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Systemic lupus erythematosus is a chronic autoimmune disease connected with complex and unclear disorders of
the immune system, which causes inflammation of body tissues and internal organs. It leads to the formation of
anti-nuclear antibodies (ANA) and immune complexes. Numerous immune system disorders and dysfunctions in the
biochemical processes can occur in the course of the disease, and a wide range of abnormalities associated with
cellular respiratory processes and mitochondrial function have been documented. The following paper presents the
current understanding of the contribution of these disorders to the pathogenesis of lupus.
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Introduction

The pathogenesis of systemic lupus erythematosus
(SLE) is not fully understood. According to the current
literature, genetic, immunological and environmental
factors are responsible for its development. In addition,
antinuclear antibodies, which act against the cells and
tissues of the patient, also played a crucial role in SLE de-
velopment [1]. They form immune complexes that destroy
blood vessel walls and cause organs damage, resulting in
the clinical manifestation of the disease. Small vessels lo-
cated in the skin, glomeruli, brain and digestive tract are
particularly vulnerable to this process. These antibodies
also act as useful serological markers of the ongoing au-
toimmune process, being present in 95-100% of patients
with SLE. The most common antibodies observed in the
course of lupus are homogeneous-type anti-nuclear an-
tibodies, i.e. autoantibodies that react with solid and ex-
tractable nuclear antigens, anti-dsDNA, anti-Sm (Smith
antigen) and anti-phospholipid antibodies [2].

Immune disorders

Inappropriate immune response in SLE patients is
not limited to the harmful effect of the accumulation of
immune complexes. According to many authors, T lym-
phocytes play a significant role in the pathogenesis of

SLE [3, 4]. Proper functioning, activation, proliferation or
T-cell apoptosis play a key role in the correct response of
the immune system. T-lymphocytes are responsible for
regulating the amounts of reactive oxygen intermediates
(ROI) and adenosine-5'-triphosphate (ATP) produced in
the mitochondria [5]. In a properly functioning immune
system, autoreactive T or B lymphocytes are immedi-
ately captured and subjected to a process of planned,
controlled cell death known as apoptosis. In the course
of this process, the cells are destroyed without harming
the body and the remains known as apoptotic bodies,
are subjected to phagocytosis. These mechanisms are
ineffective in patients with SLE: significant disturbances
occur in the subpopulation of T-suppressor and helper
lymphocytes and the T lymphocytes are abnormally acti-
vated, resulting in the generation of so-called autoreac-
tive lymphocytes. This results in an increased incidence
of inflammatory and autoimmune processes [6, 7].

CD4 + T cell dysfunctions have been widely docu-
mented in patients with SLE [8, 9]. In the course of this
disease, an increase in Thl7 subpopulations can be ob-
served, which have proven pro-inflammatory effects. The
first reported abnormality in T lymphocyte function was
decreased interleukin 2 (IL-2) production. It plays a cru-
cial role in the development and function of T regulatory
lymphocytes. These cells are responsible for maintaining
immune tolerance. Regulatory lymphocytes expressing
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CD4+Foxp3 play a key role in this phenomenon. The level
of these cells has been reduced in patients with SLE [8].
Losing the tolerance to their own antigens has also been
attributed to the impairment of CD4+CD25+T-lympho-
cytes, leading to polyclonal B cell activation and autoan-
tibody production [9].

The disruption of CD4+T cell function is associated
with abnormal cell metabolism and mitochondrial dys-
function [10]. Mitochondria, one of the organelles pres-
ent in eukaryotic cells, are primary the site of ATP produc-
tion as a result of cellular respiration. ATP is the source
of cell energy. Mitochondria control the majority of the
metabolic processes located intracellularly. Disorders of
these organelles have been documented in the literature
on many chronic diseases, including SLE [11]. Patients
with SLE can be assigned with a mitochondrial function
assessment score based on an assessment of mitochon-
drial membrane potential CD4+ T lymphocytes. Under
physiological conditions, electrons are transported within
the inner mitochondrial membrane, resulting in a release
of energy, which facilitates the transport of protons from
the mitochondrial matrix to the inner membrane. This
process creates an electrochemical gradient known as
the mitochondrial membrane potential [Ay (m)]. Main-
taining this potential at physiological levels ensures
proper biochemical activity, including the production of
ATP and oxidative phosphorylation [12]. It is currently
believed that the mitochondrial membrane potential
within the lymphocytes of SLE patients is elevated. Perl
et al. reported that the early phase of T-cell activation
and apoptosis in lymphocytes is characterized by abnor-
mal mitochondrial membrane potential. This condition
correlates with the reduced cellular energy production
in the form of ATP, electron transport disturbances, and
inhibition of cellular metabolism. These phenomena ex-
acerbate oxidative stress in cells [13].

Imbalance of necrosis

Necrosis is a form of improper cell death which re-
sults in the premature destruction of cells in normal
tissue by autolysis. It can be caused by various factors
such as infection, toxins, or trauma. This process results
in the loss of cell membrane integrity and release of
products of cell death into the extracellular space. Oxi-
dative stress can be one of the factors that leads the cells
into the necrosis pathway [14]. The necrotic cell releases
a number of enzymes from broken lysosomes after the
uncontrolled break-up of the organelles. These enzymes
exacerbate the inflammatory response after entering
the extracellular space. As a result, phagocytic cells are
activated, which recognize and absorb the fragments of
necrotic cells. This activation of phagocytes and dendritic
cells by necrotic cells is closely related to the inhibition of
the production of anti-inflammatory factors such as in-
terleukin 10 (IL-10), transforming growth factor B (TGF-B):
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a state which intensifies the production of inflammatory
cytokines including tumour necrosis factor o (TNF-au),
interleukin 1 (IL-1), interleukin 6 (IL-6) or interleukin 8
(IL-8) [14]. It is believed that the presence of an abnormal
potential across the mitochondrial membrane favours
the activation of the necrotic pathway, which correlates
with the intensification of pro-inflammatory reactions in
the course of SLE and its clinical manifestations [15]. The
release of cellular remnants from cells, including the resi-
dues of the cell nucleus, stimulates the formation of au-
toantibodies such as anti-Ro and anti-dsDNA antibodies
in the course of SLE resulting in blood vessel damage [16].

Reactive oxygen species

Hyperpolarization of the mitochondrial membrane
can be observed along with disturbances in the pH of the
cytoplasm of tested lymphocytes. Gergely et al. isolated
circulating lymphocytes (peripheral blond lymphocytes —
PBL) from a group of 15 patients diagnosed with SLE, as
well as a group of 10 healthy individuals and 10 patients
suffering from rheumatoid arthritis. Their findings indi-
cated that isolated lymphocytes showed lupus-specific
apoptotic disorders, hyperpolarization of the mitochon-
drial membrane, and abnormal pH in the cell cytoplasm,
with the pro-apoptotic tendency of the lymphocytes of
the SLE patients intensified by alkalisation of the intra-
cellular environment [17]. By contrast, lymphocytes iso-
lated from healthy donors and patients with rheumatoid
arthritis did not reveal mentioned disorders. In addition,
another important disorder observed in SLE patients was
an increased level of reactive oxygen species (ROS, re-
active oxygen intermediates — ROI) [17]. These chemical
compounds contain oxygen atoms with an unpaired elec-
tron (radical) or O-O bonds. These substances are formed
in the mitochondria, as a result of cellular respiration
processes, and fulfil a number of functions among the
normal course of metabolic pathways, in the pathogen-
esis of diseases and in the process of aging of the body
[18]. Excessive production of ROS is caused by oxidative
stress, defined as the imbalance between the amount of
ROS and the ability of the cell to remove them effectively,
with cellular ROS concentration regulated by numerous
antioxidants, such as glutathione, tocopherols and anti-
oxidant enzymes. Disturbances of the balance between
prooxidative and antioxidative compounds induce oxida-
tive stress, which can lead to cells damage taking place
through apoptosis or the necrosis pathway [19].

Oxidative stress can be exacerbated in patients with
SLE [16, 17, 20]. Its presence contributes to disorders of
the immune response, disturbances of cell metabolic
pathways, transmission on the apoptotic pathway and
increase the formation of autoantibodies in the course
of this disease. This in turn correlates with the severity
of the symptoms related to SLEDAI score (SLE disease
activity index). Abnormal ROS levels have been observed
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in lymphocytes isolated from the blood of SLE patients
[17], as well as a reduced level of glutathione, which is
a strong antioxidant responsible for maintaining the RE-
DOX balance in the body [16, 20]. Long-lasting oxidative
stress in patients with SLE increase the chance of isch-
emic heart disease, which is one of the causes of death
in this group of patients [16, 21].

Respiratory chain

One of the stages of cellular respiration is the respira-
tory chain, also known as the electron transport chain:
a set of chemical compounds arranged according to their
increasing oxidation-reduction potentials. The function of
the electron transport chain and oxidative phosphoryla-
tion is the oxidation of NADH and FADH2 and the reten-
tion of released energy in the ATP molecule. The process
takes place in mitochondrial internal membrane [22].
The respiratory chain consists of subunits coded by mi-
tochondrial DNA (mtDNA). Abnormalities in the function
and course of the respiratory chain have been widely
documented in mitochondrial diseases: rare conditions
whose disturbances can be classified as monogenic or
chromosomal. Increasingly, abnormalities in mtDNA can
be found in multifactorial chronic diseases associated
with metabolic disorders, such as type 2 diabetes [23].

Respiratory chain abnormalities have been also docu-
mented in patients with SLE. Doherty et al. reported an
increase in the activity of the respiratory chain in lym-
phocytes isolated from peripheral blood in SLE patients
and that activity of Complex | increased within the chain
[24]. Complex | called NADH dehydrogenase is present in
the internal membrane of the mitochondria, which ini-
tiates a series of reactions by oxidizing NADH with the
simultaneous reduction of ubiquinone (a chemical com-
pound responsible for the transmission of electrons in
the respiratory chain) present in the membrane. NADH
dehydrogenase is responsible for the production of about
40% of the proton gradient resulting from the action of
the respiratory chain, which directly correlates with the
amount of ATP produced [25]. Complex | is also one of
the places where a premature leakage of electrons to
oxygen may occur, leading to the formation of harmful
peroxides. The presence of deficiencies or inadequacies
in the action of NADH dehydrogenase have been ob-
served in diseases of the human nervous system, such
as Leber’s hereditary optic neuropathy and Parkinson’s
disease [26]. Impaired respiratory chain function at this
level leads to a compensatory increase in the mass and
volume of mitochondria and to increased oxidative stress
in these patients.

Megamitochondria

In addition to disturbances in the mitochondrial
membrane potential and a reduction in the amount of
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ATP produced in the course of cellular respiration, SLE
patients often demonstrate abnormalities in morphology
and mitochondrial structure. Moreover, it was found that
in T cells of patients with lupus more mitochondria are
observed in relation to normal T cells. Furthermore, lupus
lymphocytes contain several times bigger mitochondria
than normal lymphocytes, called megamitochondria [27].
It turns out that the hyperpolarization of the mitochon-
drial membrane coincides with an increase in the mass
of these organelles, resulting in the formation of so-
called “megamitochondria” [10]. The mass of the organ-
elle in this case is significantly increased and its shape is
irregular; such structures are also found in alcoholic liver
cells [28]. The presence of megamitochondria has been
also reported in other chronic diseases such as diabetes,
amyloidosis and SLE [29]. It has been demonstrated that
cells displaying megamitochondria demonstrate a sig-
nificantly reduced ability to synthesize ATP and hence
produce energy. However, it has been proven that the
removal of excess free radicals from cells promote the
return of mitochondria to their normal size. A sudden
increase in the amount of oxygen radicals increases the
oedema of the mitochondria, leading to the formation
of abnormal organelles, which subsequently activates
caspase and leads to condensation of the nucleus DNA.
As a result, the cell containing megamitochondria enters
the apoptotic pathway [29]. Further research is required
to determine whether the formation of megamitochon-
dria is the cause or the result of disorders in the cell and
the extent to which their presence leads to the clinical
manifestation of the disease.

Oxidative mtDNA damage and mitochondrial
antioxidant enzymes

Mitochondrial DNA (mtDNA) is genetic material in the
form of a circular chain located in the matrix of the mito-
chondrion. A single human mitochondrion contains four
to ten circular DNA molecules with a length of 16569 base
pairs; each of which encodes 37 genes: thirteen of them
coding proteins, 22 coding tRNA, and the last two rRNA.
Although the mtDNA encodes part of the mitochondrial
respiratory chain proteins, the nuclear genome encodes
most of the proteins included in its composition [30].

A growing number of evidence has shown that mito-
chondrial dysfunction may be associated with the patho-
genesis of the following diseases: diabetes, neurodegen-
erative diseases and autoimmunity disorders such as SLE.
It was shown that the disturbed mitochondrial function
is associated with elevated generation of ROS, increased
transmembrane potential, decreased ATP generation
and greater amount of mitochondria. These changes
may result in abundance of mtDNA (mitochondrial DNA)
[15]. Disorders within mtDNA can be divided into two
groups. The first includes congenital mitochondrial dis-
eases, which are usually inherited in the maternal line,
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e.g. Leber’s hereditary optic neuropathy [2]. The second
group comprises a number of diseases demonstrating
the mitochondrial dysfunction and mtDNA abnormali-
ties, e.g. lupus; however, these mitochondrial faults are
the only risk factors for the development of the disease.
Considering the proven role of mitochondrial disorders in
the pathogenesis of lupus, it seems reasonable to search
for abnormalities in the mtDNA of SLE patients. Jonsen
et al. demonstrated a relationship between the presence
of mtDNA polymorphisms and susceptibility to SLE [31].

What is interesting, mtDNA is more prone to ROS ac-
tivity than nucleus DNA, especially in the D310 region,
because of lack of introns and histone protection, insuf-
ficient DNA repair mechanisms and its localization. Lin
et al. indicated a lower number of mtDNA copies and
greater heteroplasmatic change in D310 region in pa-
tients with SLE. It is suggested that some changes in
mtDNA structure such as: 4997 bp deletion, D310 vari-
ants harbouring 1to 6 bp insertion or deletion, can inter-
fere with homoplasmy to heteroplasmy [32].

Lee et al. found that the appearance of a 4977 bp de-
letion in the leukocyte mtDNA is associated with a lower
level of IL-10 and anti-inflammation cytokine in plasma
of SLE patients. They postulated that this kind of alter-
nation in mtDNA may be a useful biological marker of
severity of the discussed disease. Moreover, in a group of
SLE patients with a more advanced stage of the disease,
it was observed that frequency of leukocyte D310 het-
eroplasmy was higher and the copy number of leukocyte
mtDNA was lower. They also postulated that changes in
D310 region correlate with organ injures such as lupus
nephritis. This group of investigators strongly underlines
that D310 heteroplasmy of mtDNA is an excellent bio-
marker for observing the progression of SLE as well as
a risk of lupus nephritis [33].

Altered mtDNA may influence changes in energy me-
tabolism and tissue dysfunction [34]. This group of re-
searchers also found that the number of mtDNA copies
correlate with a level of 8-0xoG. They found that a de-
creased number of mtDNA copies is connected with an
elevated level of 8-0xoG [35]. Numerous studies confirm
an increased level of 8-0x0G, oxidative stress marker, in
blood samples from patients with SLE [33]. Abundance in
the number of leucocyte mtDNA copies may be also as-
sociated with cripple biosynthesis of mitochondria [36].
This finding may suggest the role of oxidative stress in
SLE development [35]. Despite these findings, the role of
oxidative stress in SLE pathogenesis has not been fully
understood yet [36].

What is interesting, Lopez-Lopez et al. have observed
an elevated level of mtDNA damage and mtDNA deple-
tion in a group of patients with SLE in relation to healthy
controls. Moreover, they noticed the relationship be-
tween the level of mtDNA damage and disease duration.
This group of researchers conducted studies which cor-
related the level of mtDNA lesions in two groups of SLE
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patients. They found that the group of SLE patients with
organ involvement has lower levels of mtDNA damage
than the group with no major organ distress. They ex-
plain these findings as follows: the elevated level of
mtDNA lesions may prompt apoptosis of SLE patients
with major organ involvement, which cause a lower
detection of mtDNA damage [37]. Furthermore, oxida-
tive damage may lead to single strand breaks in the
mtDNA, which induce the apoptosis process. Tann et al.
postulated that accumulation of single strand breaks
in mtDNA may lead to alter the mitochondrial function
as well as apoptosis [38]. It is suggested that the crucial
role in SLE pathogenesis may be played by mtDNA dam-
age caused by oxidative stress [37]. Lee et al. found the
relationship between the elevated level of oxidative le-
sions and the lower expression of mRNA of hOGG1 gene
and the genes encoding anti-oxidant enzymes, proteins
responsible for mitochondria biogenesis and glycolytic
enzymes in leucocytes. Moreover, the literature reports
that in a group of patients with SLE, not only a higher
level of oxidative stress but also lower anti-oxidant ca-
pacity is observed [39].

GPx-4 is the main mitochondrial antioxidant enzyme.
Some studies indicated a lower level of its expression in
a group of SLE patients in relation to healthy controls.
What is interesting, the level of mitochondrial GPx-4 did
not change in response to the increase level of 8-0x0G
[40]. Moreover, it is suggested that GPx-4 may be a good
therapeutic strategy for patients with SLE by improving
its expression [41]. It was proved that mitochondrial and
cytosol isoforms of superoxide dismutase (SOD) enzymes
play first defence lines against ROS from mitochondrial or
other sources. This metalloproteinase catalyses dismuta-
tion of superoxide radical into oxygen and hydrogen per-
oxide. In human cells we can find three isoforms of this
antioxidant enzyme: SOD 11is localized in the cytoplasm,
SOD2 has mitochondrial localization (MnSOD) and
SOD3 - extracellular. What is interesting, it was proved
that the antibody to SOD is responsible for enzyme in-
activation, which may cause accumulation of oxidative
DNA damage in SLE patients. Numerous studies found
a lower level of both forms of SOD enzyme in a group
of patients with SLE in relation to healthy controls [42,
43]. A study conducted on a mice model with SLE also
showed a significantly higher expression of MnSOD in
the rental cortex. Authors explained this fact by stating
that the increased level of renal cortical MnSOD may
be a compensatory change in reaction to the increased
level of oxygen stress. Furthermore, they also suggested
that oral supplementation of antioxidants may lead to
reduced renal oxidative stress [44]. Also, it is postulated
that presence of 47C>T polymorphism of MnSOD gene
may influence the enzyme activity. This polymorphic vari-
ant of MnSOD is localized on codon 16 and is responsible
for Ala/Val substitution at -9 in mitochondrial targeting
sequence (MTS) of mature protein. It is suggested that
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presence of this substitution may lead to a change in the
secondary structure of the MTS, which may have conse-
guences in delivery of MnSOD to the mitochondria [45].
The study conducted by Yen et al. did not indicate any
relationship between the presence of this polymorphic
variant of MnSOD gene in Taiwan population [46]. Similar
research was conducted by a Polish team. Despite a lack
of association between the presence of this polymorphic
variant and SLE development, Sobkowiak et al. postulat-
ed that Val/Val genotype of MnSOD gene may be associ-
ated with some clinical manifestation in patients with
SLE. They indicated that Val/Val genotype may contribute
to the immunologic manifestation [47].
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