﬃciency may undergo selection, with climate and diet being
proposed as major driving forces (Mishmar et al. 2003; Ruiz-Pesini
2004). Some variants have a clear pathogenic eﬀect on OXPHOS
function, and indeed a long catalog of mtDNA pathogenic mutations has
been compiled in the three decades since the ﬁrst ﬁnding (Ruiz-Pesini
et al. 2007; http://www.mitomap.org/), aﬀecting the most energy-dependent cells and tissues, such as neurons in peripheral and central
nervous systems, and leading to a large variety of diseases (DiMauro
et al. 2013; Carelli and Chan 2014).
The sequence variation of mtDNA has been extensively employed to
study human origin and patterns of population dispersal, lending support to the “out of Africa” model (Vigilant et al. 1991; Soares et al.
2010). Furthermore, because of its potential role in adaptation, as
suggested by the rapid evolution of its sequence and the functional
interplay with the environment, the consequences of diﬀerent mtDNA
haplotypes and mutations have been also assessed extensively in human
ageing and pathology (Larsson 2010; Wallace 2015). Unfortunately
most of the reported associations between mtDNA haplogroups and
diseases have suﬀered of poor reproducibility, being frequently underpowered and with a biased composition of controls (Samuels et al.
2006; Raule et al. 2007). Among the most solidly established and reproduced associations is the one between mtDNA haplogroup J, as a
penetrance modulator, and Leber's hereditary optic neuropathy (LHON)
(Carelli et al. 2006; Hudson et al. 2007). LHON is a neurodegenerative
mitochondrial disease leading to optic nerve atrophy due to pathogenic
mtDNA point mutations aﬀecting Complex I genes (Carelli et al. 2004).
Interestingly, a recent metanalysis of mtDNA haplogroup studies in
Parkinson disease (PD), an age-related neurodegenerative disorder also
characterized by Complex I deﬁciency, revealed that haplogroups J, K
and T might exert a protective role (Hudson et al. 2013). Haplogroup J
has also been associated with successful ageing in centenarians (De
Benedictis et al. 1999). Thus, the emerging paradox is that the same set
of polymorphic missense variants, aﬀecting Complexes I and III and
characterizing speciﬁc sub-branches of haplogroup J (Pala et al. 2012),
may lead to very diﬀerent outcomes (Wallace 2013).
Only a few studies have tried to unravel the subtle functional differences between mtDNA haplogroups, often employing the cybrid cell
model that allows the comparison of diﬀerent mtDNAs on the same
nuclear background (King and Attardi 1989). In LHON cybrids, haplogroup J has been shown to modulate Complex I stability (Pello et al.
2008) and sensitivity to toxins such as solvents (Ghelli et al. 2009).
Furthermore, control cybrids carrying haplogroup J displayed reduced
mtDNA amount and defective OXPHOS when compared with haplogroup H (Gómez-Durán et al. 2012).
We here revisited this issue testing the sensitivity of haplogroup J
mitogenomes to the pesticide rotenone, a classic inhibitor of complex I,
that has been implicated in PD pathogenesis (Betarbet et al. 2000) and
is frequently used to model complex I deﬁciencies such as LHON
(Marella et al. 2010).

streptomycin, in an incubator with a humidiﬁed atmosphere of 5% CO2.
2.2. MtDNA sequence variation, haplogroup aﬃliation and complex I
modeling
The mitogenome sequences of the three novel cybrids (H28705,
HF16W and HAD) were determined as previously reported (Torroni
et al. 2001), while the other eight were already published (Achilli et al.,
2005; Ghelli et al. 2009; Pala et al. 2012; Pello et al. 2008; Perli et al.,
2012). Haplogroup aﬃliations were deﬁned according to PhyloTree
(www.phylotree.org, mtDNA tree Build 17; van Oven and Kayser
2009). Pathogenicity predictions were performed by Mitimpact 2.7
(mitimpact.css-mendel.it). The positioning of the amino acid changes in
the 3D Complex I structure was determined using UCSF Chimera 1.11.2
(www.cgl.ucsf.edu/chimera/) on the entire ovine respiratory Complex I
(Fiedorczuk et al. 2016; PDB ﬁle 5LNK).
2.3. Cell viability
Viability was determined using the colorimetric sulforhodamine B
(SRB) assay (Scarlatti et al. 2003). Cells were seeded (30.000 per well)
in DMEM-high glucose and after 24 h incubated in DMEM glucose-free
medium supplemented with 5 mM galactose, 5 mM Na-pyruvate and
5% FBS (DMEM galactose medium) in presence or absence of 10, 20
and 40 nM rotenone. Cellular viability was assessed after 24 h by SRB
assay. Absorbance was measured at 540 nm by using a microplate
reader [VICTOR3 Multilabel Plate Counter (PerkinElmer Life and Analytical Sciences, Zaventem Belgium)]. The SRB absorbance value in the
absence of rotenone corresponds to 100% viable cells.
2.4. Oxygen consumption and rotenone titration
Oxygen consumption rate (OCR) in glucose medium was measured
in adherent cells with an XF24 Extracellular Flux Analyzer (Seahorse
Bioscience, Billerica, MA, USA). Brieﬂy, cells were seeded in XF24 cell
culture microplates (Seahorse Bioscience) at 2 × 104 cells/well in
250 μl of complete high glucose medium and incubated at 37 °C in 5%
CO2 for 24 h. The assay began the following day according to the
manufacturer's instructions by replacing the growth medium in each
well with 525 μl of unbuﬀered DMEM-medium supplemented with
10 mM glucose, 5 mM pyruvate, and 1 mM glutamine pre-warmed at
37 °C. Cells were incubated at 37 °C for 60 min to allow temperature
and pH equilibration. After an OCR baseline measurement, 75 μl of
medium containing oligomycin (1 μM) were added to each well to obtain the value of oxygen consumption derived by proton leak. The third
OCR measurement was performed adding 75 μl of medium containing
1 μM FCCP to obtain the maximal rate of oxygen consumption and ﬁnally, 75 μl of medium containing rotenone and antimycin A (both
1 μM) were added to completely inhibit respiratory chain. At the end of
the experiment, respiration rates were normalized for the protein cell
content in each well using the colorimetric sulforhodamine B assay. The
experiments in galactose medium were performed seeding cells in XF24
cell culture microplates at 3 × 104 cells/well in 250 μl of galactose
medium at 37 °C in 5% CO2 for 24 h. The following day the growth
medium was replaced in each well with 525 μl of unbuﬀered DMEMmedium supplemented with 5 mM galactose, 5 mM pyruvate and 1 mM
glutamine and the experiment was carried out exactly as described
above but using galactose medium for each addition.
The rotenone titration was assessed in 10 mM glucose medium and
after an OCR baseline measurement, the microplates were divided in
four group and rotenone titration was performed adding to each group
of wells 75 μl of medium containing 0; 2.5; 5; 10 nM rotenone respectively and the residual OCR was measured. Then, oligomycin (1 μM)
was added to each well to obtain the value of oxygen consumption
derived by proton leak, and after the maximal rate of oxygen consumption was measured in presence of 1 μM FCCP. Finally, rotenone

2. Material and methods
2.1. Cell lines and culture conditions
The eleven transmitochondrial cytoplasmic hybrids (cybrids) were
generated by fusion of enucleated ﬁbroblasts, obtained after informed
consent from skin biopsies of unrelated control subjects with a “normal”
mitogenome (i.e. without any known pathological mutation), with osteosarcoma (143.TK-)-derived 206 cells, deprived of their own mtDNA
(King and Attardi 1996). Cybrids were grown at 37 °C in Dulbecco's
modiﬁed Eagle's medium (DMEM-high glucose) supplemented with
10% fetal bovine serum (FBS) (South America source from Gibco, Invitrogen, Italy), 2 mM L-glutamine, 100 U/ml penicillin, 100 μg/ml
130
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and antimycin A (both 1 μM) were added to completely inhibit respiratory chain. At the end of the experiment, respiration rates were
normalized for cell content in each well using the colorimetric sulforhodamine B assay. Data were expressed as percentage of residual respiration relative to untreated cells.

software, choosing the most appropriate test. Statistical signiﬁcance
was declared at p ≤ 0.05. Comparisons between haplogroups were
performed via Anova One Way followed by Bonferroni Test. Data are
presented as means ± SEM.
4. Results

2.5. ATP synthesis assay
4.1. Cybrid generation and characterization of their mitogenomes
The assay of mitochondrial ATP synthesis driven by complex I or
complex II substrates was determined in digitonin-permeabilized cybrid
cell lines, exactly as previously described in the luciferin/luciferase
assay (Manfredi et al. 2002), with minor modiﬁcations (Giorgio et al.
2012). Protein content and citrate synthase activity were also measured
as previously detailed by (Bradford 1976) and (Trounce et al. 1996),
respectively. The residual activity of ATP synthesis after incubation of
rotenone 10 nM in galactose medium for 24 h was expressed as percentage of the activity in untreated cells.

We employed the well-established cell model for mtDNA functional
studies known as transmitochondrial cytoplasmic hybrids or “cybrids”,
which has the advantage to assess possible diﬀerences amongst mtDNAs
belonging to various haplotypes and/or haplogroups in a constant nuclear background. Our eleven cybrids were generated from enucleated
ﬁbroblast cell lines of healthy individuals. Eight cybrid cell lines were
established and previously characterized (see methods), while three
(H28705, HF16W and HAD) are new (Fig. 1 and Supplementary
Table 1). The phylogenetic relationships of the eleven mitogenomes are
shown in Fig. 1 as well as their GenBank accession numbers. Their
haplogroup aﬃliations are according to PhyloTree (www.phylotree.
org; van Oven and Kayser 2009). The most divergent mitogenome is
H28705, a member of macro-haplogroup N, while all others cluster into
six major sub-branches of the macro-haplogroup R: haplogroups H
(HF16W and HAD), J (HQB, HGA and HFG), T (H42 and HPS), K (HP27
and HF01M) and U (HGDA), all typical of western Eurasian populations. The missense variants characterizing the cybrid mitogenomes are
shown on the tree branches (Fig. 1), whereas their predicted functional
impact is detailed in Supplementary Table 1.

2.6. Reactive oxygen species (ROS) production
ROS production was determined using 2′,7′-dichlorodihydroﬂuorescein diacetate (H2DCFDA) as described by (Porcelli et al. 2010),
with modiﬁcations. Cells were seeded (40.000 cells/well) and incubated in Hepes Ringer Solution Medium [NaCl 125 mM, KCl 5 mM,
MgS04 1 mM, KH2P04 1 mM, Hepes 20 mM, CaCl2 1.3 mM, Galactose
5 mM (pH 7,4)] at 37 °C in an incubator with a humidiﬁed atmosphere
of 5% CO2. The medium was supplemented with Calcein-AM 100 μM
and H2DCFDA 2 μM. After 30 min cells were incubated with rotenone at
a ﬁnal concentration of 10 and 20 nM for 2 h and 4 h. Fluorescence was
determined at 485 nm (excitation wavelength) and 535 nm (emission
wavelength) using a multilabel plate reader [VICTOR3 Multilabel Plate
Counter (PerkinElmer Life and Analytical Sciences, Zaventem Belgium)].

4.2. mtDNA backgrounds and viability of cybrids after treatment with
rotenone
The mtDNA haplogroup sensitivity to the pesticide rotenone, a
classic inhibitor of Complex I (Degli Esposti 1998), was investigated by
determining the concentration-dependent eﬀect on cell viability after
24 h incubation in galactose medium. This is a well-established biochemical strategy to force cells using OXPHOS (Robinson 1996; Ghelli
et al. 2003), thus highlighting the potential functional diﬀerences that
may occur in relation to haplogroup-dependent variability. We ﬁrst
evaluated the global rotenone eﬀect on cell viability grouping the
eleven cybrids into the six major haplogroup branches N1b, H1, J, T, U
and K1 of Fig. 1, observing that cell lines harboring haplogroup J mitogenomes were the most sensitive to the toxic eﬀect of rotenone and
showed a signiﬁcant loss of viability compared to those belonging to
haplogroups H1 and K1 (Fig. 2A). The same analysis was further stratiﬁed for each sub-haplogroup branch (N1b, H1, J1, J2, T1, T2, U, K1)
showing that sub-haplogroup J1 had signiﬁcantly higher sensitivity
relative to H1 and K1 after incubation with rotenone (Fig. 2B). The
results for each individual cybrid clone, including in some cases multiple cell lines from the same sub-haplogroup branch (two for J1 and
two for K1), are shown in Supplementary Fig. 1. Overall, our observations show that mitochondrial backgrounds modulate sensitivity
to rotenone toxicity when cells are forced to use OXPHOS.

2.7. Mitochondrial DNA copy number quantiﬁcation
Absolute quantiﬁcation of mtDNA relative to nDNA was performed
by real-time PCR using a LightCycler® 480 (Roche Applied Science,
Penzberg, BY, DE). This method is a multiplex assay based on hydrolysis probe chemistry: 10–50 ng of DNA extracted from cells was adequate. Brieﬂy, a mitochondrial DNA fragment (MT-ND2 gene) and a
nuclear DNA fragment (FASLG gene) were co-ampliﬁed in a multiplex
polymerase chain reaction and concentrations were determined by
absolute quantiﬁcation. Primers, probes and conditions were previously
published (Mussini et al. 2005).
2.8. SDS-PAGE and western blotting
Cellular lysates were obtained solubilising about 3 × 106 of cells in
0.1 ml of lysis buﬀer (1% Triton-X-100, 0.5 mM EDTA, 0.6 mM PMSF,
100 μl/ml of protease inhibitor cocktail dissolved in phosphate buﬀered
saline at pH 7.4), sonicated and centrifuged at 10000 ×g. The protein
content of the supernatant (cell lysate) was determined according to
Bradford (Bradford 1976) and 60 μg of proteins were separated by 12%
SDS-PAGE. Gels were transferred onto nitrocellulose membrane
(BioRad) for 1 h at 100 V. The nitrocellulose membranes were incubated overnight at 4 °C with the indicated antibody. Primary antibodies were visualized using horseradish peroxidase-conjugated secondary antibodies (1:2000). The chemiluminescence signals were
revealed using an ECL Western blotting kit (Amersham Bioscience,
Buckinghamshire, UK) and measured with Gel Logic 1500 Imaging
System, Kodak.

4.3. Haplogroup H1 is the most resistant to rotenone eﬀect on mitochondrial
bioenergetics
Next, we assessed rotenone sensitivity directly on cell respiration to
investigate whether mitochondrial respiratory chain inhibition was
related to the cell viability results. For these and further experiments,
we selected only cybrids clones bearing haplogroups H1, J1 and K1
mitogenomes, which showed signiﬁcant diﬀerences on cell viability
after incubation with rotenone (Fig. 2B). First, we measured the mitochondrial OCR at basal, olygomycin inhibited (proton leak) and uncoupled conditions (FCCP or maximal respiration rate) in intact cybrids.
Fig. 3A shows the OCR values measured after incubation in respiratory

3. Statistical analysis
Statistical analyses were performed using GraphPad Prism 7
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Fig. 1. Phylogenetic tree encompassing the cybrid mitogenomes used for the functional investigations.
Only missense variants relative to the reference sequence rCRS (Andrews et al. 1999), which belong to haplogroup H2, are shown on the branches; those in ND subunits (complex I) are in
black bold. Haplogroup and sub-haplogroup names are in blue, while cell line codes are in red. GeneBank accession numbers are also reported. All included haplogroups are members of
macro-haplogroup N. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Seahorse assessments provided also further information on cell metabolism. Fig. 3D shows the Extra Cellular Acidiﬁcation Rate (ECAR) of
haplogroups H1, J1 and K1 at basal conditions in glucose or galactose
medium. In glucose medium, cells carrying haplogroup J1 showed
ECAR values signiﬁcantly higher compared to haplogroup H1, similar
to haplogroup K1. Conversely, in galactose medium, haplogroup J1
showed ECAR values higher then both haplogroups H1 and K1. In
glucose medium, the ECAR values are dependent on activation of both
glycolysis and Kreb's cycle pathways, whereas in galactose medium
ECAR values depend mostly on Kreb's cycle (Divakaruni et al. 2014).
Thus, our results in glucose indicate that glycolysis and/or Kreb's cycle
are more active in haplogroups J1 and K1 compared to haplogroup H1.
Diﬀerently, in galactose the highest ECAR values for haplogroup J only
suggests a prevalent aerobic metabolism compared to haplogroup K1,
which probably supports ATP synthesis mostly by enhanced glycolysis.
We then measured the mitochondrial ATP synthesis driven by
NADH-linked substrates (through Complex I) and by succinate (through
Complex II) in permeabilized cells after 24 h incubation in galactose
medium, with 10 nM rotenone. In this way, we aimed to asses not only
the direct inhibition of OXPHOS by rotenone but also the damage induced by this pesticide on mitochondrial eﬃciency during prolonged
inhibition of Complex I. Fig. 3E shows that ATP synthesis driven by
Complex I was inhibited similarly in all haplogroups, whereas the ATP
synthesis driven by Complex II tended to be more aﬀected in haplogroup J1 compared to K1 and H1, without reaching signiﬁcance. The
same results shown in Fig. 3 are also shown in Supplementary Fig. 2,
but displaying each individual cybrid clone to provide an overview of
the single clone behavior. Taken together these results indicate that
haplogroups J1 and K1 are both more sensitive to Complex I inhibition
by rotenone compared to haplogroup H1, but haplogroup K1 possibly

glucose medium usually recommended by the manufacturer's assay
conditions. This medium contains 10 mM instead of 25 mM glucose
normally present in the growing medium DMEM high glucose. In this
experimental condition, cells are able to maintain glycolysis and to
activate cellular respiration, making the oxygen consumption mostly
dependent on NADH-linked substrates (Wu et al. 2007). Our data show
that there are not signiﬁcant functional diﬀerences between OCR values
from cybrids with mitogenomes belonging to haplogroups H1, J1 and
K1. Furthermore, we also measured the OCR after 24 h incubation in
galactose medium to investigate whether there were any diﬀerences in
basal respiration, proton leak or uncoupled respiration. Fig. 3B shows
that the basal OCR in galactose medium was signiﬁcantly higher for
haplogroup J1compared to haplogroups H1 and K1. These results indicate that, in galactose medium, haplogroup J1 is able to further activate respiration compared to haplogroups H1 and K1. In addition, we
observed that, in galactose medium, the uncoupler FCCP did not stimulate respiration in any cell line, probably because substrate transport
is partially aﬀected, being mitochondrial carriers dependent on membrane potential. In fact, it has been already reported that, in intact cells,
when mitochondria are completely depolarized, the substrate mitochondrial intake could became the rate limiting step for respiration
(Divakaruni et al. 2014). Thus, to carefully measure the rotenone
concentration that yielded 50% inhibition of maximal oxygen consumption rate (I50 rotenone), we preferred to use the experimental
condition with glucose 10 mM medium. Fig. 3C shows that haplogroups
J1 and K1 had a similar I50 for rotenone (I50–3 nM), whereas haplogroup H1 was signiﬁcantly less sensitive to rotenone inhibition
(I50–7 nM) compared to haplogroups J1 and K1, suggesting that rotenone resistance of cell viability in haplogroup H1 could be partially due
to a limited sensitivity of Complex I towards this drug. In addition, the
132
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activation of mitochondrial biogenesis (Moreno-Loshuertos et al. 2006).
Thus, we tested the eﬀect of prolonged exposure to rotenone on mitochondrial biogenesis by assessing mtDNA copy number. Fig. 4C and
Supplementary Fig. 3B show that haplogroup K1 cells had the highest
mtDNA copy number, signiﬁcantly diﬀerent from both H1 and J1 cells,
after 24 h incubation with galactose medium. This diﬀerence persisted
after 24 h incubation with the addition of 10 nM rotenone in the galactose medium, compared to untreated cells. Furthermore, we analyzed the expression levels of representative respiratory complexes
subunits in the diﬀerent conditions. Fig. 4D shows an increased expression of complex IV subunit COXII, and partially of CI subunit
NDUFB8, in all cell lines when switching culture conditions from glucose to galactose, suggesting a slight increase of mitochondrial mass.
Overall, this experiment did not highlight diﬀerence amongst haplogroups, failing to closely parallel the mtDNA copy number results.
4.5. Modeling of the polymorphic non-synonymous amino acid variants in
ND subunits on the ovine Complex I crystal
Compared to haplogroup H1, haplogroups J1 and K1 harbor speciﬁc
amino acid variants, due to non-synonymous mutations, in mtDNAencoded Complex I ND subunits, that might be relevant to its function.
To dissect the correlation between rotenone sensitivity and haplogroups, we analyzed the recently released crystallographic structure
of mammalian Complex I (Fiedorczuk et al. 2016) positioning those
amino acids changed by these polymorphic ND subunit variants
(Fig. 5). We limited our analysis to the diagnostic amino acid variants of
the haplogroups, i.e. those shared by all its members, given that the
others are more recent private variants characterizing only one of the
two cybrids with the same (H1 and K1) aﬃliation (Fig. 1).
Haplogroup H1, which is the most insensitive to rotenone, and
haplogroup J1, which instead is the most sensitive to rotenone toxicity
by combining cell viability and mitochondrial bioenergetic experiments, diﬀer at three nucleotide positions in ND genes (Supplementary
Table 1) relative to the R root (Fig. 1). These three substitutions cause
the amino acid changes p.Y304H (MT-ND1), p.T114A (MT-ND3) and
p.A458T (MT-ND5) (Fig. 5A and B) in the cybrids harboring haplogroup
J mitogenomes. The p.Y304H (MT-ND1) and p.T114A (MT-ND3) variants are close to the ND1 residues implicated in the quinone binding
site for which rotenone competes (Fiedorczuk et al. 2016), while the
third variant (p.A458T in MT-ND5) is far away from that site. Finally,
haplogroup K1, which displayed sensitivity to rotenone titration that
was similar to that of J1, but maintaining cell viability, only harbors the
p.T114A (MT-ND3) variant, the same present in the haplogroup J1
mitogenomes (Fig. 5C).

Fig. 2. Eﬀect of rotenone on the viability of cybrids incubated in galactose medium with
rotenone for 24 h.
(A) Cybrids are grouped according to major haplogroup clusters (N1b, H, J, T, U, K). (B)
Cybrids are shown individually according to the sub-haplogroup classiﬁcation (N1b, H1,
J1, J2, T1, T2, U, K1). Data are presented as percentage of viable cells relative to nontreated cells. Values are expressed as mean ± SEM (4 < n < 10; ⁎⁎⁎p < 0,001).

maintains ATP levels also in presence of rotenone by enhancing glycolysis.

4.4. Eﬀect of rotenone on oxidative stress and mitochondrial biogenesis
It has been reported that there is a Complex I-induced increase in
ROS production after rotenone exposure (Koopman et al. 2010). Hence,
we measured the production of H2O2 in cybrids carrying H1, J1 and K1
mitogenomes after incubation in galactose medium with 10 nM rotenone for 4 h. As expected (Floreani et al. 2005), the shift from glucose
to galactose medium signiﬁcantly increased H2O2 production. Despite
the addition of rotenone failed to further enhance ROS production in all
cell lines grown in galactose medium, haplogroup K1 displayed the
lowest ROS production (Fig. 4A and Supplementary Fig. 3A). To better
understand whether these slight diﬀerences in ROS production depend
on mitochondrial ROS scavenging by antioxidant enzymes, the expression levels of catalase and Peroxiredoxin 3 (PRX3) were assessed.
Fig. 4B shows no diﬀerences for the cytosolic enzyme catalase amongst
the diﬀerent clones and treatments, whereas the mitochondrial PRX3
expression was sensitive to the diﬀerent culture conditions. In particular, halogroup H1 and J1 cell lines showed an increased PRX3 expression after 24 h incubation in galactose and galactose plus10nM
Rotenone medium, as compared to glucose medium, whereas haplogroup K1 showed similar high expression levels in all three conditions. Overall, these results indicate that the incubation in galactose and
galactose plus rotenone induces an oxidative stress in mitochondria that
may be counteracted by the expression and activity of PRX3, ultimately
avoiding the increase of hydrogen peroxyde in cytosol, as documented
by the H2DCFDA experiments.
It has been previously suggested that ROS production is balanced by

5. Discussion
This study shows that the sequence variation of mitogenomes plays
a role in cell viability of cybrids under culture conditions of forced
OXPHOS and further exposed to the Complex I inhibitor rotenone.
Under these experimental conditions, haplogroup J1 is the most sensitive to rotenone and the viability of J1 cybrids is signiﬁcantly reduced. Conversely, our functional testing of cybrids revealed that
haplogroup H1 is the most resistant to the toxic eﬀect of rotenone and
haplogroup K1 has the most eﬃcient mitochondrial biogenesis as suggested by mtDNA copy number assessment. Congruently, haplogroups
H1 and K1 cybrids are also the most resistant to rotenone challenge in
terms of cell viability.
The ND amino acid variants distinguishing these haplogroups, when
placed in the Complex I crystallographic model, highlight interesting
diﬀerences and stimulate some possible considerations. While haplogroup H1, with no ND variants, displays the highest rotenone resistance, haplogroup J1 harbors two variants (p.Y304H/MT-ND1 and
p.T114A/MT-ND3) at positions that might interfere with rotenone
binding and the coenzyme Q binding pocket in the ND1 subunit
133
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Fig. 3. Cellular OCR and ECAR proﬁle in glucose and galactose medium and eﬀect of rotenone.
(A) Mitochondrial respiration rates in cells incubated in glucose medium and (B). mitochondrial respiration rates in cells incubated in galactose medium. Basal respiration (OCR basal),
oligomycin inhibited respiration (proton leak) and maximal respiration rate (OCR FCCP) were calculated subtracting the OCR in the presence of rotenone and antimycin A. All values are
normalized for cellular content measured by SRB assay. Data are reported as mean ± SEM (7 < n < 8; ⁎p < 0.05).
(C) The I50 of rotenone was calculated as rotenone concentration that yielded a 50% inhibition of maximal oxygen consumption measured in glucose medium in the presence of FCCP.
Data are reported as mean ± SEM (4 < n < 6; ⁎p < 0.05).
(D) ECAR values in basal conditions both in glucose and galactose medium. Data are reported as mean ± SEM (7 < n < 8; ⁎⁎0.001 < p < 0.01; ⁎p < 0.05).
(E) ATP synthesis driven by complex I and II substrates was measured in cells incubated in galactose medium for 24 h with 10 nM rotenone. ATP synthesis rate was normalized for citrate
synthase activity. Data are reported as mean ± SEM (3 < n < 10; no variance was observed).

These results corroborate on the functional ground the previously reported genetic associations of haplogroup J with LHON as a penetrance
enhancer (Torroni et al. 1997; Carelli et al. 2006; Hudson et al. 2007),
and of haplogroup K with PD as a protective background (Ghezzi et al.
2005; Hudson et al. 2013).
LHON has an established and well-reproduced association with
haplogroup J for two (m.11778G > A/MT-ND4 and m.14484T > C/
MT-ND6) of the three main pathogenic mutations, which is interpreted
as a modifying genetic background enhancing penetrance (Torroni
et al. 1997; Carelli et al. 2006; Hudson et al. 2007). Our ﬁndings

(Fiedorczuk et al. 2016). Interestingly, haplogroup K1, similarly sensitive to rotenone as haplogroup J1, also possesses the p.T114A/ND3
variant, pointing to this as the most relevant residue in modulating
rotenone sensitivity. Remarkably, at the highest rotenone concentration
of 40 nM, haplogroup J1 remained the most sensitive in terms of cell
viability as compared to all other cybrids. At this stage we cannot rule
out the possibility that the additional private ND variants characterizing the J1 cybrids (p.A331T/ND2 and p.S515P/ND5 in HQB;
p.T449A/ND5 in HGA) might have further enhanced the sensitivity to
rotenone and more generally the functional features of these cells.
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Fig. 4. Eﬀect of rotenone on oxidative stress and mitochondrial biogenesis in cybrids with H1, J1 and K1 mitogenomes.
(A) H2O2 levels were measured by the H2DCFDA method in cells incubated in glucose, galactose and galactose with rotenone 10 nM medium for 4 h. The data are expressed as
mean ± SEM (5 < n < 10; no variance was observed).
(B) Western blot analysis of cell lysates for antioxidant enzymes catalase (C0979 Sigma-Aldrich, 1:4000) and peroxiredoxin 3 (LF-PA0030 ABFrontiers, 1:2000) and glyceraldeide
phosphate dehydrogenase (GAPDH; G8795 Sigma-Aldrich, 1:20000) as loading control. Cell lysates were obtained from cells incubated in glucose, galactose and galactose with 10 nM
rotenone media for 24 h.
(C) The mtDNA copy number/cell was evaluated in cells incubated in galactose medium and treated with rotenone 10 nM for 24 h. Data are reported as mean ± SEM (5 < n < 6;
⁎⁎⁎
p < 0,001; ⁎⁎0,001 < p < 0,01).
(D) Western blot analysis of cell lysates extracted after 24 h incubation in glucose, galactose and galactose with rotenone medium were carried out using the antibodies against the
NDUFB8 subunit of complex I, the SDHB subunit of complex II, the UQCRC2 subunit of complex III, the COXII subunit of complex IV and the ATP5A subunit of complex V (ab110411
ABCAM, Total OXPHOS Human antibody cocktail 1:1000).
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Fig. 5. Complex I model.
Localization of polymorphic variants on the crystallographic structure of the ovine complex I (Fiedorczuk
et al. 2016) using the UCSF Chimera software. The
structures of ND1, ND2, ND3, ND4, ND4L, ND5 and
ND6 subunits are shown as ribbons, in orange, yellow,
purple, blue, cyan, red and green, respectively. The
combination of variants in haplogroup H (A), haplogroup J1 (B) and haplogroup K1 (C) are displayed as
front views. The ovine amino acids His304 (corresponding to human p.Y304H, m.4216T > C/MT-ND1),
Thr114
(corresponding
to
human
p.T114A,
m.10398G > A/MT-ND3) and Leu458 (corresponding
to human p.A458T, m.13708G > A/MT-ND5) are
shown as red-labelled spheres; whereas the key residues for Q cavity are shown as yellow spheres
(Fiedorczuk et al. 2016). (For interpretation of the
references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

compared with H cybrids grown in glucose medium. On the contrary,
we showed that in galactose medium haplogroup J1 is able to further
activate respiration, indicating the higher reliance on OXPHOS and,
consequently, making cells more sensitive to the rotenone eﬀect. Relevantly, when we assessed mtDNA copy number in blood cells from
living LHON patients, we failed to distinguish haplogroup J patients
from those carrying mitogenomes belonging to other haplogroups, in
particular H (Giordano et al. 2014). Similarly, also the MR spectroscopy
evaluation of LHON patients failed to detect functional diﬀerences in
haplogroup J patients compared to non-J (Lodi et al. 2000). The
striking and signiﬁcant diﬀerence in mtDNA copy number was only
detected between LHON aﬀected and unaﬀected mutation carriers
(Giordano et al. 2014), indicating a stronger eﬀect overshadowing the
haplogroup eﬀect, presumably determined by the nuclear genetic
background, which is abolished in the cybrid studies. One possibility
reconciling the true relevance of haplogoup J in LHON, which needs to

support that haplogroup J1 impinges on Complex I eﬃciency, given
that rotenone aﬀects complex I redox activity by interacting with the
CoQ binding site, now recognized as located at the heel of complex I
structure where the Q cavity extends from the hydrophilic matrix arm
within the mtDNA-encoded ND1 subunit (Fiedorczuk et al. 2016). Thus,
most probably the interaction of LHON Complex I pathogenic mutations
with the background of haplogroup J, which is characterized by missense variants aﬀecting both complex I and III, has subtle functional
consequences, as highlighted by the rotenone challenge, that they did
not apparently aﬀect oxygen consumption, but ultimately reﬂected on
cell viability, under conditions of forced OXPHOS in galactose medium.
In this respect, we failed to fully reproduce the results reported by
Gomez-Duran and colleagues (Gómez-Durán et al. 2010), who in a
larger set of cybrid clones carrying various combinations of J1c, J1b
and J2 mitogenomes detected a lower oxygen consumption, a reduced
membrane potential, and a slightly reduced mtDNA copy number
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implicated.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nbd.2018.02.010.

be further tested, is the interaction with environmental factors. In this
study, we found that haplogroup J, without LHON mutations, is the
most sensitive in term of cell viability, once cybrids are challenged with
the Complex I inhibitor rotenone. Similarly, haplogroup J associated
with LHON mutations (ﬁbroblasts and cybrids) was the most sensitive
to challenge with the 2,5-hexanedione and toluene toxins (Ghelli et al.
2009). Switching from in vitro conditions to in vivo this might become
relevant for LHON associated with tobacco and alcohol exposure, two
conﬁrmed disease triggers (Kirkman et al. 2009; Giordano et al. 2015;
Carelli et al. 2016). Overall, our results and those from Gomez-Duran
and colleagues (Gómez-Durán et al. 2010) both support the scenario
that the background of haplogroup J has, to some degree, functional
consequences that enhance the pathogenic eﬀect of the LHON primary
mutation, or interact with environmental factors, resulting in an increased disease penetrance.
Interestingly, our results pointing to haplogroup J as the most sensitive to rotenone do not ﬁt with the scenario of PD as a neurodegenerative age-related disorder also associated with a partially reduced
Complex I activity (Giannoccaro et al. 2017). However, our results
congruently highlight on the functional ground the previously reported
genetic association of PD with haplogroup K, as a protective factor. In
fact, the most relevant result is the signiﬁcant propensity of haplogroup
K to set the highest mtDNA copy number in conditions of forced OXPHOS, which persists after rotenone challenge. This may indicate an
eﬃcient signaling promoting a compensatory strategy, which in turn is
reﬂected in the lowest production of hydrogen peroxide, indicating that
oxidative stress is mitigated in this mtDNA background. In fact, PRX3
was consistently highly expressed also in glucose. Conversely, the lack
of a clear reﬂection of high mtDNA amount in haplogroup K with the
expression of representative respiratory chain subunits might just depend on the complex post-transcriptional ﬁne-tuning of OXPHOS. The
ﬁnding of highest mtDNA amount in haplogroup K is particularly relevant considering the recent multiple evidences that partial depletion
of mtDNA characterizes both dopaminergic neurons in substantia nigra,
the target tissue of PD (Dölle et al. 2016; Grünewald et al. 2016), and
peripheral blood cells (Pyle et al. 2016). It has been suggested that the
age-dependent compensatory increase of mtDNA copy number characterizing normal subjects does not occur in PD patients (Dölle et al.
2016), thus determining a condition of relative mtDNA depletion cooccurring with clonally expanded mtDNA deletions in the dopaminergic
neurons (Bender et al. 2006; Kraytsberg et al. 2006). Ultimately, our
results provide an in vitro conﬁrmation of the potentially protective role
exerted by haplogroup K background, which was documented purely on
the genetic ground by association studies (Ghezzi et al. 2005), and their
metanalysis (Hudson et al. 2013). The same metanalysis also indicated
haplogroups J and T as protective, which contrasts with the current
functional results in cybrids. Cybrid studies and genetic associations are
not necessarily directly comparable, given the addition of the nuclear
genome and environmental factors in living patients on whom the association studies are performed. One possible factor partially resolving
these contrasting observations is represented by the mtDNA haplogroup-mediated eﬀect on longevity, the most relevant risk factor for
age-related neurodegenerative disorders such as Parkinson and Alzheimer disease. Thus, some of the paradoxes that derive from haplogroup association studies are deeply inﬂuenced by others, more
powerful modifying factors, that depending on the setting might be agerelated, or due to environmental interactions, to speciﬁc nuclear-mitochondrial interactions, and to recent private mtDNA mutations.
In conclusion, by using normal mtDNA genomes transferred within
the cybrid host, we highlighted that the mtDNA sequence variation of
diﬀerent haplogroups and speciﬁc genomes carrying private variants
may be relevant for the eﬃciency of mitochondrial function, under
diﬀerent conditions of OXPHOS activation (galactose) or inhibition
(rotenone). Our results lend support to some of the genetic associations
previously consolidated by multiple studies, in particular those modulating two diseases (LHON and PD) where Complex I dysfunction is
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