
Leber’s hereditary optic neuropathy (LHON) is a dis-

ease associated with mutations of mitochondrial DNA

(mtDNA) leading to a painless bilateral loss of the central

vision. The diagnosis can be confirmed using molecular

genetics methods for analyzing a patient’s blood, which

reveals the mutation in mtDNA. About 95% of LHON

cases are associated with one of three major primary

mutations (m.11778G>A, m.3460G>A, m.14484T>C),

but in addition 14 rare primary mutations have been

described that are also related with LHON pathogenesis

[1]. Moreover, there are also nucleotide substitutions that

are assigned to candidate mutations. Their contribution to

the disease has not been proven due to insufficient number

of studies. However, there are many reports about new pri-

mary and potential mtDNA mutations associated with

LHON that are not yet included in genetic databases, but

it seems that the list of mutations will be updated [2, 3].

Studies on the mitochondrial genome of such patients are

rather difficult because mtDNA is highly polymorphic [4].

To proclaim a nucleotide substitution a pathogenic muta-

tion, it is necessary to establish a genotype–phenotype

correlation and the presence of the mutation in at least

two unrelated patients [2]. Measurements of the activities

of the respiratory chain complexes in cell cultures

obtained from the patients and bioinformatics studies are

also very important.

Mutations in mtDNA lead to defects in a structure of

mtDNA-encoded proteins (subunits of the mitochondri-

al respiratory chain complexes I-IV, ATP-synthase com-

plex) and mitochondrial transport RNAs. In LHON,

complex I is affected that results in the decrease of the

transmembrane potential on the inner mitochondrial

membrane, which is necessary for functioning of H+-

ATP-synthase (complex V) synthesizing ATP from ADP

and Pi [5, 6]. LHON patient’s cells suffer not only from
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energy insufficiency, but also from excess production of

reactive oxygen species (ROS), which damage neighbor-

ing structures, thus aggravating the respiratory dysfunc-

tion [6-10]. These changes can be detected by investigat-

ing patients’ skin fibroblasts and blood cells and also

hybrid cells carrying mutant mtDNA.

MATERIALS AND METHODS

The patient, 19-year-old male, with clinical features

of LHON and his 27-year-old sister were examined.

mtDNA sequence analysis, functional studies of skin

fibroblasts and blood platelets mitochondria and bioin-

formatics analysis were performed.

Clinical examination. Anamnesis morbi, anamnesis

vitae including family history of the disease were studied

in detail; routine ophthalmologic examination was also

performed. The visual acuity was assessed using the

LogMAR scale and the Sivtsev–Golovin table; color

vision was assessed using polychromatic tables of E. B.

Rabkin for studies on color perception [11]; the visual

field was studied using static and kinetic perimetry (neu-

rologic and semi-automatic kinetic programs Octopus

900; Interzeag AG, Switzerland); parameters of the reti-

na and optic nerve head were assessed using optical

coherence tomography (RTVue-100; Optovue, USA)

with subsequent analysis of the peripapillar retinal nerve

fibers layer and optic nerve disk and assessment of the

ganglion cell complex including the ganglion cells and the

inner plexiform layers. Electrophysiological parameters

were also determined: Flash and Pattern Visual Evoked

Potential (programs “VEP flash” and “VEP standard”,

Tomey EP-1000; Multifocal, Germany), the threshold of

retinal electric sensitivity and lability of the visual analyz-

er (Lametesk, Russia), and the critical frequency of flick-

ering fusion (Lametesk).  

Molecular genetic analysis. Total DNA was isolated

from venous blood (4 ml into standard EDTA tubes)

taken from a patient with supposed LHON and from his

non-affected sister. Three primary mutations

(m.11778G>A, m.3460G>A, m.14484T>C) were ana-

lyzed using a MLPA method with subsequent analysis of

the fragment lengths in 9% polyacrylamide gel. The

MLPA method − Multiplex Ligase-dependent Probe

Amplification of nucleotide sequences − is based on the

ability of ligases to form a chemical bond between

nucleotides in the place of a DNA chain break; this

method allows researchers to provide simultaneous detec-

tion of multiple mutations in the same tube [12]. The

whole mtDNA sequence analysis was performed using

semiconductor Next-Generation Sequencing method

(NGS). The samples were prepared in the order listed:

PCR of two long fragments of mtDNA (8.5 kb each) cov-

ering the whole mtDNA sequence was conducted using a

polymerase of Phusion® High-Fidelity DNA Polymerase

(New England Biolabs, Great Britain), with the subse-

quent isolation from the agarose gel on innuPREP Gel

Extraction Kit columns (Analytikjena, Germany)

according to the manufacture’s protocol. A mixture of

two mtDNA fragments (50 ng each) was used to prepare

libraries for sequencing using the commercial kit

NEBNext® Fast DNA Fragmentation & Library Prep Set

for Ion Torrent™ (New England Biolabs) for subsequent

parallel sequencing on the IonTorrent device (Life

Technologies, Thermo Fisher Scientific, USA). The

sequence data alignment (GenBank NC_012920) was

done in the IGV online program (BROAD Institute). The

detected nucleotide substitutions were compared with the

database on mutations and polymorphisms of mtDNA

Mitomap. This study did not include a search for large

rearrangements of mtDNA.

Cell cultures. Fibroblasts were cultivated from the

patient’s and his sister’s skin biopsy as described earlier

[13]. Studies were performed using intact cells from the

patient, his sister, and control cultures and also cells per-

meabilized with digitonin, what allowed to use different

substrates for the respiratory chain to study the mito-

chondrial respiration.

The cells were cultured in medium containing

antibiotics (gentamycin 10 mg/ml, penicillin 5000 U/ml,

streptomycin 5000 µg/ml), HEPES, DMEM with glu-

cose (4.5 g/liter), and fetal bovine serum (FBS). The rate

of oxygen consumption by fibroblasts (intact and perme-

abilized) and by platelets was measured with an

Oxygraph-2k (Oroboros Corp., Austria) with the DatLab

5.0 program [14].

The experiment with intact cells was performed as

follows: after measurement of the basal respiration of the

cells (on endogenous substrates) (R), 5 mM pyruvate and

0.5 mM malate were added and then 2.5 µM oligomycin

to inhibit complex V of the respiratory chain (L). The

maximum respiration was achieved using the uncoupler

of oxidative phosphorylation carbonylcyanide-p-trifluo-

romethoxyphenylhydrazone (FCCP) (E), then 0.5 µM

rotenone was added to inhibit complex I, then complex

III was inhibited with 2.5 µM antimycin A to determine

the antimycin-resistant respiration [15].

The experiment with the permeabilized cells was

performed according to the protocol proposed by Ye and

Hoppel [13] for successive measurement of oxygen con-

sumption rates using substrates and inhibitors for respira-

tory chain complexes I, II, and IV: the cells were supple-

mented with 5 mM pyruvate and 0.5 mM malate, and

then 0.5 µg/ml digitonin to permeabilize the plasma

membrane, then 1 mM ADP, 10 mM glutamate, 10 mM

succinate, 0.05 µM FCCP were added, then 0.5 µM

rotenone, and later 2.5 µM antimycin A.

The level of ROS in the intact fibroblasts without

exogenous substrates or mitochondrial inhibitors was

determined using fluorescent probes DCF-DA [16] and

MitoSOX [17]. The membrane potential of the mito-
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chondria was assessed with the fluorescent probe TMRM

[18] (Sigma, USA). The cells were incubated with DCF-

DA (4 µM) for 30 min, MitoSOX (2.5 µM) for 30 min, or

with TMRM (100 nM) for 15 min. Then the cells were

taken from the substrate with a solution of trypsin with

Versene, and cells fluorescence was measured using a flow

cytofluorimeter (Beckman Coulter Cytomics FC 500;

Beckman, USA). In the experiments, fibroblasts cultures

obtained from three healthy persons were used for con-

trols.

Cell death under the influence of the prooxidant

paraquat was determined by fluorimetry using

CellTiterBlue® reagent (Promega, USA) containing

resazurin dye capable of penetrating into the cells and

being reduced to a fluorescent resorufin within a living

and metabolically active cell. To determine a number of

living cells, the CellTiterBlue® reagent was added into the

cell culture that was incubated at 37°C for 5 h (the incu-

bation time was chosen experimentally considering the

low metabolic activity of fibroblasts), and then the fluo-

rescent signal of resorufin was measured (λex = 560 nm;

λem = 590 nm) (Fluoroskan Ascent, Thermo, USA).

RESULTS AND DISCUSSION

The 19-year-old male patient applied to the Institute

of Eye Diseases complaining of a dramatic painless bilat-

eral vision loss that had arisen 2 months earlier.

At the examination, his visual acuity was as follows:

OD – 0.04 (1.41 logMAR in the Freiburg test [19]) and

OS – 0.04 (1.44 logMAR), a pronounced dyschromatop-

sy and centrocecal scotoma of both eyes were revealed.

Biomicro- and ophthalmoscopy revealed no changes.

Optic coherent tomography showed an increased thick-

ness of the peripapillar retinal nerve fibers layer in the

upper temporal quadrant and thinning of the macular

ganglion cell complex, what is typical for the early stage

of LHON [20]. Changes were found in electrophysiolog-

ical parameters: a decrease in electrosensitivity of the

retina inner layers and in the visual nerve conductivity, an

increase in the P100 peak latency, a decrease in visual

analyzer lability and the peak P100 amplitude, as well as

a decrease in critical frequency of flickering fusion. MRI

of the brain and of the orbits detected no changes.

At the first examination and during subsequent obser-

vation, any other etiology of visual loss (traumatic, toxic,

inflammatory, demyelinating, vascular, or compression)

was excluded. The observed clinical features corresponded

to LHON, but none of the three major mutations

(m.11778G>A, m.3460G>A, m.14484T>C) was found.

Therefore, an enhanced molecular genetic analysis was

performed to confirm the influence of hereditary factors

on the vision decrease. To be sure in the diagnosis, func-

tional parameters of cell respiration were studied on

fibroblasts and platelets of the patient and his sister.

The sequencing of mtDNA revealed the nucleotide

substitution of thymine by cytosine in position 3472 of

mtDNA in the homoplasmic state, which led to substitu-

tion of phenylalanine by leucine in position 56 (p.F56L)

in the subunit I of NADH dehydrogenase (respiratory

chain complex I). According to GenBank, the frequency

of such substitution is very low – 0.01%. No other patho-

genic or undescribed changes were detected in the

patient’s mtDNA. Based on a totality of mtDNA poly-

morphisms detected in the analysis, the patient was

assigned to haplogroup H2a1. In the 27-year-old

patient’s sister without any clinical or subclinical mani-

festations of optical neuropathy, the same nucleotide

homoplasmic transition was also found. According to the

Mitomap database, the detected substitution was not

included in the list of confirmed primary or candidate

LHON mutation. Analysis of the detected nucleotide

substitution in the PolyPhen-2 program predicting the

functional effect showed a high value of 0.897.

Phenylalanine 56 in the protein subunit I of NADH

dehydrogenase is located in a very conservative region

according to the UniProtKB database. All these data

allowed us to classify the m.3472T>C substitution as

probably pathogenic.

Platelets and fibroblasts of the patient and his sister

were studied to evaluate the pathogenicity of the

m.3472T>C substitution. The rate of oxygen consump-

tion of intact platelets and fibroblasts of the patient

(Fig. 1) and of his sister on endogenous substrate was

significantly lower than in the control samples. More-

over, in both cases the ratios R/E, L/E, and (R – L)/E

were increased (R is cell respiration on endogenous sub-

strates; E is maximal respiration rate stimulated by

uncoupler of oxidative phosphorylation; L is rate of oxy-

gen consumption by cells upon addition of inhibitor of

ATP synthase oligomycin; the ratio (R – L)/E charac-

terizes the contribution of respiration coupled with syn-

thesis of ATP) (table). In the fibroblasts of the patient

and his sister, the ratio (R – L)/E was more than twofold

higher than normal, and similar changes, although less

pronounced, were observed in the platelets. These data

indicated that the reserve respiration power of the cells

of the patient and his sister was strongly decreased on the

endogenous substrates, i.e. the respiratory chain func-

tioned with rate close to maximal, and the major part of

the released energy was expended for synthesis of ATP.

Concurrently, the relative contribution of oligomycin-

resistant respiration (L/E), i.e. of respiration uncoupled

with synthesis of ATP, was significantly increased, what

suggested decreased efficiency of oxidative phosphoryla-

tion.

Results of measurement of cellular respiration of

permeabilized fibroblasts are presented in graphs (Figs. 2

and 3). These results were compared with data obtained

on seven control fibroblast cultures using the STATISTI-

CA 10 software. The ratio of respiration rates on the mix-
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ture of substrates of respiratory chain complexes I and II

and of maximal respiration rate on the same substrates

(CI + II/E) was significantly increased in the cells of the

patient and his sister. This ratio was 0.72 for the patient

and 0.9 for his sister, whereas the normal values were from

0.37 to 0.59; this indicated low ability of the mitochon-

dria to use substrates of complexes I and II for oxidative

phosphorylation. This was also associated with an

increased contribution of complex II-derived respiration.

CI/CII ratio was decreased in the cells of the patient and

his sister (0.38 and 0.26, respectively, normal values 0.41-

0.59), which also implies complex I pathology or a com-

pensatory complex II activation [21]. The rotenone-sen-

sitive uncoupled respiration, i.e. that depends on complex

I activity (Rot/E), was significantly altered in the patient

(Fig. 2) and in his sister (0.78 and 0.69, respectively, nor-

mal values from 0.19 to 0.51), thus definitely indicating

complex I defect.

It was also found that the membrane potential of

mitochondria in the cells with the m.3472T>C substitu-

tion was significantly lower than in the cell lines without

mutations in complex I (Fig. 4). The level of oxidative

stress measured with DCF-DA or the mitochondria-tar-

geted dye MitoSOX did not show significant difference

(R–L)/E
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0.242

0.197 ± 0.07

Rates of respiration of intact fibroblasts and platelets of the patient, his sister, and of the control group

L/E

0.242

0.351
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0.368 ± 0.046

Material under study
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Respirometry data

Note: R is cell respiration on endogenous substrates; E is maximal rate of respiratory chain functioning; L is rate of oxygen consumption after addi-

tion of oligomycin (an inhibitor of ATP synthase). Data for the control group are presented as average values obtained from measurements

of respiration of samples taken from seven healthy donors.

Fibroblasts

Platelets

Fig. 1. Rate of oxygen consumption by intact fibroblasts of the patient (1) and of control culture (2) on addition of 5 mM pyruvate and 0.5 mM

malate (pyr + mal), 2.5 µM oligomycin (oligo); titration by 0.05 µM FCCP (F); 0.5 µM rotenone, 2.5 µM antimycin A.
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between the fibroblasts from the patient and his sister and

from the control donors (Fig. 4).

In the present study, we developed a new approach

for determination of complex I function, and it can be

used for rapid screening of multitude cell lines. This

approach is based on a specific feature of the prooxidant

effect of paraquat (N,N′-dimethyl-4,4′-bipyridinium

dichloride), which is widely used in studies for inducing

oxidative stress in cells. It was shown earlier that for man-

ifestation of cytotoxic effect of paraquat, it must be

reduced in mitochondria using up complex I activity,

which gives paraquat the ability to interact with oxygen,

producing superoxide [22]. Thus, the toxic effect of

paraquat is directly associated with complex I activity.

This observation was used for testing fibroblasts cultures

obtained from patients with suspected LHON. It was

found that cells with the m.3472T>C substitution were

significantly more resistant to the paraquat, which sug-

gested decreased ability of complex I to reduce paraquat

(Fig. 5).

It is interesting that the study of the patient sister`s

cells demonstrated more prominent functional changes.

Nevertheless, LHON manifests only in about 50% of men

and in 10% of women carrying a pathogenic mutation of

mtDNA [23]; therefore, the absence of visual loss is a typ-

ical situation for women carriers of mtDNA mutations in

families with LHON. Obviously, the presence of the

mutation is not sufficient for manifestation of the disease

[23]. Now the influence of a nuclear and a mitochondri-

al genome and of a hormonal status on the LHON onset

is actively studied [24-26], as well as the influence of such

external factors as smoking, stress, alcohol and drug con-

sumption [27, 28]. Moreover, recent studies of Giordano

et al. [29] revealed that the absence of clinical features in

individuals carrying the same mutation as family mem-

bers with LHON could be associated with increased

amount of mtDNA and activation of mitochondrial bio-

Fig. 2. Data of respirometry of permeabilized fibroblasts of the patient (1) in comparison with control fibroblasts (2) on addition of 5 mM pyru-

vate and 0.5 mM malate (pyr + mal), 0.5 µg/ml digitonin, 1 mM ADP, 10 mM glutamate (glut), 10 mM succinate (succ); titration by 0.05 µM

FCCP (F); 0.5 µM rotenone, 2.5 µM antimycin A (ant).
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Fig. 3. Ratios of respiration rates in permeabilized fibroblasts of

the patient, his sister, and in the control cultures. Experimental

conditions were the same as in Fig. 2. R is the base respiration of

cells on endogenous substrates; E is maximal rate of respiratory

chain functioning; CI is rate of oxygen consumption by cells after

addition of glutamate (complex I substrate); CII is rate of oxygen

consumption by cells after addition of succinate (complex II sub-

strate); Rot is rate of oxygen consumption by cells after addition of

rotenone (complex I inhibitor). * Ratios with significant difference

(p < 0.05) between the control group and the fibroblast cultures

with deficiency in respiratory chain complex I.
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genesis (increased synthesis of mitochondrial proteins) in

all cells of the body.

The only case of the m.3472T>C homoplasmic sub-

stitution in gene MT-ND1 in a patient with clinical fea-

tures of LHON was published in 2014 [30]. The same

substitution was found in the patient’s mother blood cells,

but she did not have clinical signs of the disease. The

authors of that study carefully analyzed the case and

showed that the substitution could be considered as a pri-

mary mtDNA mutation responsible for LHON. To con-

firm the mitochondrial genesis of the disease, the authors

studied hybrid cells carrying the patient’s mtDNA.

Functional investigations revealed a decrease in mem-

brane potential and in complex I activity, although the

ROS level in the hybrid cells was within normal values.

At this moment, the m.3472T>C substitution had

been detected in four individuals among 30,589 examined

throughout the world. Two of these four individuals suf-

fered from diseases that are commonly associated with

mutations in mtDNA (LHON in the patient described in

[30] and a case of schizophrenia [31]).

Thus, our study confirms that the m.3472T>C sub-

stitution in mtDNA could be associated with risk of

LHON. It was also found that this mutation led to dys-

function of respiratory chain complex I and decreased

membrane potential, but ROS level in the cells was with-

in normal range, which is in agreement with previously

published data [30].

CONCLUSIONS

1) A homoplasmic nucleotide substitution of

thymine by cytosine in position 3472 in the MT-ND1

gene has been described in a patient with clinical features

of LHON. This mutation leads to substitution of phenyl-

alanine by leucine in position 56 in the protein subunit of

NADH dehydrogenase.

2) Functional studies of fibroblasts and platelets

from carriers of the m.3472T>C substitution were per-

formed. A dysfunction of cellular respiration, in particu-

lar, a mitochondrial respiratory chain complex I deficien-

cy, and a decrease in mitochondrial membrane potential

were confirmed.

3) Analysis of nucleotide substitution m.3472T>C

using the PolyPhen-2 software and of the amino acid sub-

stitution p.F56L in the ND1 subunit of NADH dehydro-

genase in the UniProtKB database allows us to assign this

substitution as probably pathogenic.

4) Considering the earlier described LHON case

with the same nucleotide substitution and the results of

the present study, the mutation m.3472T>C in the MT-

ND1 gene can be classified as pathogenic.

This work was supported by the Russian Science

Foundation (project No. 14-24-00107) and by the

Russian Foundation for Basic Research (project No. 15-

04-09050).
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