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ABSTRACT

Introduction: Systemic lupus erythematosus [SLE] is a chronic, autoimmune condition characterized by
the formation of autoantibodies directed against nuclear components and by oxidative stress. Recently,
a number of studies have demonstrated the essential role of iron in the immune response and there is
growing evidence that abnormal iron homeostasis can occur in the chronic inflammatory state seen in
SLE. Not only is iron vital for hematopoiesis, it is also important for a number of other key physiological
processes, in particular in maintaining healthy mitochondrial function.

Areas covered: In this review, we highlight the latest understanding with regards to how patients with
SLE may be at risk of cellular iron depletion as a result of both absolute and functional iron deficiency.
Furthermore, we aim to explain the latest evidence of mitochondrial dysfunction in the pathogenesis of
the disease.

Expert opinion: Growing evidence suggests that both abnormal iron homeostasis and subsequent
mitochondrial dysfunction can impair effector immune cell function. Through a greater understanding
of these abnormalities, therapeutic options that directly target iron and mitochondria may ultimately
represent novel treatment targets that may translate into clinical care of patients with SLE in the near
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future.

1. Introduction

1.1. Systemic lupus erythematosus

Systemic lupus erythematosus [SLE] is a chronic, multisys-
tem autoimmune disease characterized by the formation of
autoantibodies directed against nuclear components. The
prevalence is reported to be in the region of 1:1000 with
a significant female predominance [~90% of cases] [1]. It is
highly variable disease in terms of both clinical symptoms
and immunological profile [2]. The wide-ranging clinical
manifestations of SLE include rash [often associated with
photosensitivity], arthralgia and arthritis [3], alopecia, muco-
sal ulceration, and fevers [4]. The most severe manifesta-
tions of the disease typically result from end organ
involvement such as renal disease [lupus nephritis] [5], neu-
rological involvement [6], cardiac [7] and pulmonary dis-
ease [8].

Serologically, SLE is associated with a wide array of auto-
antibodies with anti-nuclear antibodies [ANA] present in
approximately 95% of cases [9]. Associated extractable nuclear
antigens [ENA] include anti-Ro, anti-La, anti-Sm, anti-RNP, and
anti-double stranded DNA [dsDNA] antibodies. Other common
serological abnormalities include an elevated erythrocyte sedi-
mentation rate [ESR] and low levels of complement C3 and C4.
In clinical practice, anti-dsDNA antibody titers and C3 levels
can be useful in evaluating disease activity.

1.2. SLE pathogenesis

The principal underlying pathways involved in the pathogen-
esis are not fully understood but are believed to involve both
the innate and adaptive immune response [10]. A loss of self-
tolerance is widely believed to result in the formation of
pathogenic autoreactive B and T-cells that in turn result in
tissue damage [11,12]. The precise mechanism through which
this occurs is not known, however, it is felt to involve
a combination of genetic factors [13], environmental triggers
[such as ultraviolet radiation and possible viral exposure] [14]
and, given the marked female predominance of the disease,
the influences of hormones [15].

Observed pathogenic innate immune responses include
dysfunction of macrophages that appear to be defective in
removing apoptotic material [16,17], a feature of the so-called
‘waste disposal’ theory that has been suggested as a key
mechanism in the pathogenesis of SLE in which prolonged
failure to clear debris induces production of autoantibodies
directed against self-antigens [18]. Macrophages also display
abnormal polarization in both patients with SLE [19] and
murine models of the disease [20]. Plasmacytoid dendritic
cells [pDCs] are another important innate immune driver that
have been observed to play a key role in the production of
interferon-alpha [INFa] and subsequent generation of reactive
oxygen species [ROS] [21], which is an important mediator in
the pathogenesis of SLE [22]. Furthermore, pDCs have been
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Article highlights

e Systemic lupus erythematosus [SLE] is a chronic autoimmune disor-
der characterised by abnormalities within both the innate and adap-
tive immune response. In order to maintain normal immune
functions in health, leukocytes require a number of essential nutri-
ents, such as iron, to initiate and establish the effector or regulatory
response.

o Patients with SLE are at risk of cellular iron deficiency, which can
result from insufficient physiological supplies [absolute iron defi-
ciency], which may be as a result of either reduced dietary intake
or heavy menstrual loss. A state of functional iron deficiency, in which
there are sufficient stores of iron within the body but it is not
possible to either mobilise from stores or transport iron at
a sufficient rate to meet physiological demands, may also occur in
SLE.

e lron is well known to play a central role in haematopoiesis but also
has a number of other vital physiological functions within the body. It
is a key component of the mitochondrial electron transport chain,
where it is found within iron-sulphur clusters. Recent evidence shows
that cellular iron deficiency may ultimately impair mitochondrial
energy metabolism through oxidative phosphorylation.

* Mitochondrial dysfunction has recently been identified in the aber-
rant immune responses typically seen in SLE. Abnormal mitochondrial
energy metabolism and subsequent oxidative stress have been iden-
tified in leukocytes derived from patients with SLE and this represents
a possible novel therapeutic target for future drug development.

shown to interact with B-cells and therefore have an influence
on the adaptive immune response seen in SLE [23].

The role of the adaptive immune system in the patho-
genesis of SLE is better understood. Autoreactive B-cells are
a hallmark of the disease and display abnormal activation as
well as aberrant expression [12]. Furthermore, B-cells play
a vital role in the development of immune complexes that
contain self-antigen [24]. These can be deposited within
a variety of tissues and the resultant engagement of the
Fc receptor and the complement cascade can in turn pro-
mote activation of a number of proinflammatory processes
including release of Interleukin [IL]-13 and IL-6 [25-27]. In
addition, autoreactive T-cells have been shown to play an
essential role in the adaptive responses observed in the
pathogenesis of SLE [28]. CD4" helper T cells play a key
role in orchestrating the immunological response through
the release of a variety of cytokines, including IL-2 that has
a vital regulatory effect. Previous studies have demonstrated
that CD4* T cells derived from patients with SLE show
defective production of IL-2 [29]. In addition, regulatory
T cells [Tregs] have been noted to have reduced number
and function in SLE, suggesting that unregulated immune
cell activation can occur [30]. Furthermore, CD8" T cells
have been shown to have impaired cytotoxicity in SLE
when compared with healthy controls [31].

More recently there has been growing interest in the role
of abnormal immune cell metabolism in the pathogenic path-
ways of SLE. In particular, a number of metabolites that are
essential for establishing and maintaining the immune
response are being identified as playing a role in pathogen-
esis. In this review, we highlight the role of one such metabo-
lite, iron, and its potential role in SLE, as well as the
downstream implications for mitochondrial function in the
disease.

1.3. Iron metabolism and the mitochondria

Aside from its role in hemopoiesis, iron has an essential role
in mitochondrial function [32]. Mitochondria are specialized
organelles that conduct a wide array of vital cellular process,
most notably known for their key role in energy metabolism
via the production of adenosine triphosphate [ATP]. The
generation of ATP is dependent upon oxidative phosphor-
ylation [OXPHOS] that results from a series of metabolic
processes that are broadly referred to as mitochondrial
respiration. The primary site of this reaction is across the
electron transport chain [ETC] on the inner mitochondrial
membrane [as summarized in Figure 1]. The ETC is com-
prised of five individual complexes [I-V], which drive protons
across the membrane in order to generate an electrochemi-
cal gradient that is required for the conversion of adenosine
diphosphate [ADP] to ATP via the fifth complex [also known
as ATP synthase]. Iron plays an important role in complexes
I, II, and Il, where it is contained within iron-sulfur [IS]
clusters in the ferrous [Fe®'] state. Clinically, abnormalities
relating to IS clusters have been shown to play a pathogenic
role in both Parkinson’s disease [33,34] and Friedreich ataxia
[35]. However, before considering the role of abnormal iron
metabolism in SLE, it is important to understand the way in
which iron homeostasis is maintained in health.

2. Iron homeostasis in health

Iron is biologically available in numerous oxidative states
although is most abundant in ferrous [Fe?] and ferric [Fe*]
forms within the body. Oxidation and reduction of these two
ionic forms are essential for a number of essential cellular pro-
cesses. There are however some important differences between
both states, with ferrous [Fe®*] iron more soluble and bioavail-
able than the ferric [Fe**] state of iron. In excessive levels, iron is
cytotoxic and is therefore tightly controlled through several vital
metabolic processes [36]. Furthermore, unbound iron can result
in free radical production and oxidative stress [37]. It is therefore
important to remember that in order to prevent this, iron is
commonly bound to a variety of transporter or storage proteins.

2.1. Iron absorption

Under physiological conditions, 20-25 mg of dietary iron is
required each day, the majority of which is used for erythro-
poiesis [38]. Iron is absorbed across the duodenum at a rate
that ensures sufficient quantities are absorbed to maintain
iron stores without leading to excessive amounts of iron accu-
mulation. Divalent metal transporter 1 [DMT-1] is a specialist
transporter of ferrous [Fe?*] iron found on the apical luminal
membrane of enterocytes that assists in the passage of iron
from the gut to the bloodstream. Ferric [Fe**] iron cannot be
directly absorbed and therefore must be reduced to ferrous
[Fe?*] iron by the transmembrane enzyme, duodenal cyto-
chrome B-like ferrireductase [Dcytb], located on the luminal
side of the enterocyte before entering the cell [39]. Iron may
then either be stored within the enterocyte as ferritin or
exported into the circulation by Ferroportin-1 [FPN-1], which
is the only known mammalian cellular iron exporter [40].
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Figure 1. Free ferric (Fe3+) iron is bound to the transporter protein, transferrin, in the circulation. Transferrin bound iron can then enter the cell through the
membrane transferrin receptor (TfR). Iron is exported from the cell by Ferroportin (FPN). Excessive free iron may be sequestered by lipocalin, which is released on
innate immune system activation. Iron may also be bound to soluble transferrin receptors (sTfR) in the circulation. Fe, Free Ferric (Fe3+) iron; FPN, Ferroportin; Tf,
Transferrin; TfR, Transferrin receptor; sTfR, soluble transferrin receptor; LCN-2, Lipocalin-2.

2.2. Iron transport in the circulation and cellular uptake

In the circulation, ferrous [Fe?*] iron is then oxidized to the
ferric state [Fe*] by the ferroxidase enzyme Ceruloplasmin
[and the specialist enterocyte equivalent, Hephaestin], before
it can then bind to transferrin, a soluble transporter protein
predominantly produced by the liver that can bind two mole-
cules of iron. When iron is bound to transferrin, it is known as
holo-transferrin and when transferrin is not binding iron it is
referred to as apo-transferrin. Once transported to a cell that
requires iron to be taken up, transferrin binds to the cell
surface transferrin receptor, which has a high affinity for holo-
transferrin [41].

In turn, the cellular transferrin receptor bound to transferrin
is internalized and fused with endosome intracellularly.
Protons are then taken up by the endosome, which in turn
acidifies the endosomal pH and promotes the release of iron
molecules [Fe**] that are bound to the internalized transferrin
receptor. However, the pH is maintained at a level that does
not degrade either transferrin or its receptor, thus allowing for
recycling of the molecules after the endosome binds with the
cell surface following the release of iron from the endosome
into the cytoplasm. Importantly, ferric iron [Fe**] cannot be
exported from the endosome and instead must be reduced to
the ferrous form by the metalloreductase six-transmembrane
epithelial antigen of prostate 3 [Steap3] [42,43]. The ferrous
iron is then able to leave the endosome via DMT-1, which
transports it into the cytoplasm. Ferrous iron that remains in
the cytoplasm is termed the labile iron pool. Alternatively, iron
may be transported to mitochondria [where it is incorporated
into heme in erythroid cells] [32] or stored as intracellular
ferritin [that may be degraded into haemosiderin].

In addition to the cell membrane-bound transferrin recep-
tor, a soluble form has also been identified in human serum.
This soluble transferrin receptor [sTfR] is a truncated monomer
of the tissue receptor that can form complexes with transferrin

and its receptor. Whereas reticulocytes are the main source of
the membrane-bound receptor, the soluble form is predomi-
nantly found on erythroblasts and as such sTfR is felt to be
representative of erythropoietic activity [44]. In the context of
reduced erythropoiesis, sTfR levels are decreased; however, if
erythropoietic activity is stimulated by hemolysis levels of
serum sTfR can be elevated.

When holo-transferrin reaches the liver via the hepatic
circulation, hepatocytes detect circulating iron concentrations.
When high amounts of iron are present, hepatocytes will
release the key iron regulatory peptide Hepcidin that in turn
degrades FPN-1 and prevents iron transport from both enter-
ocytes and other cellular stores [such as those abundant in the
liver and macrophages] into the blood.

The majority of circulating iron is taken up by the bone
marrow, which has a high demand given that iron is required
by erythroid precursors that incorporate it into hemoglobin.
A key driver of erythropoiesis is the glycoprotein cytokine,
erythropoietin [EPO] that is released by the interstitial fibro-
blasts within the kidney in the context of cellular hypoxia [45].
Red blood cells will survive for approximately 120 days, after
which splenic macrophages are responsible for their clearance
and recycle the iron, which is then released back into circula-
tion where it is again bound to transferrin. Free hemoglobin
released by erythrocytes is in turn recycled after forming
a complex with the protein Haptoglobin [Hp] that is subse-
quently removed by the reticuloendothelial system. Clinically,
reduced serum Hp levels can be a useful measure of intravas-
cular hemolysis [as is the case in hemolytic anemia] [46].

When there is an excessive amount of iron within the
circulation it may be stored in the liver where it is bound to
ferritin. This is essential as excessive iron can be cytotoxic and
impair a number of physiological processes. Furthermore, free
iron may also increase the risk of infection through the stimu-
lation of bacterial pathogen growth. In order to reduce the risk
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of bacterial iron uptake, Lipocalin-2 [LCN-2] is released on
activation of the innate immune system and sequesters iron
by binding to bacterial iron-containing siderophores [47].

2.3. Iron excretion

Iron excretion can occur as a result of gastric loss, for example,
in the context of high hepcidin expression. Iron is still taken
into enterocytes by DMT1 although is not released into the
circulation due to FPN-1 degradation. Ultimately, enterocytes
containing high concentration of iron molecules desquamate
from the lining of the gut and are replaced every 72 hours
resulting in iron containing enterocytes being excreted in the
feces. To a lesser degree, iron contained within the skin is lost
in a similar fashion. In females it is also important to consider
that iron is lost during menstruation [48].

An overview of the key regulators of cellular iron transport
is summarized in Figure 2.

3. The interface between iron metabolism and
immune cell function

Iron is an essential metal that maintains normal cellular pro-
cesses in all living organisms. It is able to be used in many
forms as it can switch between multiple oxidation states which
makes it an important co-factor, in particular in the regulation
of the mitochondrial electron transport chain [49]. The regula-
tion of iron metabolism is important for the maintenance of
many immunometabolism pathways, as iron metabolism reg-
ulators act as co-regulators for many different pathways and
are mediated by pro-inflammatory cytokines such as IL-6 and
interferon alpha [IFN- a].

The role of iron in the immune response to infection has
previously been well documented. Iron is an essential nutrient
for bacterial growth. A study investigating the effects of iron
therapy in the prophylaxis of malaria in children in Zanzibar
reported significant adverse effects including life-threatening
infection following treatment with iron [50]. It was suggested
that supplementary iron treatment was associated with
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substantially higher rates of infection, thus showing how
a state of iron deficiency may actually be protective against
infection. In addition, elevated levels of hepcidin have been
noted in patients suffering from malaria and it is believed that
limiting serological iron availability may be protective against
the disease [51]. Furthermore, patients suffering from hemo-
chromatosis [a disease characterized by excessive circulatory
iron], have been reported to have a significantly higher risk of
bacterial infection [52,53].

A number of studies have evaluated the impacts of iron
deficiency on the adaptive immune response. Frost et al
recently demonstrated that mice treated with a hepcidin
mimic developed a hypoferremic state, before being treated
with a viral vaccine vector. It was found that the iron deficient
mice demonstrated impaired effector and memory T-cell
responses to the vaccine [54]. Howden et al have also demon-
strated that activated CD4" and CD8" T-cells significantly
upregulate their cell surface transferrin receptor, thus suggest-
ing that iron plays an important role in T-cell activation [55].
Iron deprivation has also been shown to induce metabolic
reprogramming in macrophage energy metabolism, with
a reduction in mitochondrial oxidative phosphorylation and
conversely an increase in glycolysis noted in those treated in
iron deficient conditions [56]. The authors also assessed for the
impact of iron deficiency on rat models of glomerulonephritis
and interestingly noted that this resulted in an anti-
inflammatory macrophage phenotype, thus suggesting that
by changing iron availability it may be possible to influence
effector immune cell function directly.

4. Abnormal iron metabolism in SLE
4.1. Absolute iron deficiency

Given the complex interaction of cellular processes required
for physiological regulation of iron availability, the state of iron
deficiency may occur as a result of disruption in any of these
mechanisms. The most common causes of iron deficiency
relate to an absolute deficit of iron both in the circulation
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Figure 2. The electron transport chain on the inner mitochondrial membrane is the primary site of ATP production as a result of oxidative phosphorylation. The
chain is comprised of five separate complexes that conduct a number of processes that generates an electrochemical proton gradient across the membrane, which
in turn catalyses the generation of ATP from ADP. Complex |, Il and Ill contain iron molecules in the form of iron sulfur cluster. FMN, Flavin mononucleotide; NAD+,
Nicotinamide adenine dinucleotide; NADH, Nicotinamide adenine dinucleotide hydrogen; H+, Hydrogen; Fe-S, Iron-sulfide cluster; Cyt, Cytochrome; UQ, Ubiquinone;
FAD, Flavin adenine dinucleotide; Cu, copper; ATP, adenosine triphosphate; ADP, adenosine diphosphate.



and within stores. This may be due to insufficient dietary iron
intake or as a result of excessive iron loss with the leading
cause of iron deficiency resulting from heavy menstrual bleed-
ing [menorrhagial in women. We have previously demon-
strated that symptoms of menorrhagia are present in almost
half of pre-menopausal females with SLE [this is almost twice
the rate reported in the general healthy population] [57,58]. In
addition, patients who experienced more symptoms of menor-
rhagia reported higher incidence of anemia and history of iron
supplementation when compared with those with fewer
symptoms. This is an important, and often underappreciated
symptom, that also represents an easily reversible cause of
iron deficiency in women with SLE. Furthermore, conditions
that impair gastric iron absorption may also result in defi-
ciency [such as Celiac disease and inflammatory bowel
diseasel.

4.2. Functional iron deficiency

Interleukin-6 [IL-6] is a pro-inflammatory cytokine that is com-
monly produced in an inflammatory state in SLE, through
endocrine, autocrine, and paracrine actions on a large number
of target cells. IL-6 drives terminal B cell differentiation and
increases the secretion of immunoglobulins [Ig] from plasma
cells. IL-6 is important in immune regulation, one of the most
important roles that IL-6 contributes to in SLE is its ability to
stimulate the final stages of B cell maturation therefore play-
ing a key role in B cell hyperactivity. B cell hyperactivity causes
the over-production of autoantibodies in SLE which then leads
to deposition of self-antigen-antibody complexes [immune
complexes] in multiple organ types. The kidneys are vulner-
able to immune complex deposition due to the kidneys filter-
ing macromolecules in proportion to the large endothelial cell
surface relative to its weight which causes an accumulation of
immune complexes in the glomerulus causing further inflam-
mation and increased hepcidin expression [59].

The key central regulator of iron metabolism is hepcidin,
which when present in high levels prevents the release of iron
from stores and can result in a lack of biological availability of
iron for effector cells. Hepcidin has been strongly linked to
anemia in SLE patients as it is responsible for regulating iron
availability and increased IL-6 expression causes a chronic
inflammatory response [60]. Furthermore, studies in SLE
prone mice found that those treated with hepcidin had
a reduction in intra-renal iron accumulation and less tubular
injury. It was therefore suggested that hepcidin analogues
may be a potential novel treatment for SLE, however, human
studies are yet to take place [61].

Hepcidin, ferritin, and haptoglobin are all produced in the
liver and act as acute-phase reactants and IL-6 expression
plays a large role on the production of these iron regulators.
The increased expression of IL-6 and consequently increased
hepcidin has been reported several times to have an impact
on the pathogenesis of anemia [62]. Due to the pro-
inflammatory response caused by IL-6, this induces the reten-
tion of iron in macrophages as IL-6 downregulates ferroportin,
which is regulated by hepcidin and is the only known mam-
malian exporter that is responsible for the release of iron into
the bloodstream [63].
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Targeting IL-6 signaling may be a possible therapeutic
option for SLE patients not only due to IL-6 having a large
involvement on the production of B cell hyperactivity in SLE
but also because IL-6 signaling plays a large role on the
expression of hepcidin through STAT3 [64]. Tocilizumab is
humanized monoclonal antibody that binds the Il-6 receptor
and inhibits IL-6 activity and has been suggested as an alter-
native therapeutic option for SLE treatment which could also
regulate iron homeostasis. However, a phase Il clinical trial of
Tocilizumab in SLE failed to show superiority when compared
with placebo [65].

In addition to impaired iron release from stores through
elevated hepcidin expression, the state of functional iron defi-
ciency may also be brought about through reduced availabil-
ity of key iron transporter molecules. Previous studies have
found that serum transferrin levels are lower in patients with
SLE when compared with healthy controls [66] and that serum
transferrin concentrations inversely correlate with disease
activity [67]. Furthermore, LCN-2 [which scavenges free iron
in the event of innate immune system activation] has pre-
viously been found to correlate with proteinuria and renal
flares in SLE when measured in the urine [68]. In addition, it
has been suggested that LCN-2 may directly exacerbate lupus
nephritis through promoting Th1 differentiation [69]. This also
suggests that this mechanism of enhanced iron sequestration
may ultimately result in a reduction of physiologically avail-
able iron within the circulation.

Red cell distribution width [RDW], a measure of variability
in erythrocyte size and volume, has been suggested as
a useful surrogate marker of functional iron deficiency.
Interestingly, previous studies have demonstrated that
patients with SLE have an elevated RDW when compared
with healthy controls irrespective of anemia status [70]. In
addition, Hu et al reported in 2013 that RDW shows correlation
with erythrocyte sedimentation rate [ESR], C-reactive protein
[CRP] and SLE Disease Activity Index 2000 [SLEDAI-2 K] scores
in a retrospective study of 131 patients with SLE [71].
Furthermore, Zou et al noted that an elevated RDW at diag-
nosis correlates with disease activity and also predicts worse
therapeutic outcomes in SLE [72]. We have also observed that
RDW correlates with fatigue scores in three diverse groups of
patients with the disease [73]. In comparison, there was no
correlation between fatigue scores and the commonly used
serological markers of disease or disease activity scores, thus
suggesting that abnormal iron metabolism rather than disease
activity per se may play a role in the pathogenesis of this
symptom.

5. The links between iron deficiency and abnormal
mitochondrial dysfunction in SLE

Abnormal iron metabolism can alter cellular metabolism
through highly potent iron-free radicals that are nonselective
and highly toxic. Reactive oxygen species [ROS] that are pro-
duced as by-products by the electron transport chain can then
liberate ferrous iron [Fe?*] and ferric iron [Fe*'] therefore
increasing mitochondrial stress and rendering the conditions
pathophysiological [49] thus representing a link between
altered metabolism and abnormalities in iron homeostasis.



962 (&) C.WINCUP ET AL.

As has already been highlighted, iron is a key component
within Complexes |, Il and Il of the mitochondrial electron
transport chain [the site of oxidative phosphorylation], where
it is contained within iron-sulfur clusters. This is demonstrated
in Figure 1. In addition, an in vitro study of T-cell Complex
| activity revealed this complex to be the primary source of
mitochondrial-derived reactive oxygen species [ROS] [74].
Furthermore, a recent study in mice found that those who
were iron deficient showed reduced mitochondrial ATP pro-
duction than those with normal iron levels, thus demonstrat-
ing that a lack of cellular iron availability can directly impair
OXPHOS [54].

It is therefore possible that cellular iron deficiency in SLE
may ultimately result in impaired mitochondrial physiology.
Recently there has been growing evidence for a number of
abnormalities in mitochondrial phenotype and function that
have been linked to the pathogenesis of SLE. Furthermore,
a number of authors have suggested that by restoring mito-
chondrial homeostasis it may be possible to improve SLE
symptoms clinically, thus suggesting that the mitochondria
represent a novel therapeutic target for the disease.

One particular example in which abnormal iron metabolism
and mitochondrial dysfunction may occur is within the kidney.
Lupus nephritis is a serious manifestation of the disease, which
if not promptly identified and adequately treated can result in
irreversible damage and in some cases lead to end-stage renal
failure [requiring renal replacement therapy]. The most com-
mon cause of renal injury is glomerulonephritis, in which there
is inflammation within the glomerulus. This is an important
site of nutrient reabsorption and as such has the highest
concentration of mitochondria within the kidney [75]. At pre-
sent, very little is known with regards to the precise way in
which the glomerulus handles circulating iron but previous
studies have noted that podocytes [a specialist glomerular
epithelial cell type found within Bowman's capsule] are cap-
able of taking up iron bound to transferrin and store it as
ferritin [76]. As a result, some authors have proposed elevated
urinary transferrin levels to be a useful biomarker of poten-
tially active lupus nephritis [77].

5.1. Abnormal mitochondrial energy metabolism in SLE

All cells require energy in order to maintain cellular functions,
for example, upon immune cell activation effector cells
demand a rapid shift in energy metabolism in order to pro-
liferate and maintain the immunological response. Adenosine
triphosphate [ATP], the universal energy currency, can be
generated through either glycolysis or oxidative phosphoryla-
tion [which takes place within the mitochondria]. A number of
recent studies have implicated abnormalities relating to cellu-
lar bioenergetics in both animal models and human studies of
SLE. In a study of peripheral blood mononuclear cells [PBMCs]
from lupus patients, Complex | was found to have markedly
reduced activity when compared with healthy controls [78].
T-cell metabolism has been a particular area of interest as
these cells demonstrate significant changes in energy state
upon immunological activation. In health, activation of the
naive T-cell occurs via the T-cell receptor, which in turn
induces increased ATP production primarily through glycolytic

pathways [79]. These activated effector cells will then transi-
tion to memory T-cell phenotypes and revert back to OXPHOS
as their predominant source of energy generation [80].
However, chronic T-cell activation, as can be the case in SLE,
results in increased mitochondrial dependent ATP production
[81]. Murine lupus models have shown that CD4* T-cells from
lupus mice display significantly increased energy production
via both OXPHOS and glycolysis when compared with healthy
mice [82]. This suggests that cellular energy metabolism is
enhanced in hyperactivated T-cells in SLE. The authors also
observed similar findings in T-cells derived from patients with
lupus. In addition to having significantly higher energy
demands, T-cells from patients with SLE have been identified
to have an increased mitochondrial transmembrane potential
[AWm]. This suggests that these mitochondria appear to be in
a state of persistent hyperpolarisation and appear to be
primed for a rapid upregulation in relation to pro-
inflammatory effector functions [83]. In addition, increased
A¥Ym may have implications for cell death via apoptosis,
a pathway that is well established to be defective in the
pathogenesis of SLE. It has been described that disruption in
AWm is a vital and irreversible process in the induction of
apoptosis [84] and it may therefore suggest that abnormal
mitochondrial membrane potential could have a role in SLE
pathogenesis with implications for apoptotic pathways in the
disease.

Monocytes are also known to play a central role in the
storage and transport of iron within the body. They are also
implicated in the failure to clear apoptotic debris that has
been suggested as a hallmark in the pathogenesis of SLE.
Monocyte mitochondrial function has previously been investi-
gated by Gkirtzimanaki et al. who reported that INFa directly
lead to dysregulated mitochondrial function, in particular in
relation to impaired autophagic degradation, which in turn
resulted in an accumulation of mtDNA within the cytosol [85].

5.2. Mitochondria-derived reactive oxygen species and
oxidative stress in SLE

In addition to demonstrating abnormal energy metabolism,
mitochondrial dysfunction in SLE has been linked with the
generation of reactive oxygen species [ROS], another hallmark
of the disease. Excessive ROS generation is often a result of an
imbalance between ROS production [though incomplete
reduction of oxygen molecules generated from OXPHOS]
and reduction in the physiological antioxidant pathways that
in turn results in decreased neutralization. The increased pre-
sence of ROS brings about a pro-inflammatory state known as
oxidative stress.

Mitochondrial-derived ROS have previously been identified
in in higher numbers in T-cells derived from patients with SLE
and have been found in higher numbers in those with more
active disease [86]. This suggests that impaired T-cell OXPHOS
within the mitochondria could be producing excessive num-
bers of ROS due to impaired bioenergetics at the electron
transport chain, which is in turn generating these toxic by-
products. It is also important to consider that ROS play a key
role as an induction signal for apoptosis, and therefore exces-
sive ROS may upregulate the rates of apoptosis, which may



ultimately result in increased cellular debris that could be
a target for auto-antibody formation [as suggested by the
‘waste disposal’ theory of lupus pathogenesis [87]. ROS have
also been implicated in the pathogenesis of lupus nephritis,
where abnormal lipid peroxidation at the glomerular base-
ment membrane has been implicated in the generation of
toxic ROS, which can in turn result in tubular damage. It has
been reported that process is dependent upon the breakdown
of a number of intracellular metals, in particular iron [88].

ROS have also been demonstrated to damage DNA directly
and this is a potential mechanism through which autoantibo-
dies directed against DNA antigens may occur [89]. In addi-
tion, to inducing damage to genomic DNA, ROS can also
damage mitochondrial DNA [mtDNAI]. Previous studies have
reported that the mtDNA segment particularly at risk of
damage is the region encoding for the electron transport
chain, which may also be an explanation for impaired mito-
chondrial energy metabolism [90]. Direct ROS damage to
mitochondria may in turn result in the release of mtDNA into
the circulation. A previous study has found that patients with
lupus nephritis have elevated levels of cell-free mtDNA and
the authors suggest that could potentially represent a novel
biomarker for the disease [91]. A prompt clearance of this cell-
free DNA is vital as failure to remove mtDNA can in turn
induce pro-inflammatory cytokine release [92]. Furthermore,
cell-free mtDNA may also in turn become an antigenic target
for autoantibodies with previous anti-mtDNA antibodies
recently being identified at higher levels in the blood of
patients with SLE than healthy controls [93].

5.3. Therapeutic targeting of mitochondrial function in
SLE

There is now growing focus on targeting mitochondrial func-
tion as a novel therapeutic option in the management of SLE.
A number of pre-clinical studies are providing early evidence
that correction of mitochondrial function may in turn normal-
ize the abnormal immune responses seen in the disease.
A recent study evaluated the use of Idebenone
[2,3-dimethoxy-5methyl-6-  [10]-hydroxydecyl]-1,4-benzoqui-
nononenoben] which is a drug that has been previously tested
for other diseases involving mitochondrial dysfunction [94].
This drug is a compound of coenzyme Q10, an essential
electron carrier in the mitochondrial respiratory chain, that
improves the function of the electron transfer chain by
bypassing deficient complex | activity of the mitochondria.
This improves mitochondrial physiology by the amount of
ATP that is able to be newly synthesized. Q10 is found in all
tissues and cells and has been suggested to protect cells
against enhanced ROS toxicity [95]. It has been shown that
treatment with idebenone led to a decreased number of
effector memory CD4* T cells in mice; however, the mechan-
ism of this effect is unclear as this could be a direct result of
altering the cellular metabolism or possibly decreasing the
number of circulating pro-inflammatory cytokines.

Recent evidence suggests that it may be possible to repur-
pose drugs used in other conditions to improve mitochondrial
metabolism in lupus. One drug that is showing promise for
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normalizing mitochondrial function in vitro is N-acetylcysteine
[NAC]. A study by Doherty et al. noted that NAC selectivity
inhibited Complex | within the mitochondrial electron trans-
port chain in peripheral lymphocytes isolated from patients
with SLE [74]. Another drug that is already available and has
been trialed in SLE is Sirolimus, which acts on the mammalian
target of Rapamycin [mTOR] that plays an essential role in
regulating mitochondrial function [96]. In murine models of
SLE, mice treated with the drug were found to have signifi-
cantly lower levels of anti-dsDNA, proteinuria, and reduced
mortality rates compared with those that were not treated
with the drug [97]. A small study in patients with SLE found
that administration of the drug to those suffering from refrac-
tory disease resulted in significant improvements in disease
activity scores [98].

5.4. Ferroptosis: a potential link between abnormal iron
homeostasis, mitochondrial dysfunction, and the
pathogenesis of SLE

Until recently a central, unifying pathway of abnormal
immune function, altered iron homeostasis and mitochondrial
dysfunction in SLE had not been found. However, a novel
potential link that is emerging is the role of ferroptosis in
the pathogenesis of the disease. Ferroptosis is a recently dis-
covered mechanism of programmed cell death that is iron
dependent. The process is associated with an accumulation
of cellular iron and also characteristic changes in mitochon-
drial phenotype, which makes it distinct from other forms of
cell death [99,100].

6. Conclusions

In conclusion, iron homeostasis is maintained by a variety
of tightly regulated physiological processes. However,
patients with SLE may ultimately be at risk of cellular
iron deficiency due to either increased rates of absolute
iron deficiency [a fundamental lack of iron within the
body], or via a state of functional iron deficiency [whereby
elevated levels of proinflammatory cytokines impair iron
transport and prevent the release of iron from stores].
This has a number of wide-ranging consequences as iron
is an essential nutrient for numerous essential cellular
processes. This includes DNA synthesis, enzyme activity
and, importantly, energy metabolism. Within the immune
system, iron deficiency has been demonstrated to impair
priming to vaccine response, whilst iron supplementation
has been shown to increase the risk of infection through
enabling bacterial proliferation.

Iron is a key component within the mitochondrial electron
transport chain and there is growing evidence that changes
in the homeostatic mechanisms that maintain physiological
iron regulation may also in turn result in abnormal mitochon-
drial function. Furthermore, abnormal mitochondrial energy
metabolism has become a recent focus of a number of
mechanistic studies investigating the pathogenesis of SLE.
Whilst there is a paucity of data relating to the direct impact
of abnormal iron metabolism on mitochondrial function in
lupus, the proinflammatory state has been shown to induce
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a state of functional iron deficiency through impaired iron
release from stores under the influence of hepcidin. In addi-
tion, we have demonstrated that a reduction in circulating
transferrin means iron that is liberated from stores is not
effectively transported to effector cells at an adequate rate
to meet physiological demand. In addition, both monocytes
and CD4" T cells cultured in iron deficient conditions have
been shown to impair normal mitochondrial function [68].
A proposed mechanism through which this could occur is
summarized in Figure 3.

Future research may seek to assess whether immune
regulation could be restored through correcting abnorm-
alities within pathways responsible for iron regulation and
altering mitochondrial function. Potential future therapeu-
tic options could include the use of intravenous iron ther-
apy as a means of correcting both absolute and functional
iron deficiency, which may in turn restore mitochondrial
function. At present, studies investigating the impact of
correction of cellular iron concentrations in relation to
mitochondrial physiology are lacking. Furthermore, newer
agents that target abnormal pathways in iron metabolism
are currently being investigated in a variety of other con-
ditions [aside from SLE] that may potentially be trialed in
lupus in the future.

Targeting abnormal iron metabolism and correction of
abnormal mitochondrial function both represent exciting
and novel possible therapeutic strategies for drug devel-
opment that could translate into new treatment options
for patients with SLE in the future.

7. Expert opinion

Whilst there have been significant advances in our under-
standing of the pathogenesis of SLE over recent decades,
this is only now beginning to translate into new therapeutic
options that are now translating into clinical care. However, in
spite of this the precise mechanisms that lead to the develop-
ment of disease are still largely unknown. In turn, there are
a number of significant unmet needs that remain. This
includes a fundamental lack of understanding as to why
patients suffer from a number of debilitating symptoms such
as fatigue, an increased atherosclerotic risk and difficulty in
stratifying treatment to individual patients.

There is now growing evidence that both absolute and
functional iron deficiency occur in SLE and this represents
a potential new avenue for treatment options in the future.
Intravenous iron therapy has already been demonstrated to
improve fatigue, quality of life and exercise capacity in
patients with cardiac failure, malignancy and Parkinson’s dis-
ease [101-103]. Studies assessing the benefits of iron therapy
in patients with SLE are currently lacking though. Another
possible therapeutic strategy that could potentially target
iron metabolism in clinical practice is through hepcidin analo-
gues and antagonists, although these are predominantly in
the pre-clinical stage of development.

Upstream targets for hepcidin inhibition include the block-
ade of IL-6, with Tocilizumab an already available drug [used
in the management of both rheumatoid arthritis and giant cell
arteritis]. Although previous small studies have found IL-6
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Figure 3. Abnormalities of iron metabolism in SLE.
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inhibition to be safe and effective in the management of SLE
[104,105], this has not translated into clinical care as yet.

The field of immunometabolism is an area of immunology
that has undergone rapid expansion in the last decade.
Changes in cellular energetics have been identified in
a number of pathological immunological scenarios including
cancer immunity, infection, and more recently in autoimmune
conditions. Several recent studies have found abnormal mito-
chondrial function in leukocytes derived from patients with
SLE. The possibility of targeting metabolism with the aim of
normalizing mitochondrial function thus represents an excit-
ing future therapeutic option. Furthermore, therapies target-
ing the mitochondria may help to bring about immune
regulation without inducing immunosuppression. Pre-clinical
studies are showing promising data from a number of drug
compounds that restore mitochondrial function and it remains
an area of potential development for the future.

Finally, it is important to consider that SLE is a highly
heterogenous disease with regards to both clinical symptoms
and immunological manifestations. This poses clinicians sig-
nificant challenges, not only with regards to making
a diagnosis but also when planning treatment. Although
a number of new treatments will soon be licensed for the
disease, not every patient responds to treatment in the same
way. Stratification of the disease through immunometabolism
may help to inform future treatment decisions.
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