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Abstract

Significance: Metformin has been proposed as a treatment for systemic lupus erythematosus (SLE). The
primary target of metformin, the electron transport chain complex I in the mitochondria, is associated with
redox homeostasis in immune cells, which plays a critical role in the pathogenesis of autoimmune diseases. This
review addresses the evidence and knowledge gaps on whether a beneficial effect of metformin in lupus may be
due to a restoration of a balanced redox state.

Recent Advances: Clinical trials in SLE patients with mild-to-moderate disease activity and preclinical studies in
mice have provided encouraging results for metformin. The mechanism by which this therapeutic effect was
achieved is largely unknown. Metformin regulates redox homeostasis in a context-specific manner. Multiple cell
types contribute to SLE, with evidence of increased mitochondrial oxidative stress in T cells and neutrophils.
Critical Issues: The major knowledge gaps are whether the efficacy of metformin is linked to a restored redox
homeostasis in the immune system, and if it does, in which cell types it occurs? We also need to know which
patients may have a better response to metformin, and whether it corresponds to a specific mechanism? Finally,
the identification of biomarkers to predict treatment outcomes would be of great value.

Future Directions: Mechanistic studies must address the context-dependent pharmacological effects of met-
formin. Multiple cell types as well as a complex disease etiology should be considered. These studies must
integrate the rapid advances made in understanding how metabolic programs direct the effector functions of
immune cells. Antioxid. Redox Signal. 36, 462-479.
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Introduction

YSTEMIC LUPUS ERYTHEMATOSUS (SLE) is a clinically
heterogeneous autoimmune disease in which tissue
damage is caused by autoantibodies in the form of immune
complexes (ICs), as well as inflammatory cytokines (Fig. 1)
(136). Multiple immune cell types have been implicated in

lupus pathogenesis, in addition to autoreactive B cells that
differentiate into autoantibody producing cells. Autoreactive
CD4" T cells play a critical role by providing help to B cells
to produce high-affinity class-switched autoantibodies and
by producing inflammatory cytokines. Myeloid cells also
provide critical contributions. Plasmacytoid dendritic cells
(pDCs) secrete type I interferons (IFNs) in response to IC
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Pathogenesis of SLE. Autoreactive B cells with the help of autoreactive CD4" T cells lead to the production of

autoantibodies, which form IC with autoantigens formed by nucleic acid—protein complexes. Increased autoantigen pro-
duction from apoptotic cells and neutrophil extracellular traps as well as deregulated clearance amplify the pathogenic
cascade. pDCs secrete type I IFN in response to IC stimulation. Type I IFN activate immune cells. Autoreactive CD4" T
cells also contribute to inflammation by producing inflammatory cytokines. ICs deposit in tissues and along with inflam-
matory cytokines, cause damage and further autoantigen release. IC, immune complexes; IFN, interferon; pDCs, plasma-
cytoid dendritic cells; SLE, systemic lupus erythematosus. Color images are available online.

stimulation, and activated neutrophils produce neutrophil
extracellular traps (NETs) that amplify the process. Immune
cell activation is tightly linked to cellular metabolism in cell-
and context-specific programs, which have been identified in
all the major cell types involved in lupus pathogenesis. Ac-
cordingly, an activated cellular metabolism has been reported
in SLE patients and in mouse models of the disease, so far
largely in CD4" T cells (86, 100).

The association between an overactive metabolism in
immune cells and lupus pathogenesis has led to the propo-
sition that metabolic inhibitors could have therapeutic ben-
efits in lupus (103, 129). This hypothesis has been validated
by a clinical trial reporting a reduction in disease activity in
SLE patients treated with sirolimus, which inhibits the
mammalian target of rapamycin (mTOR), a master regulator
of cellular metabolism (67). Mitochondrial dysfunction, ox-
idative stress, and increased mitochondrial respiration feature
preeminently among the alterations of CD4* T cellular me-
tabolism in lupus (36). Therefore, a normalization of mito-

chondrial functions would be expected to be beneficial in
SLE.

Metformin, or dimethyl biguanide, is a herbal remedy found
in French lilac, which was used to treat the symptoms of the
disease now known as diabetes as early as the 17th century. It
was first synthesized in the 1920s, and was promoted as “Glu-
cophage’ in France in the 1950s. Metformin was approved for
used in the United States in 1994, and it is now the drug re-
commended internationally as the first-line antidiabetic treat-
ment. In addition to its affordability and ease of administration,
its side effects are mild, with the primary concern being lactic
acidosis, which occurs in <1:100,000 patients per year (132).
There is a general agreement that the mitochondrion is the main
target of metformin, where it inhibits the electron transport chain
(ETC) complex I (nicotinamide adenine dinucleotide + hydro-
gen [NADH] dehydrogenase) (145) and mitochondrial glycer-
ophosphate dehydrogenase (mGPDH) (77) (Fig. 2).

By inhibiting ETC complex I, metformin can exert its
regulatory effect through the suppression of oxidative
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FIG. 2. Mitochondrial mechanisms of action of metformin. Metformin is up taken into the cells mainly through the
OCT1. Metformin inhibits the ETC complex I (NADH dehydrogenase) and mGPDH. By inhibiting ETC complex I,
metformin suppresses oxidative phosphorylation and ATP production, which then activates AMPK and inhibits
mTOR. The inhibition of mGPDH in the glycerol phosphate shuttle reduces the import of cytosolic NAD. AMPK,
AMP-activated protein kinase; ATP, adenosine triphosphate; ETC, electron transport chain; mGPDH, mitochondrial glycer-
ophosphate dehydrogenase; NAD, nicotinamide adenine dinucleotide; NADH, nicotinamide adenine dinucleotide + hydrogen;
OCT]1, organic cation transporter 1; mTOR, mammalian target of rapamycin. Color images are available online.

phosphorylation (OXPHOS) as well as a reduction of aden-
osine triphosphate (ATP) production, which then activates
adenosine monophosphate (AMP)-activated protein kinase
(AMPK) and inhibits mTOR (140). Metformin can also in-
crease AMP levels independently from OXPHOS by deac-
tivating AMP deaminase (94), and it directly activates
AMPK by promoting the formation of its trimeric complex
(82). Moreover, metformin inhibits mTOR activation
through AMPK-independent pathways (11, 56), and it can
regulate non-mTOR pathways, such as the activation of p53
or NFxB (110).

The activity of ETC complex I, mGPDH, OXPHOS and
the AMPK/mTOR pathway are all closely associated with
redox homeostasis in immune cells, and redox homeostasis
plays a critical role in the pathogenesis of autoimmune dis-
eases (41, 44, 112, 119), including SLE (96, 98). Indeed,
metformin has been proposed as a treatment for multiple
autoimmune diseases based on positive results obtained in
SLE (125, 141) and Behcet’s disease (150) patients, as well
as with results obtained from models of rheumatoid arthritis

(21, 120), experimental autoimmune encephalomyelitis
(126) and multiple sclerosis (89, 113), autoimmune insulitis
(32), ankylosing spondylitis (108), and Sjogren’s syndrome
(61). The mode of action of metformin in autoimmune dis-
eases is multifaceted and still far from being fully understood.
Here, we review the effects of metformin on SLE patho-
genesis from the viewpoint of redox homeostasis.

The effects of metformin on lupus pathogenesis

In a proof-of-concept trial in SLE patients with mild or
moderate disease activity, adding metformin to standard
therapy (mostly prednisone, a corticosteroid) reduced the risk
of disease flares in half. In addition, prednisone exposure and
therefore its adverse side effects were lower in the metformin
add-on group than in the conventional treatment group (141).
A follow-up randomized, double-blind, placebo-controlled
trial was performed to test the efficacy of metformin to reduce
disease flares as an add-on treatment to standard care in SLE
patients with mild disease activity. Compared with placebo,
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metformin reduced the occurrence of major flares by 41%
within the 12-month period of follow-up (125). A post hoc
analysis of these two trials showed that patients with negative
anti-DNA antibody and normal complement at baseline, as
well as a concomitant use of hydroxychloroquine had a better
response to metformin (124). These results suggest that
metformin may be an effective tool to maintain SLE patients
in remission with a potential steroid-sparing effect.

In the B6.Slel.Sle2.Sle3 lupus-prone mice, metformin
treatment reversed autoimmune pathogenesis when used in
combination with a glucose inhibitor (149), and it delayed
disease development when used as monotherapy in a pre-
ventive mode (148).

The beneficial effects of metformin were associated with a
reduction of mitochondrial respiration in CD4" T cells (149),
indicating that it exerted the expected ETC inhibition, and that
CD4" T cells may be a functional target of the drug. Although
T cell activation and acquisition of effector functions is marked
by a sharp increase in glycolysis (76), IFN-y production re-
quires mitochondrial metabolism (116). The different ETC
complexes have different functions in this process, with
Complex I being necessary for the proliferation of Thl cells,
but not for their production on IFN-y, while Complex III is
required for both (6). Accordingly, metformin reduces the pool
of IFN-y producing T cells, while it increased interleukin-2
production in B6.Slel.Sle2.Sle3 mice (149).

Metformin combined with a short course of treatment with
CTLAA4-Ig was also effective to reduce renal pathology in the
NZB/WF1 model of lupus (24). This therapeutic effect was
associated with a reduction in CD4" T cell activation. In vitro,
metformin altered gene expression in CD4" T cells from SLE
patients and healthy controls, with the top targeted pathways
being mTOR, cMYC activation, and OXPHOS (133). Asin T
cells from lupus-prone mice, metformin decreased respiration
in human CD4" T cells in vitro (13, 133). Since cellular me-
tabolism, including OXPHOS, glycolysis, and mTOR activa-
tion, is elevated in the CD4" T cells from SLE patients and
lupus-prone mice (149), this alone could account for the ben-
eficial effect of metformin. Metformin also reduced disease
severity in the Roquin san/san mouse model of lupus, at least in
part through the AMPK/mTOR pathway, as well as a reduction
of STATS3 activation in B and CD4" T cells (69).

STATS3 activation is critical for the differentiation of fol-
licular helper T (Tfh) cells, which are expanded in lupus (62).
However, metformin had no effect on Tfh cells in the
B6.Slel.Sle2.Sle3 model of lupus (23). Metformin has also
been shown to reduce the skewing to Th17 cells observed in
CD4" T cells of old healthy human donors (13), as well as in
the Roquin san/san mouse model (69), again by inhibiting
STATS3 activation. Since an expansion of Th17 cells has been
associated with lupus pathogenesis (63), it is possible that a
reduction of the frequency of Th17 cells could also account
for the beneficial effect of metformin in lupus patients. The
specific molecular mechanisms responsible for these effects
are unknown.

Metformin inhibited the transcription of IFN-stimulated
genes (ISGs) after IFN-o treatment in CD4™ T cells from SLE
patients and healthy controls (133). Since an increased ac-
tivity of type I IFN is highly correlated by lupus pathogenesis,
its inhibition by metformin could also be a part of its thera-
peutic effect. It was shown that STATI1 activation and
function downstream on the type I IFN receptor were reduced
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by metformin. The inhibition of the ISG response was
achieved with other ETC inhibitors, indicating that the effect
of metformin is not unique, and that mitochondrial respira-
tion plays a crucial role in this process (Fig. 3). However, the
inhibition of ISG expression in human CD4" T cells was
independent of the AMPK/mTOR pathway (133), although
this metabolic pathway is a well-recognized target of met-
formin (140). Therefore, the molecular link between de-
creased ETC activity and STAT1 activation is yet unknown.

It is possible that the same mechanism that is responsible
for inhibiting STAT3 activation in aging CD4" T cells (13)
and in the Roquin san/san mice (69) is also responsible for
inhibiting STAT1 activation in IFN-stimulated T cells (133).
Metformin directly inhibits STAT3 phosphorylation at ca-
nonical (e.g., as a nuclear transcription factor) Y705 (111),
and at both canonical and noncanonical S727 (27), in which
S727pSTATS3 is imported to the mitochondria where it in-
creases ATP synthesis, calcium flux, and mitochondrial
permeability transition pore (mPTP) opening while de-
creasing reactive oxygen species (ROS) release (109). Non-
canonical functions of STAT3 have been shown to affect T
cell effector functions (105). On the contrary, metformin
increases canonical STAT1 phosphorylation in virally in-
fected cells (135) and mesenchymal stem cells from lupus
mice (52). Noncanonical mitochondrial functions of STAT1
have also been linked to mitochondrial oxidative stress (118).
These pathways should be investigated specifically in in-
flammatory T cells, either due to aging or inflammatory
diseases such as lupus.

A potential limitation is that metformin may increase
glycolysis as a compensatory mechanism to decreased mi-
tochondrial activity, and therefore promote T cell activation.
In vitro, high, probably nonphysiological, concentrations of
metformin increase glycolysis in activated T cells (149) and
B cells (unpublished) from lupus mice. There was no effect
however of metformin treatment in vivo on glycolysis in T
cells (148), as well as no evidence for lactoacidosis. A recent
study in a model of thyroiditis found that metformin de-
creased glycolysis in association with a reduction of mTOR
activation (153). Therefore, there is no evidence supporting
that a treatment with metformin could lead to a secondary
activation of T cells through a compensatory increase in
glycolysis.

In addition to immune cells, metformin may limit tissue
injury through which lupus manifests. Oxidative stress and
mitochondrial damage have been reported in the kidneys of
patients with lupus nephritis as well as in animal models of the
disease (12, 14) and in the liver of lupus-prone mice (99). It is
likely that other end-organ targets of lupus pathogenesis also
present similar oxidative stress. Their response to metformin
warrants to be evaluated independently to the response of im-
mune cells. Furthermore, it has been established that SLE pa-
tients have a higher prevalence of metabolic syndrome, which
includes insulin resistance and high fasting blood glucose levels
(3,42, 84, 123). Some of these patients would be expected to be
treated with metformin to lower hyperglycemia, which would
potentially reduce the oxidative stress associated with meta-
bolic syndrome, as well as lupus manifestations. However, very
little, if any, data have been published on this topic (85), which
should be addressed in future studies.

Although these results are encouraging to suggest that
metformin may be a useful addition to the available
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FIG. 3. Metformin inhibits the transcription of ISGs in IFN-a-stimulated human CD4" T cells. STATI phos-
phorylation and function downstream on the type I IFN receptor were reduced by metformin. The inhibition of the ISG
response was achieved with other ETC inhibitors, indicating that the effect of metformin is not unique, and that mito-
chondrial respiration plays a crucial role in this process. The inhibition of ISG expression was independent of the AMPK/
mTOR pathway. Therefore, the molecular link between decreased ETC activity and STAT]1 activation is unknown. It is
possible that the same mechanism that is responsible for inhibiting STAT3 is also responsible for inhibiting STAT1
activation in IFN-stimulated T cells. This could involve noncanonical functions of STAT3, which in turn regulate mito-
chondrial metabolism. Noncanonical functions of STAT1 have also been linked to mitochondrial oxidative stress. ISG,
interferon-stimulated gene. Color images are available online.

treatments for SLE, they raise the question as to what kind of
patients may have a better response to metformin. Further, if
a differential response is identified among these patients,
does it correspond to a specific mechanism by which met-
formin mitigates lupus pathogenesis? It should always be
kept in mind that, contrary to immunosuppressive effects
observed in autoimmune diseases such as SLE, metformin
exerts immunostimulatory effects with antitumor activity
(75). To account for this apparent discrepancy, it has been
proposed that the effects of metformin on immune re-
sponses may vary with cell types, stimuli, and microenvi-
ronments, depending on the pathological context (80). The
context-dependent pharmacological effects of metformin
on the immune system need detailed investigations to ad-
dress these issues. There is also a need to identify among
the multitude of biomarkers that have been associated with
lupus disease activity (131), or among markers of cellular
metabolism, which ones may be associated with respon-
siveness to metformin treatment. This review focuses on
the potential links between the therapeutic effects of met-
formin in SLE and redox homeostasis.

Redox homeostasis in lupus

Redox homeostasis is a critical factor to maintain normal
cellular functions (43). Well-regulated oxidative stress trig-
gers signaling pathways that initiate diverse cellular re-
sponses ranging from cell activation, protection from
apoptosis, mitochondrial fission to autophagy (31). Both
excess oxidative (40, 101, 102) and its opposite, reductive,
stress in which electron acceptors are reduced, such as with
defects in nicotine adenine dinucleotide phosphate
(NADPH)-oxidase (NOX) (45, 93, 152), promote cellular
and tissue injury (154). ROS-induced cell death exposes in-
tracellular antigens to be targeted by the immune system,
which is one of the key factors initiating and amplifying lupus
pathogenesis. Redox homeostasis is attained by the sophis-
ticated balance between the generation of active redox agents
and their detoxification. The role of oxidative stress in SLE
has been reviewed in detail (96, 98). Here, we summarize the
mechanisms potentially targeted by metformin by which
ROS are produced and detoxified, as well as the role of these
mechanisms in the pathogenesis of lupus.
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Mechanisms of mitochondrial ROS production

Across the inner mitochondrial membrane, a proton gradient
from matrix to intermembrane space known as mitochondrial
membrane potential (MMP) is maintained by a complex
electron transport system. First, protons are translocated across
the inner mitochondrial membrane by the ETC and mGPDH,
creating a voltage gradient with negative charges inside the
mitochondrial matrix. Importantly, both forward and reverse
electron flows are involved, depending on specific microenvi-
ronments. Then at the expense of this electrochemical gradient,
the FoF;—ATPase complex (ETC complex V) converts aden-
osine diphosphate (ADP) to ATP during OXPHOS. Of note,
FoF1—ATPase, when inhibited, can also pump protons out of the
mitochondrial matrix into the intermembrane space using en-
ergy from ATP, which increases the MMP. Physiologically,
~2%-5% of the transported electrons uncouple from OX-
PHOS, forming endogenous ROS in the absence of ATP syn-
thesis (68). Therefore, the factors regulating the rate of electron
uncoupling from OXPHOS are crucial to control mitochondrial
ROS (mROS) production.
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Two distinct phases of mROS generation have been
identified: (i) A progressive rise of ROS level (called “‘trigger
ROS”) is usually detected after mitochondrial membrane
hyperpolarization, which is strongly dependent on the MMP
level above the phosphorylating membrane potential
(Fig. 4A). It was reported that an 18% decrease in MMP value
inhibits 90% of mROS production (65, 122). In normal
conditions, MMP is sustained mainly by OXPHOS. Under
certain conditions such as hypoxia or cell hyperactivity, when
mitochondria are incapable of sustaining MMP driven by
respiration, it is maintained at the expense of cytosolic ATP
hydrolysis by mitochondrial ATPase (28). (ii) After the initial
progressive rise of the ROS level, the subsequent ROS burst
or oscillations associated with the MMP dissipation are
named ‘‘ROS-induced ROS release’” (RIRR).

Two modes of RIRR have been described: mPTP-
associated RIRR (Fig. 4B) and inner membrane anion
channel (IMAC)-associated RIRR. In mPTP-associated
RIRR, “‘trigger ROS”’ lead the damage to the point of mPTP
introduction and opening, which is accompanied by a sudden
loss of MMP with the corresponding large ROS and nitric
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FIG. 4. Proposed modes of action of metformin on the main sources of ROS production. (A) Metformin reduces
mROS generated by electrons leaked from the ETC during reverse electron transfer by inhibiting the ETC complex I and
mGPDH. (B) Mitochondrial permeability transition pore formation is triggered in part by mROS, which generates a second
wave of mROS through ROS-induced ROS release. Whether metformin has any effect on this process is unknown. (C)
NOX in the plasma membrane generates cytoplasmic ROS. Metformin has not been reported to interfere with this process.
NOX, NADPH-oxidase; ROS, reactive oxygen species; mROS, mitochondrial ROS. Color images are available online.
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oxide (NO) burst. This mPTP-associated RIRR may induce
conformational changes or loss of ETC complexes (142,
143). In IMAC-associated RIRR, oscillatory ROS are re-
leased in the cytosol through IMAC due to its permeability
for superoxide produced by complex III (139). In summary,
when hyperpolarization is initially induced, a higher MMP
generates more ROS. To the contrary, the subsequent RIRR is
associated with a sudden loss of MMP. How these two pat-
terns linking mROS generation and MMP can be exploited
for novel strategies targeting ETC complexes or mGPDH is
discussed in detail below.

Mitochondrial membrane polarization and mROS
production in immune cells

mROS are crucial in the early phase of T cell activation,
proliferation, and selection of the cell death pathway through
mitochondrial membrane hyperpolarization. Once activated
through their T cell receptor (TCR), T cells present a transient
and reversible mitochondrial hyperpolarization and ATP
depletion. Several mechanisms contribute to this process.
First, TCR signaling triggers the activation of ADP-
dependent glucokinase (ADPGK). ADPGK is an alternative
glycolytic enzyme that deviates glycolysis toward the mito-
chondrial glycerolphosphate shuttle (GPS), which down-
regulates respiration and ATP production. The activation of
glycerol phosphate dehydrogenase (GPD2) in the GPS also
increases the MMP and mROS production (7). In support of
this mechanism, overexpression of ADPGK increases the
generation of mROS, whereas downregulation of ADPGK or
GPD2 levels inhibits this process (57).

Next, when mitochondrial ATP production is downregulated
as a result of glycolysis being directed to the GPS, FyF;—
ATPase uses energy to pump protons out of the mitochondrial
matrix into the intermembrane space, thus causing MMP ele-
vation (54). Finally, NO, acting as a competitive antagonist of
oxygen, can also reversibly inhibit cytochrome ¢ oxidase and
cause mitochondrial hyperpolarization (104). All these mech-
anisms induce a transient and reversible mitochondrial hyper-
polarization and mROS production leading to cell activation.
Disruption of MMP has been proposed as the point of no return
in apoptotic signaling (127). Mitochondrial hyperpolarization
usually occurs before the disruption of MMP leading to apo-
ptosis in response to different inducers, such as Fas (7), hy-
drogen peroxide (H,0O,) (106), and NO (1).

In SLE patients, T cells present with persistent mito-
chondrial hyperpolarization, increased ROS production, and
depleted ATP. Moreover, the ETC complex I has been
identified as the main source of oxidative stress in these cells
(30). Intracellular ATP concentration is a key switch in the
decision of the cell to die by apoptosis or necrosis (70), as
apoptosis is energy dependent. T cells from SLE patients
undergo more spontaneous and less activation-induced apo-
ptosis as a result of ATP depletion. Moreover, SLE T cells
become more vulnerable to necrosis, which contributes to the
exaggerated inflammatory cascade (40, 101, 102). Therefore,
mitochondrial membrane hyperpolarization and associated
mROS in T cells have been proposed as key mechanisms of
SLE pathogenesis, and they represent premier targets for
pharmacological intervention (98).

NETosis is a specific activation-induced cell death process
by which neutrophils process pathogens. NETosis plays a
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critical role in lupus pathogenesis in which mROS has an
essential contribution (73). Neutrophils stimulated with ri-
bonucleoprotein IC found in SLE serum displayed increased
levels of mROS, which enhanced the formation and release of
NET that are enriched in oxidized mitochondrial DNA
(mtDNA). Moreover, oxidized mtDNA induces the production
of type I IFN through a stimulator of interferon response
CGAMP interactor 1-dependent pathway. Accordingly, mROS
inhibition reduced disease severity and type I IFN responses in a
mouse model of lupus (73). Low-density granulocytes (LDGs),
adistinct subset of proinflammatory NETosis-prone neutrophils
found in the peripheral blood of SLE patients, present an en-
hanced mROS synthesis. NETosis in LDGs is, at least, in part
dependent on mROS production, as treatment with the mROS
scavenger MitoTempo abrogated the extrusion of NET struc-
tures in these cells (73).

Finally, peripheral blood lymphocytes (PBLs) of SLE pa-
tients showed a spontaneous mitochondrial antiviral signaling
(MAVS) oligomerization, which was induced by oxidative
stress independently of infection (18). MAVS oligomerization
led to mitochondrial hyperpolarization, decreased ATP pro-
duction, and further mitochondrial oxidative stress, which
correlated with an increased secretion of type I IFN. Im-
portantly, MAVS oligomerization and type I IFN production
could be blocked with the mROS antioxidant, MitoQ (18).

MitoQ treatment of the MRL/lpr mouse model of lupus
reversed ROS production, NETosis, and MAVS oligomeri-
zation in neutrophils, as well as reduced serum type I IFN and
IC formation in kidneys, despite no change in serum auto-
antibody (38). Of note, the enhanced mROS in NETosis
corresponds to mitochondrial membrane hypopolarization,
contrary to mROS corresponding to mitochondria hyperpo-
larization in lupus T cells (102) and MAVS oligomerization
induced in PBL (18). Therefore, mROS production in lupus
neutrophils may be similar to RIRR, but this mechanism has
not yet been defined for this cell type.

Overall, these results directly link mROS production to
changes in MMP (hyperpolarization in T cells or MAVS
oligomerization and hypopolarization in neutrophils) to lupus
pathogenesis. mROS accumulation triggers inflammatory
death (necrosis and NETosis) in lupus immune cells as well
as type I IFN production, both of which contribute to path-
ogenesis. The cell types, source, and pathological context
appear to be important for mROS production, but the detailed
mechanisms leading to enhanced mROS production in SLE
remain to be fully elucidated.

Low production of cellular ROS from NOX drives lupus
pathogenesis

Superoxide radicals produced by the prototypic NOX are
the other main sources of ROS, especially for phagocytes
(Fig. 4C). Seven NOX isoforms (NOX1-5, DUOX1-2) have
been reported with distinct catalytic domains. Among them,
phagocytic NOX2 (encoded by GP91PHOX) is the best
characterized as a multisubunit enzyme complex with both
plasma membrane and cytosolic components. ROS generated
by NOX2 through the incomplete oxidation of NADPH that
produces superoxide anion contribute to NETosis (34, 47). A
key role for NOX was also identified in the disposal of apo-
ptotic cells in inflammatory macrophages by enhancing the
maturation and acidification of efferosome (5).
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Chronic granulomatous disease is a hereditary disease that
exhibits some SLE-like features. Mutations in genes forming
the NOX2 complex lead to a defective ROS production,
which activates type I IFN production and increases the risk
of autoimmune diseases (59). Further, a prominent type I IFN
response signature was identified in humans lacking func-
tional NOX2 (45). These observations challenge the idea that
excessive ROS production is exclusively pathogenic, open-
ing a new viewpoint to understand the pathogenesis of lupus.

Neutrophil cytosolic factor 1 (NCF1) encodes for pA7P"*, a
key regulatory component of NOX2. Genetic associations have
been reported between lupus and polymorphisms in NCFI
(138). A single amino acid substitution from arginine to histi-
dine represents the strongest association between NCFI and
SLE (odds ratio >3 and allele frequency >10%), and this variant
is associated with a lower ROS production (29, 152). In addi-
tion, decreased and increased copy numbers of NCFI pre-
dispose to and protect against SLE, respectively (152). A
protective role of NCFI in lupus was validated in Ncf7-deficient
SLE1.Yaa lupus-prone mice, which presented reduced ROS
levels in pDCs that promoted the production of type I IFNs and
accelerated the development of autoimmune symptoms (71).

Polymorphisms in the neutrophil cytosolic factor 2 (NCF2)
gene, encoding for p67ph°", another critical NOX subunit,
have also been associated with lupus (4, 49, 50, 60, 151), and
at least one amino acid substitution (H389Q) decreased NOX
activity and cellular ROS production (71). Studies in the
NZM?2328 lupus-prone mice showed that Ncf2 deficiency and
haploinsufficiency increased NETosis, even in the absence of
NOX activity. This was associated with increased type 1 IFN
expression and immune activation, which accelerated kidney
disease (51). Additional support for a protective role of cel-
lular ROS in lupus was shown in Nox2-deficient MRL/lpr
mice, which also presented increased autoantibody produc-
tion and exacerbated renal disease (19). The seeming dis-
crepancy between the proinflammatory roles of reduced
cellular ROS and increased mROS in the pathogenesis of
lupus supports the concept that metabolic regulation of im-
mune responses may vary between cell types, stimuli, mi-
croenvironments, and the pathogenic process.

ROS detoxification

ROS is detoxified by enzymatic and nonenzymatic anti-
oxidants. Intracellular enzymatic antioxidants include man-
ganese superoxide dismutase in the mitochondria and copper/
zinc superoxide dismutase in the cytosol converting super-
oxide anions (O,-) to H,O,. Catalase then reduces H,O, to
H,O. Glutathione (GSH) combined with pyridine nucleotides
(NADH/NAD and NADPH/NADP) represent the major
nonenzymatic antioxidant and redox modulators in human
cells. Oxidation of GSH to glutathione disulfide (GSSG) re-
duces H,O, to H,O. Regeneration of GSH by GSH reductase
from GSSG depends on NADPH produced by the pentose
phosphate pathway (29). The reduction of GSSG to GSH is
antagonized by acetyl-CoA (53), the pivotal molecule in the
Krebs cycle and mitochondrial hemostasis.

Therefore, NADPH consumption to convert GSSG to GSH
is a critical checkpoint of the antioxidative process. As
mentioned above, incomplete NADPH oxidation during
NETosis results in NOX2-mediated ROS formation in neu-
trophils. Thus, NADPH acts either anti- or pro-oxidant,
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maybe depending on cell type, source of ROS production, or
pathological context. A comprehensive understanding of this
context-dependent NADPH effect on redox homeostasis will
require further studies.

GSH is depleted in the PBL of patients with SLE (36, 40,
117). N-acetylcysteine (NAC), the acetylated form of
L-cysteine, has the advantage of being resistant to oxidation
and permeable through cell membrane over other forms of
cysteine supplementation (144). As such, NAC serves as a
precursor of GSH synthesis and acts as an antioxidant by
itself. Treatments with NAC inhibited mTOR activation
in vitro (91) and improved clinical outcomes in murine lupus
(128) as well as in SLE patients (66). Interestingly, NAC
reduced the MMP in PBL from SLE patients by inhibiting the
mitochondrial ETC complex I (30). Overall, these results
suggest that an increased level of mROS has deleterious ef-
fects in lupus, which can be mitigated by antioxidants that
reduce mitochondrial respiration.

As mentioned earlier, mitoQ, a mROS scavenger, showed
beneficial effects in a preclinical model of lupus (38). It has
been recently reported that SLE patients present lower levels
of superoxide dismutase (SOD), an enzyme that neutralized
superoxide radicals (147). Therefore, SOD supplementation
could be beneficial in lupus, as it has been proposed for other
autoimmune diseases (20). Finally, it has been proposed that
the activation of the NRF2/Keap1 pathway, a major regulator
of cellular oxidative stress, could be beneficial in lupus, in-
cluding with drugs such as dimethyl-fumarate, which has
been approved for the treatment of another T cell-mediated
autoimmune disease, multiple sclerosis (92).

Metformin as a regulator of redox homeostasis

Since metformin regulates mitochondrial activity through its
inhibition of complex I in the ETC (145), its effect on redox
homeostasis should be considered in general, as well as its role
as a modulator of lupus pathogenesis. Metformin tends to ac-
cumulate within the matrix of energized mitochondria, sup-
porting the common notion that mitochondria are the primary
target of metformin. Since no transporter has been identified to
import metformin into mitochondria (140), it has been pro-
posed that MMP drives positively charged metformin into the
mitochondria, with the higher potential, the more metformin is
imported across the membrane. In addition, the apolar hydro-
carbon side-chain of metformin may help in the process by
binding to hydrophobic structures, especially the phospholipids
in the mitochondrial membrane (115) (Fig. 5).

Although there is a consensus that ETC complex I repre-
sents one of the major targets of metformin, several issues
have been raised against considering this drug as an equiv-
alent to rotenone, the reference complex I inhibitor. The
maximal inhibitory effect of metformin on complex I activity
is ~40%, which is much lower than 80% inhibition by ro-
tenone. In addition, it is still questionable whether metformin
could reach a sufficient concentration level in the mito-
chondrial matrix to inhibit complex I. The reported IC50 for
metformin on complex I activity is extremely high, in the 20
to 80 mmL/L range, while metformin concentration in cells
or tissues has been reported in a 1-150 uM range (15, 33, 97).
Given these discrepancies, it has been speculated that com-
plex I inhibition is a downstream effect of metformin action
on a yet unidentified target (140).
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A beneficial effect of metformin has been documented in
aging CD4" T cells by reducing mitochondrial respiration
leading to a decreased mROS production (13). By analogy, it
is likely that it is also the case in lupus T cells, although it has
not formally been shown. Interestingly, metformin has little
to no effect on young T cells (13) or on the T cells of non-
autoimmune mice (149). This suggests that metformin exerts
a minimal inhibition on mitochondria in a noninflammatory
homeostatic state. Given that metformin is most likely to
require a high MMP to enter mitochondria and access com-
plex I, one may speculate that metformin does not reach an
effective concentration in cells with healthy mitochondria.

As mentioned above, mROS production is phase depen-
dent, triggered by membrane hyperpolarization or RIRR, and
it is therefore tightly associated with MMP and redox po-
tential (NADH/NAD ratio). MMP produced by complex I
depends on the forward (glutamate—malate) or reverse (suc-
cinate) electron flux (Fig. 6), and primary mROS production
depends on higher MMP. Rotenone blocks both forward and
reverse electron flows through the respiratory-chain complex
I, causing both increased and decreased mROS production
(Fig. 6A). However, most studies suggest that although
metformin also inhibits complex I, it exerts only its inhibitory
effect on mROS production by selectively blocking the re-
verse electron flow (9, 58).

A high rate of mROS production was induced by succinate
as a complex II substrate, and it was fully suppressed by
rotenone and substantially lowered by metformin pretreat-
ment, suggesting that metformin inhibits the MMP produced
by reverse electron flux (Figs. 4A and 6B). The presence of
glutamate—malate plus succinate induced an amount of
mROS that was intermediate between the succinate alone
(highest) and the glutamate—malate alone (lowest)—induced
mROS (9). Considering the documented mitochondrial hy-
perpolarization in SLE T cells and MAVS oligomerization in
SLE PBL, it is reasonable to speculate that metformin may
also reduce mROS production by selectively blocking the
reverse electron flow through the respiratory-chain complex I
in these cells. This has however never been investigated, and
further studies with multiple immune cell types of human and
mouse origins are needed to validate this hypothesis.

Complex I inhibition by metformin may also modulate
RIRR-produced ROS (Fig. 4B), since rotenone decreased the
magnitude of the ROS burst during mPTP-associated RIRR
(155). Similarly, metformin inhibited mPTP opening and
ROS generation in rat cardiac myoblasts during ischemia/
reperfusion (22). However, the significance of metformin in
RIRR and its relevance to immune cells remain questionable.

Finally, metformin has been reported to induce mROS pro-
duction in worms, a process that is essential to engage pro-
grams promoting longevity (26). This mROS burst is due to
metformin enhancing several catabolic pathways, including
the Krebs cycle and beta oxidation, which in turn increases
respiration, which, combined with metformin-induced per-
turbation of the ETC, produces mROS. Whether this mito-
hormesis pathway, in which a modest production of mROS is
beneficial (8), involves immune cells is unknown. However,
the possible existence of mitohormesis in relationship with
metformin should be investigated as part of a comprehensive
evaluation of the effect of metformin on the inflamed immune
system.

Metformin has also been identified as noncompetitive in-
hibitor of liver mGPDH (77). mGPDH is a flavin-linked
respiratory-chain dehydrogenase that is encoded by the
highly conserved GPD2 gene (87). Together with its cyto-
solic correspondent enzyme cGPDH, mGPDH constitutes the
GPS. cGPDH catalyzes the conversion of dihydroxyacetone
phosphate (DAP) to glycerol-3-phosphate (GP) coupled with
the oxidation of cytosolic NADH. Consequently, GP is oxi-
dized back to DAP by mGPDH. Concurrently, flavin adenine
dinucleotide is reduced to FADH?2, and the two electrons are
transferred directly to coenzyme Q in complex II. GPS is a
potential source of mROS, as it represents an alternative to
the malate—aspartate shuttle (MAS) that transports NADH
reducing equivalents into the mitochondria.

Unlike MAS that acts via complex I, GPS transports
electrons directly to the coenzyme Q pool and bypasses
complex I. The rate-limiting step for the flux through GPS is
the mGPDH content, as cGPDH is present in excess in most
tissues (87). In isolated mitochondria from guinea pig brain,
GPDH-mediated mROS are produced through the reverse
ETC flux (134), which could therefore be potentially in-
hibited by metformin. The effect of metformin on mGPDH
and its related redox homeostasis has been addressed in an
animal study. mGPDH activity was suppressed in the hepa-
tocytes of mice treated with metformin, and the cytosolic
redox state was elevated in contrast to mitochondrial redox
(77, 78). Beside a direct inhibition of mGPDH function,
metformin was proposed to downregulate mGPDH expres-
sion (130), although the mechanism by which this may occur
is unknown.

Very little is known about the expression of mGPDH in
immune cells, although it has been suggested to be expressed
in macrophages (48). Consequently, the effect of metformin
on mGPDH and its related redox hemostasis (Figs. 4A and
6B) has not yet been defined in immune cells and in lupus
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pathology. If mGPDH is functionally expressed in immune
cells, it would be predicted that, based on the results obtained
on hepatocytes, mGPDH inhibition could be one of the
mechanisms by which metformin is beneficial by decreasing
mROS and increasing cytosolic redox state.

The effect of metformin on ROS production mediated
by NOX or other pathways

A strong suppression of NOX activity has been detected
after metformin treatment, which decreased cytosolic ROS
production in different cells and processes, such as ROS
production induced by lithocholic acid in colorectal cancer
cells (90), by fluctuating glucose levels (2) or by hypergly-
cemia (10) in human umbilical vein endothelial cells. The
mechanisms underlying these observations remain unclear.
One study suggested that metformin-mediated activation of
AMPK may be responsible for inhibiting TGFf-induced
NOX4 expression (114). Another in vitro study showed that

metformin blunted NETosis and calcium influx induced by
phorbol myristate acetate, which may be at least partly due to
the inhibitory effect of metformin on the protein kinase
C (PKC)-NOX pathway (81). Since decrease in NOX-
generated ROS enhanced lupus pathogenesis, it would be
expected that the inhibition of NOX2 by metformin in SLE
would enhance disease. However, this has not been generally
observed. Therefore, it is unlikely that NOX2 is the target of
metformin in this context (Fig. 4C). However, given the
heterogeneous etiology and disease presentation in SLE, it is
possible that metformin could have a worsening outcome in
some patients due to this pathway, which should be dissected
with mouse models.

Finally, the inhibitory effect of metformin on ROS produc-
tion has been reported to be exerted through other pathways,
such as the inhibition of PKC activity (79), or the upregulated
expression of the antioxidant thioredoxin via the AMPK-
FOXO3 pathway in endothelial cells (46). However, the sig-
nificance of these pathways on redox hemostasis in immune
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cells remains questionable. Metformin also inhibits the activity
of two enzymes, cyclooxygenase-2 (COX2) and inducible ni-
tric oxide synthase (INOS), which generate reactive oxygen or
nitrogen molecules (88). COX2 is overexpressed in human
lupus T cells (146), and INOS is also overexpressed in the
peripheral blood of lupus patients, although it is not clear if a
specific cell type is responsible (95). It is therefore possible that
the beneficial effect of metformin in lupus is medicated in part
through these pathways, which should be directly evaluated in
human studies as well as in preclinical models.

Conclusions

Metformin treatment has now been reported to have a
beneficial effect when added to standard of care in SLE pa-
tients with mild disease activity (125). Studies in mouse

models of lupus have also shown a beneficial effect for
metformin, although its ability to revert disease on its own
was shown in the monogenic Roquin san/san model (69), but
not in the polygenic B6.Slel.Sle2.Sle3 model (148, 149). The
mechanism by which metformin exerts this disease-sparing
effect is largely unknown, although increased AMPK acti-
vation has been reported in the B cells of Roquin san/san mice
treated with metformin. Correlations between disease re-
duction and decreased mitochondrial respiration in CD4™ T
cells have also been reported in B6.Slel.Sle2.Sle3 mice (148,
149). Furthermore, the inhibition of the type I response in
CD47" T cells treated with metformin was achieved with other
ETC inhibitors (133), implying that OXPHOS is most likely a
critical target for metformin in SLE. Increased oxidative
stress has been reported in lupus T cells (98), and its clinical
significance has been validated by the therapeutic effect of
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NAC in murine lupus (128) as well as in SLE patients (66).
Overall, a number of results suggest that elevated mROS is a
validated target in lupus. Since the primary target of met-
formin is the ETC (145), which is the major source of mROS,
it is logical to postulate that metformin reduces lupus activity
by restoring mitochondrial redox homeostasis. This hypoth-
esis has however never been formally tested. Another com-
plicating factor is that defects in cellular ROS production
through polymorphisms in NCFI and NCF2 have been well
documented in lupus (59), and the potential effect of met-
formin on this process has not been investigated in either
murine or human lupus immune cells.

The relationship between redox and metformin has been
investigated in a number of models in which it decreases
immune inflammation. The effect of metformin on the levels
of cytoplasmic or mROS has however been inconsistent.
Metformin has been reported to decrease mROS levels in
myeloid cells (72, 137) and cytoplasmic ROS in macro-
phages (16). On the contrary, metformin treatment increased
mROS in T cells (25) and macrophages (55), as well as cy-
toplasmic ROS in macrophages (64). None of these studies
has clearly established the molecular target(s) of metformin
that was directly responsible for these changes in either cy-
toplasmic or mROS, except in one case where metformin has
been shown to inhibit the expression of NOX2, although
through a yet unknown mechanism (17). The disparity of
these results clearly shows that it cannot be taken for granted
that metformin exerts its beneficial effect in lupus by de-
creasing mROS levels in T cells.

An objective examination of the literature shows a number of
immune cells and processes in which redox alterations have
been reported in SLE (Fig. 7). On the contrary, the beneficial
effect of metformin in lupus has been associated with the nor-
malization of the phenotypes of four cell types: neutrophils,
pDCs, CD4" T cells, and B cells (Fig. 7). Redox alterations have
been reported only in neutrophils and CD4" T cells in lupus.
Therefore, it is unclear whether the beneficial effect of met-
formin on pDCs, CD4"' T cells, and B cells is due to redox
regulation, at least intrinsically in these cells. It is possible that
pDC normalization is secondary to the decrease of NETosis and
production of oxidized mtDNA in neutrophils exposed to
metformin. Similarly, normalization of B cells phenotypes may
be secondary to the reduction of oxidative stress by metformin
in CD4" T cells.

It is also possible that both lupus pDCs and B cells are
themselves subject to high levels of oxidative stress, a topic
that has not been investigated. These questions stress the
urgent need for careful mechanistic studies of metformin in
lupus. It has to be acknowledged, however, that the combi-
nation of the ongoing discussions about metformin’s mo-
lecular target(s) and the interdependence between immune
cell types challenges the interpretation of the results these
studies may bring. It has been proposed that immune cells,
especially T cells, in lupus and in aging have some over-
lapping phenotypes (83, 99).

There is a large body of literature showing that metformin has
beneficial effects in aging, including the normalization of mi-
tochondrial functions (121). It has also been noted that metfor-
min promotes autophagy, largely through AMPK activation,
and that autophagy is defective in the lupus immune cells (107).
Metformin could be one of the drugs that restores both autop-
hagy and mitochondrial functions, improving outcomes on the
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immune system in aging and autoimmunity (39). The identifi-
cation of other common targets for metformin in autoreactive
and aging immune cells would be beneficial to both fields.

It could be argued that a drug does not require mechanistic
studies to be beneficial to patients. Metformin is likely one of
the best case-in-point for this argument, since it is widely
prescribed for hyperglycemia in spite of persistent contro-
versies on its mode of action. Two facts argue against this
notion in SLE due to the extreme heterogeneity in etiology
and clinical presentation of the disease. First, it is not known
whether some patients respond better than others because
their immune phenotypes correspond to a process, including
oxidative stress, which can be ‘“‘fixed”’ by metformin. Sec-
ond, metformin is toxic in aging cells with damaged mito-
chondria and an impaired compensatory glycolytic response.
As a consequence, aged worms or human fibroblasts treated
with metformin die because they cannot generate ATP (35).

The aging immune system presents clear inflammatory
overlaps with autoimmune diseases, including an expansion of
Th17 cells (13). Therefore, one should be cautious in extrapo-
lating the beneficial results obtained with metformin in SLE
patients with mild disease activity to patients with active disease,
whose immune cell response to metformin should be evaluated.

Finally, these mechanistic studies should be performed in the
context of the rapidly evolving field of immunometabolism, in
which exquisitely cell/context-dependent regulations have
emerged even in a healthy immune system. A large number
of metabolic alterations have been reported in lupus im-
mune cells (129), which will have to be considered for a
better understanding of the therapeutic potentials of met-
formin in SLE.
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