
 

 

 

 

RESEARCH ARTICLE | AUGUST 14 2023

4-Octyl Itaconate and Dimethyl Fumarate Induce Secretion of the Anti-

In�ammatory Protein Annexin A1 via NRF2
Ciana Diskin; ... et. al

J Immunol (2023) 211 (6): 1032–1041.
https://doi.org/10.4049/jimmunol.2200848

Related Content

4-Octyl-Itaconate and Dimethyl Fumarate Inhibit COX2 Expression and Prostaglandin Production in Macrophages

J Immunol (November,2021)

4-Octyl Itaconate Alleviates Airway Eosinophilic In�ammation by Suppressing Chemokines and Eosinophil Development

J Immunol (November,2023)

Comparative evaluation of metabolic, electrophilic, and immunologic effects of itaconate and its ester derivatives on
macrophage activation

J Immunol (May,2020)

D
ow

nloaded from
 http://journals.aai.org/jim

m
unol/article-pdf/211/6/1032/1647701/ji2200848.pdf by Trinity C

ollege D
ublin user on 18 June 2024

https://doi.org/10.4049/jimmunol.2200848
https://journals.aai.org/jimmunol/article/207/10/2561/234359/4-Octyl-Itaconate-and-Dimethyl-Fumarate-Inhibit
https://journals.aai.org/jimmunol/article/212/1/13/266469/4-Octyl-Itaconate-Alleviates-Airway-Eosinophilic
https://journals.aai.org/jimmunol/article/204/1_Supplement/73.1/65847/Comparative-evaluation-of-metabolic-electrophilic
https://servedbyadbutler.com/redirect.spark?MID=184332&plid=2295075&setID=590594&channelID=0&CID=843874&banID=521910550&PID=0&textadID=0&tc=1&scheduleID=2215266&adSize=2000x600&data_keys=%7B%22%22%3A%22%22%7D&mt=1718721110807790&spr=1&referrer=http%3A%2F%2Fjournals.aai.org%2Fjimmunol%2Farticle-pdf%2F211%2F6%2F1032%2F1647701%2Fji2200848.pdf&hc=49ec602bca9ba404db6653effbcd6af260d6b60e&location=


4-Octyl Itaconate and Dimethyl Fumarate Induce Secretion of
the Anti-Inflammatory Protein Annexin A1 via NRF2

Ciana Diskin,1 Emily A. Day,1 Órlaith C. Henry, Juliana E. Toller-Kawahisa, and
Luke A. J. O’Neill

Annexin A1 is a key anti-inflammatory effector protein that is involved in the anti-inflammatory effects of glucocorticoids. 4-Octyl
itaconate (4-OI), a derivative of the endogenous metabolite itaconate, which is abundantly produced by LPS-activated macrophages,
has recently been identified as a potent anti-inflammatory agent. The anti-inflammatory effects of 4-OI share a significant overlap
with those of dimethyl fumarate (DMF), a derivate of another Krebs cycle metabolite fumarate, which is already in use clinically for
the treatment of inflammatory diseases. In this study we show that both 4-OI and DMF induce secretion of the 33-kDa form of
annexin A1 from murine bone marrow�derived macrophages, an effect that is much more pronounced in LPS-stimulated cells. We
also show that this 4-OI� and DMF-driven annexin A1 secretion is NRF2-dependent and that other means of activating NRF2 give rise
to the same response. Lastly, we demonstrate that the cholesterol transporter ABCA1, which has previously been implicated in
annexin A1 secretion, is required for this process in macrophages. Our findings contribute to the growing body of knowledge on the
anti-inflammatory effects of the Krebs cycle metabolite derivatives 4-OI and DMF. The Journal of Immunology, 2023, 211:
1032�1041.

Annexin A1, formerly known as lipocortin-1, is a 37-kDa pro-
tein that belongs to the annexin superfamily of proteins. It is
induced by glucocorticoids (1) and is widely considered to

be an anti-inflammatory effector protein. One well-characterized anti-
inflammatory function of annexin A1 is the suppression of eicosanoid
synthesis through inhibition of cytoplasmic phospholipase A2 (2, 3).
Annexin A1 has also been demonstrated to restrict the migration (4)
and adhesion (5) of neutrophils, in addition to inducing their apoptosis
(6). It inhibits mast cell degranulation and cytokine secretion and
therefore is protective in models of mast cell�driven diseases (7�9).
In macrophages, annexin A1 has been shown to limit NO synthesis
and induce IL-10 secretion (10), in addition to enhancing phagocyto-
sis of apoptotic neutrophils (11). More recently, it has been shown
that annexin A1 can activate AMP-activated protein kinase and can
thereby promote muscle regeneration (12) and protect against cerebral
ischemia-reperfusion injury (13). Additionally, activation of AMP-
activated protein kinase has been shown to be anti-inflammatory in
many immune cell types, including macrophages (14�16), especially
in the context of a resolution phenotype (17). Taken together, annexin
A1 is a critical regulator of resolution of inflammation through several
distinct cellular targets and has been shown to be protective across
multiple disease models.
Although some of the functions of annexin A1, such as cytosolic

phospholipase A2 inhibition, are dependent on cytosolic annexin A1,
it is also well documented that annexin A1 can be secreted (18). Once
secreted, annexin A1 can bind to a family of G protein�coupled
receptors named formyl peptide receptors (FPRs), particularly FPR2.
Although annexin A1 has been reported to be secreted by a number

of different cell types, it does not contain a canonical signal sequence
for secretion (19). However, the ATP-binding cassette transporter
A1 (ABCA1), the canonical function of which is cholesterol efflux
(20), has been implicated in annexin A1 secretion. ABC transporters
were first linked to annexin A1 secretion when it was reported that
several ABC transporter inhibitors suppressed annexin A1 secretion
in inflamed rat mucosa (21). It was also demonstrated using both
pharmacological and genetic methods to target ABCA1 that annexin
A1 secretion by pituitary folliculostellate cells was ABCA1-depen-
dent (22). More recently, it was shown that secretion of annexin A1
via ABCA1 ameliorated retinal inflammation, with this study also
demonstrating direct interaction between annexin A1 and ABCA1
(23). Although ABCA1-dependent annexin A1 secretion has not
been explicitly shown for macrophages, they are known to express
high levels of this transporter (24). Additionally, there have been
reports of intracellular cleavage of annexin A1 into a 33-kDa frag-
ment in neutrophils, which can be secreted (25, 26). However, a
great deal remains to be clarified in relation to the regulation of
annexin A1 secretion.
Macrophages are known to undergo extensive metabolic reprog-

ramming upon stimulation with LPS. Two of the metabolic changes
that occur under these conditions are the production of high concen-
trations of itaconate from the Krebs cycle intermediate cis-aconitate
(27), and high concentrations of fumarate due to increases in aspar-
tate-argininosuccinate shunt and reductions in fumarate hydratase
(28). Itaconate is produced from cis-aconitate through a reaction that
is catalyzed by the enzyme aconitate decarboxylase 1 (often called
IRG1), which is potently upregulated by LPS (29, 30). The antibac-
terial effects of itaconate have been recognized for some time
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(30�32), but more recently itaconate has emerged as a key immuno-
modulator (33). 4-Octyl itaconate (4-OI) and dimethyl fumarate
(DMF) are cell-permeable derivatives of itaconate and fumarate,
respectively, and have been developed for studying the functions
of these metabolites. Itaconate and 4-OI have been demonstrated
to modify cysteine residues of proteins in a process termed 2,
3-dicarboxypropylation, or itaconation (27). However, 4-OI is much
more potent at targeting cysteine residues and has several distinct
cellular targets from itaconate (34). Similarly, fumarate and DMF
are known to modify cysteine residues in a process termed succi-
nation (not to be confused with succinylation) (35). Many anti-
inflammatory functions of itaconate, 4-OI, fumarate, and DMF have
been reported during the last number of years. It has been demon-
strated that crucial cysteines of KEAP1 undergo this modification
by 4-OI and DMF, which subsequently targets KEAP1 for proteaso-
mal degradation (27, 36). This liberates the master antioxidant tran-
scription factor NRF2, permitting induction of antioxidant genes and
downregulation of proinflammatory cytokines such as pro�IL-1b
(37). Itaconate and 4-OI have also been shown to limit NLRP3
inflammasome activation and pyroptosis (38, 39), impair glycolysis
(40, 41), and inhibit TET DNA dioxygenases to suppress transcrip-
tion of proinflammatory genes (42). Additionally 4-OI and DMF
both target GAPDH (40, 43) and gasdermin D (39, 44, 45). Impor-
tantly, DMF is currently used clinically (trade name Tecfidera) for
the treatment of multiple sclerosis (MS) and psoriasis (46) and is the
most commonly prescribed medication for relapsing-remitting MS.
Given the shared cysteine reactivity of 4-OI and DMF, using these
compounds can help us better understand the role of cysteine modifi-
cation in inflammatory/resolution processes, and potentially highlight
uses of the cysteine-reactive compounds for the treatment of other
inflammatory diseases.
The effect of 4-OI and DMF on annexin A1 or its secretion has not

been studied to date. In this study, we demonstrate that both of these
Krebs cycle metabolite derivatives induce secretion of the 33-kDa
fragment of annexin A1 from murine bone marrow�derived macro-
phages (BMDMs). We provide evidence to indicate that the endoge-
nous metabolites, itaconate and fumarate, do not recapitulate the
effect of the derivatives, perhaps due to lower electrophilicity. We
also show that the capacity of 4-OI and DMF to induce annexin A1 is
dependent on NRF2 activation. Finally, we demonstrate that the trans-
porter ABCA1 plays a role in 4-OI� and DMF-induced annexin A1
secretion. Our study therefore describes a phenomenon that could
potentially contribute to the general anti-inflammatory profile of these
compounds.

Materials and Methods
Reagents

LPS derived from Escherichia coli, serotype EH100 (Enzo Life Sciences,
ALX-581-010), R848 (Sigma-Aldrich, SML0196), poly(I:C) (InvivoGen,
tlrl-ic), Pam3CSK4 (InvivoGen, tlrl-pms), DMF (Sigma-Aldrich, 24226),
diethyl maleate (DEM; Sigma-Aldrich, D97703), and fumarate hydratase-
IN-1 (MedChemExpress, HY-100004) were used. 4-OI was initially supplied
by Prof. Richard Hartley, but results were confirmed and later experiments
conducted using commercially available 4-OI (Sigma-Aldrich, SML2338).
Abs used were anti-annexin A1 (Cell Signaling Technology, 3299), anti-
NRF2 (Cell Signaling Technology, 12721S), anti-KEAP1 (Cell Signaling
Technology, 8047S), anti-ABCA1 (Cell Signaling Technology, 96292), anti�
IL-1b (R&D Systems, AF401-NA), and anti�b-actin (Sigma-Aldrich, AC-74).
Anti-mouse IgG and anti-rabbit IgG secondary HRP-conjugated Abs (Jackson
ImmunoResearch) were also used. The Silencer Select small interfering RNAs
(siRNAs) against NRF2 (s70522), KEAP1 (s78526), ABCA1 (s61785), and
FH (s66045) in addition to the Silencer Select negative control (Thermo Fisher
Scientific) were used.

Mice and BMDM generation

BMDMs were isolated from C57BL/6OlaHSD mice (Harlan UK).
Legs from NRF2 knockout mice and their matched wild types were
provided by Prof. Albeena Dinakova-Kostova (University of Dundee).
All animals were housed under specific pathogen-free conditions in
accordance with Irish and European Union regulations. All experi-
ments carried out were subject to prior ethical approval by the Trinity
College Dublin Animal Research Ethics Committee and the Health
Products Regulatory Authority. The mice were euthanized in a carbon
dioxide chamber, followed by cervical dislocation as confirmation of
death. The tibia, femur, and hip bones were cut at each end and the
bone marrow was subsequently flushed with cell culture media. The
cells were then differentiated in DMEM containing 10% (v/v) FCS,
1% (v/v) penicillin/streptomycin, and 20% (v/v) L929 supernatant for
6 d. After this time, the macrophages were counted and replated for
use in experiments.

For in vivo experiments 10-wk-old female C57BL/6OlaHSD mice were
i.p. injected with vehicle (20% b-cyclodextrin, 10% DMSO in PBS), 4-OI
(50 mg/kg), or DMF (25 mg/kg). Two hours later mice were injected with
PBS or LPS (2.5 mg/kg) and sacrificed 2 h later. Blood was collected by
retro-orbital bleed following CO2 asphyxiation. Blood was allowed to
clot at room temperature for 30 min and spun at 5000 relative
centrifugal force for 10 min at 4◦C. Serum was collected and stored and
−80◦C for future analysis. Annexin A1 was detected in the serum by
ELISA (Assay Genie, MOEB0294).

siRNA transfection

The media on the macrophages was replaced with DMEM that had not been
supplemented with FCS, penicillin/streptomycin, or L929 supernatant. The
required amounts of Lipofectamine RNAiMAX transfection reagent (Thermo
Fisher Scientific) and the appropriate siRNA were both diluted in DMEM,
mixed together, and then preincubated for 15 min. This mixture was then
added to each well such that the final dilution of Lipofectamine RNAiMAX
transfection reagent was 5 ml/ml and the final concentration of siRNA was
50 nM. Transfection was left for 8 h, when fresh medium was added (10%
FCS, 1% penicillin/streptomycin, and 10% L929). For NRF2, siRNA cells
were left overnight, and for KEAP1 and FH, siRNA cells were left for 48 h
before the indicated treatments.

Western blotting

For lysate blots, cells were lysed in sample buffer (0.125 M Tris [pH 6.8],
10% [v/v] glycerol, 0.02% SDS, 5% DTT) and thereafter incubated at 95◦C
for 5 min. For supernatant blots, 1 ml of StrataClean resin (Agilent Technol-
ogies) was added for every 100 ml of supernatant followed by a shaking
incubation step at 4◦C for 5 min. The supernatants were subsequently centri-
fuged at 210 × g for 2 min. The supernatants were discarded and 20 ml of
sample lysis buffer was added to the pellet. The supernatant proteins were
then eluted from the StrataClean resin by adding sample buffer and incubat-
ing the samples at 95◦C for 5 min, followed by centrifugation at 210 × g for
2 min. The samples were resolved on SDS-polyacrylamide gels. On each gel
the Spectra BR protein ladder (Thermo Fisher Scientific) was also run so
that proteins could be identified according to molecular mass. The protein
content of the gel was then transferred to polyvinylidene fluoride mem-
branes, and membranes were subsequently blocked for 1 h in 5% (w/v) dried
milk in TBST. The blots were then incubated with the primary Ab overnight
at 4◦C. Following a 1-h incubation with the secondary Ab at room tempera-
ture, as well as three washes in TBST before and after the secondary Ab
was added, the blots were developed using chemiluminescent substrate
(Thermo Fisher Scientific).

Real-time PCR

Cells were lysed and the RNA was extracted using the PureLink RNA mini
kit (Ambion). cDNA was prepared from the RNA samples using a high-
capacity cDNA reverse transcription kit (Applied Biosystems), in accordance
with the manufacturer’s instructions. Real-time quantitative PCR (qPCR)
was then performed with the resulting cDNA using a 7500 fast real-time
PCR system with PowerUp SYBR Green master mix (Applied Biosystems).
All genes were normalized to Rps18 expression. The sequences of the primer
pairs for murine genes that were used are as follows: Rsp18, 59-GGA TGT
GAA GGA TGG GAA GT-39 (forward) and 59-CCC TCT ATG GGC TCG
AAT TT-39 (reverse); Abca1, 59-CAGCACCGTGTCTTGTCTGA-39 (for-
ward) and 59-GAGACATCGATGGTCAGCGT-39 (reverse); Anxa1, 59-AC-
A ACC ATC GTG AAG TGT GCA CAA CCA TCG TGA AGT GTG -39
(forward) and 59-ATT TCC GAA CGG GAG ACC AT-39 (reverse); Il1b,
59-GAG GAC ATG AGC ACC TTC TTT-39 (forward), 59-GCC TGT AGT
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GCA GTT GTC TAA-39 (reverse); Hmox1, 59-CCT CAAC AGA TGG CGT
CAC TT-39 (forward), 59-GCT GAT CTG GGG TTT CCC TC-39 (reverse).

Statistical analysis

Statistical significance was determined by the one-way or two-way ANOVA
methods as described in the figure legends. For the one-way ANOVA, data
were analyzed with no matching or pairing. Gaussian distribution and equal
SD were assumed. Multiple comparisons were performed comparing the
mean of each column to the mean of every other column. The Tukey test
was used for correction for multiple comparisons. For the two-way ANOVA,
multiple comparisons were performed comparing each cell mean with the
other cell mean in that row. The Šidák test was used for correction for multi-
ple comparisons. Data are expressed as mean ± SEM. Significance was
defined as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
GraphPad Prism v9 software was used for statistical analysis.

Results
4-OI induces annexin A1 secretion by macrophages

As many anti-inflammatory effects have already been reported for
4-OI (33), and annexin A1 has long been recognized as a crucial
anti-inflammatory effector, we investigated the effect of 4-OI on
annexin A1 expression in LPS-stimulated BMDMs. Intracellular
levels of annexin A1 were relatively unaffected (Fig. 1A, quanti-
fied in Supplemental Fig. 1A), but pretreatment with 4-OI gave
rise to the presence of annexin A1 in the cell supernatant (Fig. 1A,
top and bottom panels, lane 4 compared with lane 1, quantified in
Fig. 1B). Although 4-OI does induce a low level of annexin A1
secretion in unstimulated cells, this effect is far more pronounced
in the macrophages that had been stimulated with LPS supernatant

FIGURE 1. 4-OI induces annexin A1 secretion from BMDMs. (A) Representative Western blots of BMDMs that were pretreated with 4-OI (50�200 mM)
or vehicle for 2 h prior to stimulation with LPS (100 ng/ml) for 24 h. Cell lysates were harvested and cell supernatants were concentrated. (B) Quantification
of supernatant annexin A1 (n 5 4 from three independent experiments). (C) Representative Western blots of BMDMs that were pretreated with 200 mM
4-OI for 2 h prior to stimulation with LPS (100 ng/ml), Pam3CSK4 (100 ng/ml), poly(I:C) (1 mg/ml), or R848 (500 ng/ml) for 24 h. Cell lysates were har-
vested and cell supernatants were concentrated. (D) Quantification of supernatant annexin A1 (n 5 4 from three independent experiments). (E) BMDMs were
pretreated with 125 mM 4-OI for 2 h prior to stimulation with LPS (100 ng/ml) for 6, 24, or 48 h. (F) Supernatant annexin A1 levels were measured by
Western blotting (n 5 4 from three independent experiments). Cell lysates were harvested and cell supernatants were concentrated. Data are presented as
mean ± SEM and a one-way or two-way ANOVA was performed. The data show the adjusted p value obtained from multiple comparisons, corrected for
using the Tukey test for one-way ANOVA or Šidák test for two-way ANOVA. *p < 0.05, ***p < 0.0005.
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(Fig. 1A, bottom panel, lane 8 compared with lane 5, quantified in
Fig. 1B). As a control, we confirmed that 4-OI reduces pro�IL-1b
expression (Fig. 1A, second panel, lane 8 compared with lane 5,
quantified in Supplemental Fig. 1B), which we and others have pre-
viously demonstrated (27, 47). Notably, the annexin A1 detected in
the supernatant is around 33 kDa, whereas in the lysate the band is
present at the expected size of 37 kDa. There are reports in the litera-
ture of a cleaved form of annexin A1 measuring 33 kDa being secreted
(25, 26). The effect of 4-OI on annexin A1 secretion was also more
pronounced in cells stimulated with a wider range of TLR ligands (Fig.
1C, bottom panel, lanes 7�10 compared with lanes 2�5, quantified in
Fig. 1D), and similarly, there was no effect on lysate annexin A1
(Supplemental Fig. 1C). We then tested several time points after LPS
stimulation and found that 4-OI induced annexin A1 secretion at longer
time points of 24 and 48 h but not as early as 6 h (Fig. 1E, bottom
panel, lanes 7 and 8 compared with lane 6, quantified in Fig. 1F), again
with no effects on lysate annexin A1 (Supplemental Fig. 1D). We
next investigated whether endogenous itaconate would also impact
annexin A1 secretion using BMDMs lacking Irg1, the gene encod-
ing the enzyme for itaconate synthesis. However, we observed no
difference when comparing supernatant annexin A1 levels between
Irg11/1 and Irg1−/− BMDMs (Supplemental Fig. 1E, bottom
panel, lanes 1 and 2 compared with lanes 3 and 4, quantified in
Supplemental Fig. 1F�H). From these data we can conclude that
4-OI induces annexin A1 secretion from murine macrophages,
whereas endogenous itaconate does not. This observation was
unsurprising because LPS alone, which would increase endoge-
nous itaconate, does not induce annexin A1 secretion.

DMF induces annexin A1 secretion by macrophages

We next tested whether DMF might have a similar effect on annexin
A1 secretion to 4-OI. DMF, in a manner akin to 4-OI, induced
secretion of the 33-kDa form of annexin A1, especially from LPS-
stimulated macrophages (Fig. 2A, lane 8 compared with lane 5,
quantified in Fig. 2B, Supplemental Fig. 2A). Again, as a control we
show that DMF attenuates pro�IL-1b expression (Fig. 2A, lane 8
compared with lane 5, quantified in Supplemental Fig. 2B), which has
previously been reported in the literature (43). Similar to 4-OI, DMF
most strongly induced annexin A1 secretion when used in combina-
tion with LPS stimulation, although there were also increases seen
when used in combination with R848 (Fig. 2C, bottom panel, lanes 7
and 10 compared with lane 6, quantified in Fig. 2D, Supplemental
Fig. 2C). Similar to our results using 4-OI, DMF induced annexin A1
secretion at 24 and 48 h but not after only 6 h of stimulation with LPS
(Fig. 2E, bottom panel, lanes 7 and 8 compared with lane 6, quantified
in Fig. 2F, Supplemental Fig. 2D). We next tested whether endoge-
nous fumarate would affect annexin A1 secretion. For this we used
an inhibitor of the enzyme fumarate hydratase (FHin) to boost
intracellular fumarate levels. Treatment with FHin did not signifi-
cantly induce annexin A1 secretion (Supplemental Fig. 2E, bottom
panel, lanes 5 and 6 compared with lane 4, quantified in Supplemental
Fig. 2F, 2G). To further test the role of endogenous fumarate
accumulation, we used genetic knockdown of fumarate hydratase
to increase intracellular fumarate levels. Knockdown efficiency was
∼50% (Supplemental Fig. 2H, top panel, quantified in Supplemental
Fig. 2I). We did not find any changes to secretion of annexin A1 with
LPS treatment (Supplemental Fig. 2H, bottom panel, quantified in
Supplemental Fig. 2J, 2K), suggesting that the effect we observed on
annexin A1 secretion occurs for DMF but not endogenous fumarate.

4-OI and DMF induce annexin A1 secretion in an NRF2-dependent
manner

As 4-OI and DMF have both been identified as potent NRF2 activators
(27, 36), we sought to investigate whether the capacity of 4-OI and DMF

to induce annexin A1 secretion was NRF2-dependent. We observed that
an additional NRF2-activating compound, DEM, also promoted secre-
tion of annexin A1 in LPS-stimulated BMDMs while reducing lysate
annexin A1 in resting macrophages (Fig. 3A, bottom panel, lane 4 com-
pared with lane 3, quantified in Fig. 3B, Supplemental Fig. 3A). We next
took a genetic approach by knocking down the NRF2 regulator KEAP1,
as 4-OI, DMF, and DEM all act via KEAP1 modification (27, 36, 48).
Treatment of BMDMs with an siRNA against KEAP1 resulted in
reduction of KEAP1 protein levels (Fig. 3C, top panel, lanes 3 and 4
compared with lanes 1 and 2, quantified in Fig. 3D, Supplemental
Fig. 3B) and an increase in heme oxygenase-1 (HO-1), which is
NRF2-dependent (Fig. 3C, second panel, lanes 3 and 4 compared with
lanes 1 and 2, quantified in Supplemental Fig. 3C). KEAP1 knock-
down also resulted in increased secretion of 33-kDa annexin A1,
whereas lysate annexin A1 remained unchanged (Fig. 3C, bottom panel,
lanes 3 and 4 compared with lanes 1 and 2, quantified in Fig. 3D,
Supplemental Fig. 3D). To evaluate whether 4-OI and DMF could still
induce annexin A1 secretion in the absence of NRF2, we knocked
down NRF2 using siRNA. Silencing of NRF2 significantly impaired
the ability of 4-OI (Fig. 3E, bottom panel, lane 8 compared with lane 4,
quantified in Fig. 3F) and also DMF (Fig. 3G bottom panel, lane 8 com-
pared with lane 4, quantified in Fig. 3H) to induce annexin A1 secretion
in LPS-stimulated BMDMs while not changing lysate annexin A1
(Supplemental Fig. 3E, 3F). As knockdown using siRNA did not
completely abolish NRF2 (Fig. 3E, quantified in Supplemental Fig. 3G),
the hypothesis was also tested in BMDMs isolated fromNRF2 knockout
mice and matched wild-types. In NRF2 knockout macrophages stimu-
lated with LPS and 4-OI or DMF, annexin A1 was completely absent
from the supernatants (Fig. 3I, bottom panel, lanes 11 and 12 compared
with lanes 5 and 6, quantified in Fig. 3J, Supplemental Fig. 3I, 3J). Col-
lectively, these data demonstrate that 4-OI and DMF induce annexin A1
secretion in an NRF2-dependent manner. Given that NRF2 is a potent
transcription factor, we hypothesized that the increases in secretion may
be mediated by increased transcription and translation of annexin A1
downstream of NRF2. Surprisingly, however, we found that although
LPS alone induces transcription of annexin A1 after 6 h, this effect
was blocked by 4-OI and DMF (Supplemental Fig. 4A, 4B), despite
strong NRF2 activation and anti-inflammatory signaling seen by
induction of NRF2 target gene Hmox1 and blocking of Il1b transcrip-
tion (Supplemental Fig. 4C�F). These data highlight that 4-OI and
DMF induce secretion independent of changes in the transcription of
annexin A1.

4-OI and DMF induce annexin A1 secretion in
an ABCA1-dependent manner

Given that we have only seen an effect of the secretion of annexin A1,
and not transcription, we next wondered which transporters could be
involved in this process. The cholesterol transporter ABCA1 has been
implicated in the secretion of annexin A1 (22, 23). Additionally, con-
sistent with anti-inflammatory actions of 4-OI and DMF, ABCA1 has
also been reported to reduce the macrophage inflammatory response
to LPS potentially by regulating cell surface TLR4 (49) and to activate
a Jak2-Stat3�dependent pathway to suppress IL-1b, IL-6, and TNF-a
in response to LPS (24). Therefore, we assessed the possible involve-
ment of ABCA1 in 4-OI� and DMF-induced annexin A1 secretion.
We found that LPS increased mRNA levels of Abca1 (Fig. 4A), which
was previously reported in the literature (50). We hypothesized that
perhaps NRF2 activation could be connected to secretion of annexin
A1 via ABCA1 induction. There are reports of NRF2-activating com-
pounds increasing ABCA1 expression in macrophages (51, 52), so we
hypothesized that NRF2 activation by 4-OI and DMF led to an upre-
gulation of ABCA1 expression, which would facilitate annexin A1
release. We analyzed ABCA1 expression by Western blotting and
found that LPS also increased protein levels of ABCA1 (Fig. 4B, lane
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4 compared with lane 1, quantified in Fig. 4C). However, contrary to
our hypothesis, 4-OI did not augment ABCA1 expression, but in fact
reduced LPS-induced ABCA1 expression (Fig. 4B, lane 6 compared
with lane 4, quantified in Fig. 4C). Similar results were obtained in
cells treated with DMF, with DMF tending to attenuate LPS-induced
ABCA1 expression (Fig. 4F, lane 6 compared with lane 4, quantified
in Fig. 4G). Although ABCA1 expression was not upregulated, but
actually decreased by 4-OI and DMF, we still wanted to evaluate
whether ABCA1 was required for this process. Although annexin A1
secretion in other cell types has been shown to be dependent on
ABCA1 (22, 23), this has not been explicitly demonstrated for

macrophages. When we knocked down ABCA1 using siRNA (Fig.
4H, quantified in Supplemental Fig. 4G), 4-OI� and DMF-induced
annexin A1 secretion was markedly impaired whereas lysate annexin
A1 was not changed (Fig. 4F, bottom panel, lanes 11 and 12 compared
with lanes 5 and 6, quantified in Fig. 4G, Supplemental Fig. 4H), sug-
gesting that secretion of annexin A1 from macrophages is ABCA1-
dependent. Finally, we wanted to determine whether this system was
also functional in vivo. Therefore, using an LPS sepsis model with
4-OI or DMF pretreatment, we found that LPS alone significantly
increased annexin A1 in the serum and this was further boosted by
4-OI pretreatment, with a similar trend seen with DMF (p 5 0.07)

FIGURE 2. DMF induces annexin A1 secretion from BMDMs. (A) Representative Western blots from BMDMs pretreated with DMF (5�25 mM) or vehicle
for 2 h prior to stimulation with LPS (100 ng/ml) for 24 h. Cell lysates were harvested and cell supernatants were concentrated. (B) Supernatant annexin A1 quanti-
fication (n 5 4 from three independent experiments). (C) Representative Western blots from BMDMs pretreated with 20 mM DMF for 2 h prior to stimulation
with LPS (100 ng/ml), Pam3CSK4 (100 ng/ml), poly(I:C) (1 mg/ml), or R848 (500 ng/ml) for 24 h. Cell lysates were harvested and cell supernatants were concen-
trated. (D) Quantification of supernatant annexin A1 (n5 5 from three independent experiments). (E) BMDMs were pretreated with 20 mM DMF for 2 h prior to
stimulation with LPS (100 ng/ml) for 6, 24, or 48 h. (F) Supernatant annexin A1 levels were measured by Western blotting (n5 4 from three independent experi-
ments). Data are presented as mean ± SEM, and a one-way or two-way ANOVA was performed. The data show the adjusted p value obtained from multiple com-
parisons, corrected for using the Tukey test for one-way ANOVA or Šidák test for two-way ANOVA. *p< 0.05, ***p< 0.0005, ****p< 0.0001.
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FIGURE 3. 4-OI and DMF induce annexin A1 secretion in an NRF2-dependent manner. (A) BMDMs were pretreated with 100 mM DEM for 2 h prior to
stimulation with LPS (100 ng/ml) for 24 h. Cell lysates were harvested and cell supernatants were concentrated. (B) Supernatant annexin A1 levels were mea-
sured by Western blotting (n 5 3 from three independent experiments). (C) Representative Western blots from BMDMs that were transfected with 50 nM
control siRNA or KEAP1 siRNA for 48 h, prior to stimulation with LPS (100 ng/ml) for 24 h. (D) Supernatant annexin A1 (n 5 4 from three independent
experiments). (E) Representative Western blots from BMDMs that were transfected with 50 nM control siRNA or NRF2 siRNA for 24 h. The cells were
then pretreated with 200 mM 4-OI for 2 h prior to stimulation with LPS (100 ng/ml) for 24 h. (F) Quantification of supernatant annexin A1 (n 5 4 from three
independent experiments). (G) BMDMs were transfected with 50 nM control siRNA or NRF2 siRNA for 24 h. The cells were then pretreated with 25 mM
DMF for 2 h prior to stimulation with LPS (100 ng/ml) for 24 h. (H) Quantification of supernatant annexin A1 (n 5 4 from three independent experiments).
(I) BMDMs from wild-type and NRF2 knockout mice were pretreated with vehicle, 200 mM 4-OI, or 25 mM DMF for 2 h prior to stimulation with LPS
(100 ng/ml) for 24 h. Cell lysates were harvested and cell supernatants were concentrated. (J) Supernatant annexin A1 levels were measured by Western blot-
ting (n 5 3 from one independent experiment). Data are presented as mean ± SEM, and a one-way ANOVA was performed. The data show the adjusted
p value obtained from multiple comparisons, corrected for using the Tukey test. *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001; ns, not
significant.
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(Fig. 4H). Taken together, these data highlight that 4-OI and DMF
induce annexin A1 secretion through a transporter mechanism rather
than expression/transcription both in vitro and in vivo.

Discussion
In recent years there has been a strong focus on elucidating the anti-
inflammatory effects of the itaconate and fumarate derivatives 4-OI

FIGURE 4. 4-OI� and DMF-induced annexin A1 secretion requires ABCA1. (A) BMDMs were treated with LPS (100 ng/ml) for 4, 8, or 24 h. The cells
were lysed, mRNA was extracted, and the expression of Abca1 was quantified by quantitative PCR (n 5 4 from three independent experiments). (B) Repre-
sentative Western blots from BMDMs pretreated with vehicle or 100 or 200 mM 4-OI for 2 h prior to stimulation with LPS (100 ng/ml) for 24 h and cell
lysates were harvested. (C) ABCA1 was measured by Western blotting (n 5 3 from three independent experiments). (D) Representative Western blots from
BMDMs pretreated with vehicle or 15 or 25 mM DMF for 2 h prior to stimulation with LPS (100 ng/ml) for 24 h and cell lysates were harvested.
(E) ABCA1 was measured by Western blotting (n 5 3 from three independent experiments), and quantification by densitometry is shown. (F) Representative
Western blots from BMDMs that were transfected with 50 nM control siRNA or ABCA1 siRNA for 24 h. The cells were then pretreated with 200 mM 4-OI
or 25 mM DMF for 2 h prior to stimulation with LPS (100 ng/ml) for 24 h. (G) Quantification of supernatant annexin A1 (n 5 6 from three independent
experiments). (H) Serum annexin A1 from mice injected with vehicle, 50 mg/kg 4-OI, or 25 mg/kg DMF 2 h prior to injection with PBS or LPS (2.5 mg/kg)
as indicated (n 5 4�5 per group). Data are presented as mean ± SEM, and a one-way ANOVA was performed. The data show the adjusted p value obtained
from multiple comparisons, corrected for using the Tukey test. *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001.
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and DMF. These two Krebs cycle metabolite derivatives overlap in
their effects, including attenuation of pyroptosis (38, 45), negative
regulation of glycolysis (40, 43), downregulation of PGs (53), and,
importantly, activation of NRF2 (27, 36). The findings of the current
study now also suggest that 4-OI and DMF promote annexin A1
secretion. We demonstrate that both 4-OI and DMF, but not endoge-
nous itaconate and fumarate, induce the secretion of a 33-kDa form
of annexin A1 from macrophages, an effect that is far more striking
in cells stimulated with the TLR4 agonist LPS. We show that addi-
tional ways of activating NRF2 through both pharmacological and
genetic means are sufficient to drive annexin A1 secretion and that
4-OI and DMF cannot induce annexin A1 secretion in NRF2-defi-
cient cells. We also provide evidence indicating that the transporter
ABCA1 is required for secretion of annexin A1 in response to 4-OI
and DMF. However, further work is necessary to understand exactly
how NRF2 activation leads to annexin A1 secretion.
We hypothesized that perhaps NRF2 activation by 4-OI and

DMF boosted ABCA1 expression, as other NRF2 activators have
been reported to do so (51, 52), although these studies were primar-
ily concerned with the facilitation of cholesterol efflux by ABCA1.
Our data suggest that the mechanism by which NRF2 activation
gives rise to annexin A1 secretion is not through upregulation of
ABCA1 because 4-OI and DMF did not augment its expression
and, if anything, were inhibitory. However, ABCA1 is sensitive to
palmitoylation on several cysteine residues for its cellular localiza-
tion to the plasma membrane, and for its export function (54).
Therefore, it is possible that DMF and 4-OI are either directly targeting
cysteine residues to alter palmitoylation or modifying other targets
involved in ABCA1’s regulation and function such as the palmitoyl
transferases, which have been shown to be targeted by cysteine-reactive
compounds (44). Furthermore, whether NRF2 activation drives tran-
scription of these regulators of ABCA1 is currently unknown. Addition-
ally, that LPS increases ABCA1 expression might serve as a primer for
4-OI and DMF to then modify activity or activity-modulating enzymes
to induce annexin A1 secretion. This might be why these effects are
much stronger in combination with LPS stimulation in macrophages
than when 4-OI or DMF are used alone.
Although it has been known for some time that annexin A1 is

secreted, the regulation of this process remains poorly understood. It is
striking that the 33-kDa cleaved form of annexin A1 that was consis-
tently detected in the supernatant was not detected in the cell lysates.
Perhaps this indicates that the cleavage event somehow drives the secre-
tion of annexin A1. It was demonstrated for neutrophils that proteinase
3 and elastase can cleave annexin A1 to the 33-kDa form (25, 26). Per-
haps NRF2 activation drives expression or activation of one of these
proteases, or alternative proteases that are yet to be implicated in
annexin A1 cleavage, and in this way induces annexin A1 cleavage and
subsequent secretion. However, investigation into the identity and
mechanism of the protease responsible for annexin A1 cleavage in
response to NRF2 activation is outside the scope of this study.
These data also emphasize that metabolite derivatives do not always

mimic the action of their corresponding endogenous metabolites, as
recently reviewed (34). Many of the effects that have been shown for
4-OI have also been found to be recapitulated by endogenous itaco-
nate, which is usually studied using Irg1−/− mice. For example, both
4-OI and endogenous itaconate have been shown to limit glycolysis
(40), inhibit TET DNA dioxygenases (42), and induce lysosomal
biogenesis (55) in macrophages. However, increasing evidence has
emerged that 4-OI and itaconate sometimes diverge in their effects.
4-OI has been reported to downregulate type I IFNs (27) whereas
itaconate was found to boost IFN production (56). We have previ-
ously reported that 4-OI reduced PG production in macrophages yet
endogenous itaconate did not (53), and in this study again we see that
endogenous itaconate and fumarate fail to recapitulate the effects of

the derivatives 4-OI and DMF. One potential explanation for this
could be the differing degrees to which 4-OI and endogenous itaco-
nate activate NRF2. Although it is known that 4-OI potently acti-
vates NRF2 (27), there are some discrepancies in the literature
regarding NRF2 activation by itaconate. One study showed that
LPS-induced NRF2 levels were lower in Irg1−/− BMDMs com-
pared with wild-type cells (47). However, a later study from the
same group showed no changes in NRF2 activation with exogenous
itaconate up to 7.5 mM (56), and another group published that there
was no difference in LPS-induced NRF2 stabilization between Irg11/1

and Irg1−/− BMDMs (57). Therefore, the extent to which endogenous
itaconate can activate NRF2 is unclear and could explain why endoge-
nous itaconate does not affect annexin A1 secretion, which our data
suggest is an NRF2-dependent process. Perhaps a threshold of NRF2
activation is required, which LPS alone cannot achieve, even though
it induces itaconate accumulation. 4-OI might breach that threshold,
promoting strong NRF2 activation and annexin A1 secretion.
Annexin A1 has actually been reported to be modified by itaconate

and itaconate derivatives in multiple studies (27, 41, 44, 58), yet the
functional consequence of this modification has not been thus far eluci-
dated. Intriguingly, the same cysteine residue on annexin A1, Cys189,
has been shown to be modified by DMF in neurons and astrocytes (59),
and low annexin A1 levels were found to correlate with severity of
relapsing-remitting MS (60), a disease for which DMF is used as treat-
ment. It is possible that 4-OI and DMF might drive annexin A1 secre-
tion through a combination of NRF2 activation, direct modification of
annexin A1, and regulation of ABCA1 activity. It is conceivable, for
example, that NRF2 activation drives annexin A1 cleavage while the
modification is required for its translocation to the plasma membrane
for secretion, as it has already been reported that annexin A1 phosphor-
ylation regulates trafficking of annexin A1 to the plasma membrane
(61, 62). As the modification of NLRP3 by 4-OI was shown to modu-
late the direct interaction between NLRP3 and NEK7 (38), the modifi-
cation of annexin A1 could potentially regulate its interaction with
ABCA1. It is also feasible that the modification could modulate binding
of annexin A1 to its receptor FPR2 after it has been secreted. As our
data show NRF2 dependency, modification of annexin A1 by 4-OI or
DMF alone is not sufficient to induce secretion. The potential down-
stream effects of annexin A1 modification therefore require further
analysis.
Importantly, this work highlights, to our knowledge for the first

time, that the cysteine-reactive compounds 4-OI and DMF induce
the secretion of the potent proresolution molecule annexin A1 both
in vitro and in vivo, and that this effect requires both NRF2 and
ABCA1. Although some gaps remain in our knowledge of how
4-OI and DMF drive annexin A1 secretion in LPS-stimulated mac-
rophages and mice, our data nonetheless contribute to the already
substantial body of literature detailing 4-OI and DMF as potent anti-
inflammatory agents. Finally, these data provide evidence that clini-
cally used therapeutic DMF could be used to promote resolution via
annexin A1 in other inflammatory conditions, and that other cyste-
ine-reactive compounds, such as 4-OI, could similarly be used to
promote resolution of inflammation.
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2004. Mediation of annexin 1 secretion by a probenecid-sensitive ABC-transporter
in rat inflamed mucosa. Biochem. Pharmacol. 67: 1195�1202.

22. Omer, S., D. Meredith, J. F. Morris, and H. C. Christian. 2006. Evidence for the
role of adenosine 59-triphosphate-binding cassette (ABC)-A1 in the externaliza-
tion of annexin 1 from pituitary folliculostellate cells and ABCA1-transfected
cell models. Endocrinology 147: 3219�3227.

23. Li, L., L. Xu, W. Chen, X. Li, Q. Xia, L. Zheng, Q. Duan, H. Zhang, and Y.
Zhao. 2018. Reduced annexin A1 secretion by ABCA1 causes retinal inflammation
and ganglion cell apoptosis in a murine glaucoma model. Front. Cell. Neurosci.
12: 347.

24. Tang, C., Y. Liu, P. S. Kessler, A. M. Vaughan, and J. F. Oram. 2009. The mac-
rophage cholesterol exporter ABCA1 functions as an anti-inflammatory receptor.
J. Biol. Chem. 284: 32336�32343.

25. Rescher, U., V. Goebeler, A. Wilbers, and V. Gerke. 2006. Proteolytic cleav-
age of annexin 1 by human leukocyte elastase. Biochim. Biophys. Acta 1763:
1320�1324.

26. Vong, L., F. D’Acquisto, M. Pederzoli-Ribeil, L. Lavagno, R. J. Flower, V.
Witko-Sarsat, and M. Perretti. 2007. Annexin 1 cleavage in activated neutrophils:
a pivotal role for proteinase 3. J. Biol. Chem. 282: 29998�30004.

27. Mills, E. L., D. G. Ryan, H. A. Prag, D. Dikovskaya, D. Menon, Z. Zaslona,
M. P. Jedrychowski, A. S. H. Costa, M. Higgins, E. Hams, et al. 2018. Itaconate
is an anti-inflammatory metabolite that activates Nrf2 via alkylation of KEAP1.
Nature 556: 113�117.

28. Hooftman, A., C. G. Peace, D. G. Ryan, E. A. Day, M. Yang, A. F. McGettrick,
M. Yin, E. N. Montano, L. Huo, J. E. Toller-Kawahisa, et al. 2023. Macrophage
fumarate hydratase restrains mtRNA-mediated interferon production. Nature 615:
490�498.

29. Lee, C. G., N. A. Jenkins, D. J. Gilbert, N. G. Copeland, and W. E. O’Brien.
1995. Cloning and analysis of gene regulation of a novel LPS-inducible cDNA.
Immunogenetics 41: 263�270.

30. Michelucci, A., T. Cordes, J. Ghelfi, A. Pailot, N. Reiling, O. Goldmann, T.
Binz, A. Wegner, A. Tallam, A. Rausell, et al. 2013. Immune-responsive gene 1
protein links metabolism to immunity by catalyzing itaconic acid production.
Proc. Natl. Acad. Sci. USA 110: 7820�7825.

31. McFadden, B. A., and S. Purohit. 1977. Itaconate, an isocitrate lyase-directed
inhibitor in Pseudomonas indigofera. J. Bacteriol. 131: 136�144.

32. Naujoks, J., C. Tabeling, B. D. Dill, C. Hoffmann, A. S. Brown, M. Kunze, S.
Kempa, A. Peter, H. J. Mollenkopf, A. Dorhoi, et al. 2016. IFNs modify the pro-
teome of Legionella-containing vacuoles and restrict infection via IRG1-derived
itaconic acid. PLoS Pathog. 12: e1005408.

33. Hooftman, A., and L. A. J. O’Neill. 2019. The immunomodulatory potential of
the metabolite itaconate. Trends Immunol. 40: 687�698.

34. Day, E. A., and L. A. J. O’Neill. 2022. Protein targeting by the itaconate family
in immunity and inflammation. Biochem. J. 479: 2499�2510.

35. Alderson, N. L., Y. Wang, M. Blatnik, N. Frizzell, M. D. Walla, T. J. Lyons, N.
Alt, J. A. Carson, R. Nagai, S. R. Thorpe, and J. W. Baynes. 2006. S-(2-Succinyl)-
cysteine: a novel chemical modification of tissue proteins by a Krebs cycle inter-
mediate. Arch. Biochem. Biophys. 450: 1�8.

36. Linker, R. A., D. H. Lee, S. Ryan, A. M. van Dam, R. Conrad, P. Bista, W. Zeng,
X. Hronowsky, A. Buko, S. Chollate, et al. 2011. Fumaric acid esters exert neuro-
protective effects in neuroinflammation via activation of the Nrf2 antioxidant
pathway. Brain 134: 678�692.

37. Kobayashi, E. H., T. Suzuki, R. Funayama, T. Nagashima, M. Hayashi, H. Sekine,
N. Tanaka, T. Moriguchi, H. Motohashi, K. Nakayama, and M. Yamamoto. 2016.
Nrf2 suppresses macrophage inflammatory response by blocking proinflammatory
cytokine transcription. Nat. Commun. 7: 11624.

38. Hooftman, A., S. Angiari, S. Hester, S. E. Corcoran, M. C. Runtsch, C. Ling,
M. C. Ruzek, P. F. Slivka, A. F. McGettrick, K. Banahan, et al. 2020. The immu-
nomodulatory metabolite itaconate modifies NLRP3 and inhibits inflammasome
activation. Cell Metab. 32: 468�478.e7.

39. Bambouskova, M., L. Potuckova, T. Paulenda, M. Kerndl, D. A. Mogilenko,
K. Lizotte, A. Swain, S. Hayes, R. D. Sheldon, H. Kim, et al. 2021. Itaconate
confers tolerance to late NLRP3 inflammasome activation. Cell Rep. 34:
108756.

40. Liao, S. T., C. Han, D. Q. Xu, X. W. Fu, J. S. Wang, and L. Y. Kong. 2019. 4-
Octyl itaconate inhibits aerobic glycolysis by targeting GAPDH to exert anti-
inflammatory effects. Nat. Commun. 10: 5091.

41. Qin, W., K. Qin, Y. Zhang, W. Jia, Y. Chen, B. Cheng, L. Peng, N. Chen, Y. Liu,
W. Zhou, et al. 2019. S-glycosylation-based cysteine profiling reveals regulation
of glycolysis by itaconate. Nat. Chem. Biol. 15: 983�991.

42. Chen, L. L., C. Morcelle, Z. L. Cheng, X. Chen, Y. Xu, Y. Gao, J. Song, Z. Li,
M. D. Smith, M. Shi, et al. 2022. Itaconate inhibits TET DNA dioxygenases to
dampen inflammatory responses. Nat. Cell Biol. 24: 353�363.

43. Kornberg, M. D., P. Bhargava, P. M. Kim, V. Putluri, A. M. Snowman,
N. Putluri, P. A. Calabresi, and S. H. Snyder. 2018. Dimethyl fumarate tar-
gets GAPDH and aerobic glycolysis to modulate immunity. Science 360:
449�453.

44. Qin, W., Y. Zhang, H. Tang, D. Liu, Y. Chen, Y. Liu, and C. Wang. 2020. Che-
moproteomic profiling of itaconation by bioorthogonal probes in inflammatory
macrophages. J. Am. Chem. Soc. 142: 10894�10898.

45. Humphries, F., L. Shmuel-Galia, N. Ketelut-Carneiro, S. Li, B. Wang, V. V.
Nemmara, R. Wilson, Z. Jiang, F. Khalighinejad, K. Muneeruddin, et al. 2020.
Succination inactivates gasdermin D and blocks pyroptosis. Science 369:
1633�1637.

46. Linker, R. A., and A. Haghikia. 2016. Dimethyl fumarate in multiple sclerosis:
latest developments, evidence and place in therapy. Ther. Adv. Chronic Dis. 7:
198�207.

47. Bambouskova, M., L. Gorvel, V. Lampropoulou, A. Sergushichev, E. Logini-
cheva, K. Johnson, D. Korenfeld, M. E. Mathyer, H. Kim, L. H. Huang, et al.
2018. Electrophilic properties of itaconate and derivatives regulate the IkBz-
ATF3 inflammatory axis. Nature 556: 501�504.

48. Kobayashi, M., L. Li, N. Iwamoto, Y. Nakajima-Takagi, H. Kaneko, Y.
Nakayama, M. Eguchi, Y. Wada, Y. Kumagai, and M. Yamamoto. 2009. The
antioxidant defense system Keap1-Nrf2 comprises a multiple sensing mecha-
nism for responding to a wide range of chemical compounds. Mol. Cell. Biol.
29: 493�502.

49. Yvan-Charvet, L., C. Welch, T. A. Pagler, M. Ranalletta, M. Lamkanfi, S. Han,
M. Ishibashi, R. Li, N. Wang, and A. R. Tall. 2008. Increased inflammatory gene
expression in ABC transporter-deficient macrophages: free cholesterol accumula-
tion, increased signaling via Toll-like receptors, and neutrophil infiltration of ath-
erosclerotic lesions. Circulation 118: 1837�1847.

50. Kaplan, R., X. Gan, J. G. Menke, S. D. Wright, and T. Q. Cai. 2002. Bacterial
lipopolysaccharide induces expression of ABCA1 but not ABCG1 via an LXR-
independent pathway. J. Lipid Res. 43: 952�959.

51. Lu, Q., S. L. Tang, X. Y. Liu, G. J. Zhao, X. P. Ouyang, Y. C. Lv, P. P. He, F.
Yao, W. J. Chen, Y. Y. Tang, et al. 2013. Tertiary-butylhydroquinone upregulates

1040 4-OI AND DMF INDUCE ANNEXIN A1 SECRETION VIA NRF2
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/211/6/1032/1647701/ji2200848.pdf by Trinity C
ollege D

ublin user on 18 June 2024



expression of ATP-binding cassette transporter A1 via nuclear factor E2-related
factor 2/heme oxygenase-1 signaling in THP-1 macrophage-derived foam cells.
Circ. J. 77: 2399�2408.

52. Zhong, Y., J. Feng, Z. Fan, and J. Li. 2018. Curcumin increases cholesterol efflux
via heme oxygenase-1-mediated ABCA1 and SR-BI expression in macrophages.
Mol. Med. Rep. 17: 6138�6143.

53. Diskin, C., A. Zotta, S. E. Corcoran, V. J. Tyrrell, Z. Zaslona, V. B. O’Donnell,
and L. A. J. O’Neill. 2021. 4-Octyl-itaconate and dimethyl fumarate inhibit
COX2 expression and prostaglandin production in macrophages. J. Immunol.
207: 2561�2569.

54. Singaraja, R. R., M. H. Kang, K. Vaid, S. S. Sanders, G. L. Vilas, P. Arstikaitis,
J. Coutinho, R. C. Drisdel, A. D. El-Husseini, W. N. Green, et al. 2009. Palmitoy-
lation of ATP-binding cassette transporter A1 is essential for its trafficking and
function. Circ. Res. 105: 138�147.

55. Zhang, Z., C. Chen, F. Yang, Y. X. Zeng, P. Sun, P. Liu, and X. Li. 2022. Itaco-
nate is a lysosomal inducer that promotes antibacterial innate immunity. Mol.
Cell 82: 2844�2857.e10.

56. Swain, A., M. Bambouskova, H. Kim, P. S. Andhey, D. Duncan, K. Auclair, V.
Chubukov, D. M. Simons, T. P. Roddy, K. M. Stewart, and M. N. Artyomov.
2020. Comparative evaluation of itaconate and its derivatives reveals divergent
inflammasome and type I interferon regulation in macrophages. Nat. Metab. 2:
594�602.

57. Sun, K. A., Y. Li, A. Y. Meliton, P. S. Woods, L. M. Kimmig, R. Cetin-Atalay,
R. B. Hamanaka, and G. M. Mutlu. 2020. Endogenous itaconate is not required

for particulate matter-induced NRF2 expression or inflammatory response. eLife
9: e54877.

58. Cifani, P., Z. Li, D. Luo, M. Grivainis, A. M. Intlekofer, D. Fenyö, and A. Kent-
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