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Summary

Nonsteroidal anti-inflammatory drugs (NSAIDs) inhibit cyclooxygenase (COX) enzymes and are
ubiquitously used for their anti-inflammatory properties. However, COX inhibition alone fails

to explain numerous clinical outcomes of NSAID usage. Screening commonly used NSAIDs in
primary human and murine myeloid cells demonstrated that NSAIDs could be differentiated by
their ability to induce Growth/differentiation factor 15 (GDF15), independent of COX specificity.
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Using genetic and pharmacologic approaches, NSAID-mediated GDF15 induction was dependent
on activation of Nuclear factor erythroid 2-related factor 2 (NRF2) in myeloid cells. Sensing by
Cysteine 151 of the NRF2 chaperone, Kelch-like ECH-associated protein 1 (KEAP1) was required
for NSAID activation of NRF2 and subsequent anti-inflammatory effects both /n vitroand in vivo.
Myeloid-specific deletion of NRF2 abolished NSAID-mediated tissue protection in murine models
of gout and endotoxemia. This highlights a noncanonical NRF2-dependent mechanism of action
for the anti-inflammatory activity of a subset of commonly used NSAIDs.

eTOC blurb

The use of nonsteroidal anti-inflammatory drugs (NSAIDs) is ubiquitous. Herein, Eisenstein et
al identify a noncanonical mechanism of action for the anti-inflammatory activity of NSAIDs
through activation of the transcription factor, Nuclear factor erythroid 2-related factor 2 (NRF2).
In endotoxemia and gout models, indomethacin improved inflammation in an NRF2-dependent
manner.
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Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) are among the oldest and most commonly
used medications in the world. The oldest NSAID, aspirin, is derived from the active

agent responsible for the analgesic and antipyretic properties of the willow bark, which

has been used as far back as 1900 BC to treat various maladies (Desborough and Keeling,
2017; MacLagan, 1876; Schmidt, 1934; Stone, 1763). Shortly after aspirin’s discovery and
commercialization, indomethacin was discovered as a potent NSAID using the first rodent
animal model of local inflammation (carrageenan-induced paw inflammation) (T. Y. Shen,
1963; Winter et al., 1962). The subsequent discovery of the ability of NSAIDs to inhibit
cyclooxygenase (COX) to prevent inflammatory prostaglandin formation from arachidonic
acid then led to the identification of the isozymes COX1 and COX2 and the proliferation of
NSAIDs and COX-specific NSAIDs for the treatment of a wide spectrum of inflammatory
diseases (Fu et al., 1990; Vane, 1971).

Given the widespread use of NSAIDs across multiple disease states over the last hundred
years, many clinical phenomena have arisen that have been difficult to reconcile within the
paradigm of COX-inhibition. Multiple studies have demonstrated that equipotent dosing of
NSAIDs with the same COX-specificity produce variable outcomes, a phenomenon that had
previously been primarily attributed to a combination of pharmacogenetic, pharmacokinetic
and pharmacodynamic differences (Bannuru et al., 2015; Li et al., 2020; Rollason et al.,
2014). For example, in a large metanalyses of arthritis treatment, diclofenac is the most
effective NSAID amongst several other agents with nearly identical COX2 selectivity (da
Costa et al., 2017), while amongst post-operative management, the efficacy of similar
NSAIDs are quite variable (Ong et al., 2007). Moreover, NSAID use is associated with
both beneficial and detrimental outcomes across multiple diseases, and it has been difficult
to ascribe these effects to COX inhibition alone. For example, NSAIDs both prevent and
cause heart disease in different contexts (Coxib et al., 2013; McGettigan and Henry, 2011).
In meta-analyses, ibuprofen and diclofenac increase risk of myocardial infarction, while
naproxen—which has similar COX inhibition profiles—does not (Kearney et al., 2006; Trelle
et al., 2011). These paradoxes are also observed in cancer, and there has been great interest
in understanding the COX-independent anti-tumor mechanisms of NSAIDs (Chubak et al.,
2016; Gurpinar et al., 2014). NSAIDs are also implicated in exacerbating allergic disease
(Blanca-Lopez et al., 2019; Dona et al., 2012), and NSAIDs with similar COX-profiles
have markedly different effects on asthma exacerbation (Lo et al., 2016). Indeed, even
NSAID-induced gastrointestinal tract damage, one of the most well-known side effects of
NSAIDs, cannot be explained solely by inhibition of COX enzymes (Langenbach et al.,
1995). Thus, despite the wealth of data on the potential benefits and harms of NSAIDs, the
exact mechanisms underlying these observations is not fully known.

Multiple studies in multiple species have identified non-canonical mechanisms of action

of NSAIDs (Gurpinar et al., 2013). The most compelling evidence for this comes from
studies utilizing Caenorhabditis elegans, which do not express COX isoforms, where
NSAIDs extend longevity (Ching et al., 2011; He et al., 2014). Mechanistically, several
COX-independent effects of NSAIDs have been proposed, including suppression of NF-xB
(Kopp and Ghosh, 1994) and the inflammasome (Smith et al., 2017), as well as a myriad of
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other potential off-target pathways (Gao et al., 2018). Given the ubiquitous use of NSAIDs,
and the paradoxical but large effect sizes of NSAIDs across multiple diseases, understanding
mechanisms of action of NSAIDs is of great biomedical interest.

In a previous report, we showed that Growth/differentiation factor 15 (GDF15) is required
for surviving acute systemic inflammation through hepatic metabolic reprograming (Luan
et al., 2019). Historically, Gaf15was identified as an NSAID-inducible gene in studies
using colorectal cancer cell lines--many of which do not express COX enzymes (Hanif

et al., 1996)--in an attempt to understand the correlation between NSAID use and the
decreased incidence of colorectal cancer (Chubak et al., 2016). Fittingly, it was originally
named NSAID-activated gene 1 (Nag-1) (Baek et al., 2001). Based on this, we sought to
determine if NSAIDs may have different therapeutic efficacy because they differentially
induce GDF15. Here we report a noncanonical, COX-independent, mechanism of action
of NSAIDs that is dependent on activation of NRF2 in myeloid cells. This has broad
implications for the therapeutic use of NSAIDs in a wide range of conditions.

Indomethacin induces GDF15 independent of cyclooxygenases

Given the ability of NSAIDs to induce GDF15 in colorectal cancer cell lines, we sought

to determine whether GDF15 could be induced by NSAIDs in primary mouse cells.

We challenged bone marrow-derived macrophages (BMDM) with the classical NSAID,
indomethacin, and observed robust transcriptional induction (Fig. 1A). Indomethacin is

a non-selective COX inhibitor with preference for COX1 (Warner et al., 1999). To test
whether the ability to induce GDF15 was a function of COX selectivity, we challenged
BMDM with a wide spectrum of NSAIDs spanning COX specificities and across multiple
doses, and observed that only a subset of NSAIDs induced GDF15 transcription and protein
in a dose-dependent fashion (Fig. 1B and C). We verified that the GDF15-inducing doses
of indomethacin and ibuprofen did not cause cell death or induce reactive oxygen species
(ROS) (Fig. S1A and S1B). For NSAIDs that did not robustly induce GDF15 in this screen,
we could only achieve minimal Gaf15induction at supratherapeutic doses. Therapeutic
doses of ketoprofen, which has a similar COX-specificity profile as indomethacin (Herndon
et al., 2008) were unable to induce Gdf15 at any timepoint (Fig. S1C), and was only
supratherapeutic, millimolar doses were able to induce GDF15 (Fig. S1D). Similar induction
of GDF15by indomethacin, but not by ketoprofen, was seen in human peripheral blood
monocyte-derived macrophages (MDM) (Fig. 1D).

Since the ability to induce GDF15 did not depend on COX-specificity, we hypothesized
that GDF15 induction may be COX-independent. To test this, we generated animals where
Ptgs1and Ptgs2 (the genes encoding COX1 and 2, respectively) were deleted in Lysozyme
2 (Lyz2)-expressing cells, which include many cells of the myeloid lineage (Abram et

al., 2014; Shi et al., 2018), and verified that PtgsZ and Ptgs2 expression was efficiently,

but not completely, decreased (Fig. S1E and S1F). We were unable to detect COX2in
resting BMDM by gPCR or Western Blot, consistent with previous observations that Pfgs2
is expressed at low levels until induced by various inflammatory stimuli (Angel et al.,
1994; Arias-Negrete et al., 1995; Inoue et al., 1995). We found that indomethacin itself
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induced PfgsZ, and that this induction was efficiently, but not completely, diminished

(Fig. S1F). Since others have previously demonstrated that residual COX activity and
prostaglandin synthesis retain significant functional signaling properties, which can be both
pro- and anti-inflammatory, to estimate the functional deletion of prostaglandin signaling,
we characterized known prostaglandin-responsive genes after stimulating BMDMSs with
lipopolysaccharide (LPS), and found that our transgenic system impacted the expression

of these targets (Fig. S1G), consistent with our Western blot and qPCR approaches to
validating deletion efficiency (Cilenti et al., 2021; Funk, 2001; Zelenay et al., 2015). Despite
the significant loss of COX1 and COX2, there was no impact on the ability of indomethacin
to induce Gdfi5 transcription or on GDF15 secretion into culture supernatant (Fig. 1E and
F). These data demonstrated that NSAIDs could be divided into those that could induce
Gdf15and those that could not, and that the induction of Gaf15was largely independent

of COX isozymes, although we cannot definitively exclude their contribution given the
incomplete deletion related to limitations of our Cre-loxp approach.

A subset of NSAIDs activate NRF2 and downstream GDF15

Thus, to identify the mechanism of indomethacin-induced Gadf15 upregulation, we generated
BMDMs from animals lacking transcription factors and signaling molecules (Patel et al.,
2019; Ratnam et al., 2017; Suzuki et al., 2017) previously implicated in GDF15 regulation
(Fig. 2A). Gdfi5induction did not require the essential signaling adaptors for almost all
toll-like receptors (TLR), MyD88. We included NRF2 deficient BMDMs because most
NSAIDs are carboxylic acid-containing electrophiles and a study also implicated NRF2 and
GDF15 in the mechanism of action of colchicine in hepatocytes (Weng et al., 2021; Zhou
et al., 2005). Kelch-like ECH-associated protein 1 (KEAP1), the chaperone protein which
sequesters NRF2 in the cytosol detects excess cytosolic electrophiles through its cysteine
moieties and subsequently releases NRF2 into the nucleus where it activates transcriptional
programs important in drug detoxification and maintenance of redox balance (Cuadrado et
al., 2019; Yamamoto et al., 2018).

We found that Gaf15 induction in response to indomethacin required NRF2 (Fig. 2A).
Using BMDMs from animals in which NRF2 was deleted only in Lyz2-expressing cells
(Fig. S2A), we found that indomethacin-induced GDF15 largely required NRF2 (Fig.

2B). Decreased Gaf15 mRNA and protein were also detected at steady state in these
BMDMs (Fig. S2B and S2C), suggesting that while NRF2 contributed significantly, but
not solely, to basal Gaf15expression, it was required for inducibility by NSAIDs. To test if
NRF2 activation was sufficient to induce Gdf15, we tested two canonical NRF2 activators,
sulforaphane and dimethylfumarate (DMF) (Dinkova-Kostova et al., 2002; Foresti et al.,
2013; Linker et al., 2011; Scannevin et al., 2012; Zhang et al., 1992), and found that NRF2
activation was sufficient to induce GadfZ5 in both mouse BMDMs (Fig. 2C) and in human
MDMs (Fig. S2D). However, the ability of DMF to induce GDF15 depended largely, but
not completely, on NRF2, (Fig. 2D and S2E), consistent with other known mechanisms

of action of DMF, and consistent with other reported modalities of GDF15 induction.
Finally, since NRF2 is responsive to both excess cytosolic electrophiles and also ROS, we
tested if ROS could induce Gdf15, and observed that sodium arsenite, 2,3-dimethoxy-1,4-
naphthalenedione (DMNQ), and phenazine methosulfate (PMS) could induce GdfZ5in a
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dose-dependent manner and that this was significantly but incompletely dependent on NRF2
(Fig S2F, S2G). We thus identify NRF2 as a critical transcription factor for the induction of
Gdf15 generally and by a subset of NSAIDs specifically in murine BMDMs.

Since NRF2 was required for GDF15 induction, we asked whether GDF15-inducing
NSAIDs, like indomethacin and ibuprofen, also activated canonical NRF2 signaling (Itoh
etal., 1997; Itoh et al., 2004; Venugopal and Jaiswal, 1996). Indeed, indomethacin and
ibuprofen, but not ketoprofen, induced the expression of canonical NRF2 target genes,
Cat, Gar, Gelm, Hmox1, Ngol and Taldo1 in BMDMs in an NRF2-dependent fashion; the
kinetics of other NRF2 target genes activated after indomethacin treatment also mirrored
that of Gdf15 (Fig. 2E, S2H-J). As with Gdf15, ketoprofen was unable to induce Hmox1
at any dose (Fig. S2K), suggesting that it does not activate NRF2 signaling in contrast to
indomethacin and ibuprofen. Consistent with the observation that a significant deletion of
COX expression did not impact Gdf15induction, the induction of NRF2 target genes by
indomethacin and ibuprofen also was not impacted by significant loss of COX1 and COX2
(Fig. 2F and S2L).

Since NRF2 target genes can be induced by other transcription factors such as hypoxia-
inducible factor 1a (Toth and Warfel, 2017), we used immunofluorescence and chromatin
immunoprecipitation approaches to confirm that indomethacin caused NRF2 nuclear
localization and binding to antioxidant response elements (ARE) in the regulatory regions
of Gdfi5and the canonical NRF2 target Ngo1. As predicted, indomethacin treatment of
BMDMs indeed caused translocation of NRF2 into the nucleus (Fig. 2G). To test if NRF2
bound to regulatory elements in Gaf15, we identified a canonical ARE consensus sequence
that overlapped with enhancer signatures after scanning for ARE consensus sequences
10kb upstream and downstream from the transcriptional start site (Fig. S3). We found that
four hours after indomethacin stimulation, NRF2 bound to an enhancer containing two
ARE consensus sequences of Gdf15; moreover, indomethacin stimulation also resulted in
activating histone modifications (H3K27Ac) at this identified control region, indicating that
this enhancer is involved in GDF15 transcriptional activation in response to indomethacin
(Fig. 2H, left). Since we found that indomethacin activated the NRF2 transcriptional
program, we tested if indomethacin would also cause NRF2 binding to the ARE consensus
sequence in the promoter of NgoZ, and found that stimulation with indomethacin indeed
led to NRF2 binding as well as activating histone modifications (H3K27Ac) at this position
(Fig. 2H, right). These data collectively demonstrated that a subset of NSAIDs are NRF2
activators and established Nag-1 (Gdf15) as an NRF2-target gene.

Indomethacin activates NRF2 target genes, including Gdf15, in Lyz2-expressing cells in an
NRF2-dependent fashion in vivo

Having established some NSAIDs as NRF2 activators and Gdfl5as an NRF2 target gene

in primary mouse and human monocytes/macrophages, we then asked if our /n vitro
observations could be seen in7 vivo. As in BMDMs, we observed that, A2/~ mice have

less plasma GDF15 levels as compared to B6 mice; furthermore, lack of Nrf2 in only Lyz2
expressing cells also had decreased total serum GDF15 levels (Fig. 3A). As we had observed
in BMDMs, indomethacin, but not ketoprofen, robustly induced plasma GDF15, with a peak
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concentration at 6 hours after intraperitoneal injection (Fig. 3B). Likewise, a single injection
of the NRF2 activator sulforaphane also induced GDF15 /7 vivo in an NRF2-dependent
fashion (Fig. S4A). Moreover, bardoxolone, an NRF2 activator in late-stage clinical trials for
use in chronic kidney disease, also induced GDF15 /n vivo both when given in a single bolus
or when administered chronically (Fig. S4B and S4C).

Consistent with our /n vitro findings, we found that indomethacin-induced GDF15 was
dependent on NRF2 (Fig. 3C). Given that Lyz2-expressing cells appeared to be important for
basal GDF15 levels, we sought to determine whether lack of NRF2 expression in only Lyz2-
expressing cells altered indomethacin-induced GDF15 levels. Indeed, Lyz2-expressing cells
produced the majority of plasma GDF15 induced by indomethacin in an NRF2-dependent
fashion (Fig. 3D). Furthermore, decreased levels COX1 and 2 enzymes in Lyz2-expressing
cells did not have a significant effect on indomethacin-induced GDF15 levels (Fig. 3E).
Since inducible GDF15 was completely attenuated in whole body NRF2 deficient mice, and
roughly 70% of NSAID-induced GDF15 levels depend on Lyz2-expressing myeloid cells,
other NRF2-expressing cells contribute to NSAID-induced GDF15 /n vivo. Likewise, the
majority of circulating GDF15 induced by sulforaphane, a canonical NRF2 activator, also
depended on NRF2 expression specifically in LyzZ-expressing cells (Fig. 3F), suggesting

a more general role for this cell lineage in GDF15 regulation and production downstream

of NRF2 activation. As we consistently observed transient induction of GDF15 following a
single dose of indomethacin, we sought to determine whether this was also true for other
NRF2 target genes /n vivo. Hmox1 expression in the liver peaked at 6 hours and then
decreased, similarly to serum GDF15 (Fig. 3G).

Having established that indomethacin and the canonical NRF2 activator sulforaphane

can induce GDF15 /n vivo, we explored whether elevated plasma GDF15 levels were
indicative of activation of NRF2 programs in response to indomethacin. To test for NRF2
activation /n vivo, we first screened organs from B6 mice for transcriptional induction
after sulforaphane injection to identify potential organs most responsive to systemic NRF2
activation, and identified robust induction of Gaf15and Ngol primarily in the liver and
kidney (Fig. S4D,E). We next sought to determine whether this effect was dependent

on NRF2. Consistent with the requirement of NRF2 for NSAID-induced GDF15, both
indomethacin and sulforaphane induced NRF2 target genes Gaf15, Hmox1, and Ngolin
the liver and kidney in a manner dependent on NRF2 in Lyz2expressing cells (Fig. 3H,
S4F). Indomethacin-induced upregulation of Gdf15, Hmox1, and Ngol in liver and kidney
was independent of COX1 and 2 expression in Lyz2expressing cells (Fig. 31, Fig. S4G).
Collectively, these data demonstrated that while steady-state GDF15 levels partially require
NRF2, NSAID-induced GDF15 required NRF2 primarily in cells of the myeloid lineage,
and NSAIDs induced NRF2 target genes primarily in myeloid cells expressing Lyz2in the
liver and kidney /n vivo.

The Cysteine 151 (C151) of KEAP1 is necessary for activation of NRF2 target genes by
indomethacin

Electrophilic xenobiotic activation of NRF2 requires binding to cysteine moieties in the
chaperone protein KEAP1. Of these cysteine residues, C151 has previously been shown
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to be essential for activation of NRF2 by DMF, sulforaphane, and bardoxolone (Dayalan
Naidu et al., 2018; Takaya et al., 2012), all of which we discovered activated GDF15 in
vivoand in vitro. Thus, to test the requirement of C151 in indomethacin-induced NRF2
pathway activation, we obtained an animal where a single point mutation was made at

that position from cysteine to serine (C151S) (Saito et al., 2016). Using this transgenic
animal, we made BMDMs and found that the ability of indomethacin to induce Gadf15
required C151 (Fig.4A). Likewise, the NRF2-mediated transcriptional program also required
C151 (Fig. 4B), consistent with results obtained using NRF2-deficient cells (Fig. 2, 3).

To test the requirement of C151 /n vivo, we challenged C151S mice with indomethacin.

We found that basal GDF15 was also partially dependent on C151S (Fig. 4C), suggesting
that an endogenous factor may be required to maintain steady state levels of basal

GDF15. Consistent with our observation that indomethacin-induced GDF15 was completely
dependent on NRF2, we also found that the induction of serum GDF15 by indomethacin
was completely dependent on the C151 residue in KEAPL (Fig. 4D). Finally, we sacrificed
C151S animals after indomethacin challenge and assessed the ability of indomethacin to
induce NRF2 target genes in the liver, and observed complete abrogation of expression

in the setting of C151 disruption (Fig. 4E). Altogether, we demonstrated that a subset of
NSAIDs activate GDF15 through NRF2 in a mechanism that is dependent on the C151
residue in KEAPL.

Indomethacin reduces inflammation in endotoxemia and gout via an NRF2-dependent,
KEAP1 C151S-dependent, GDF15-independent mechanism

We next wanted to test the contribution of the NRF2-activating properties of NSAID

to its anti-inflammatory effects. NRF2 activation reduces the inflammatory output of
myeloid cells via a variety of mechanisms (Kobayashi et al., 2016; Mills et al., 2018).

We thus hypothesized that NRF2-activating NSAIDs would be more effective in reducing
inflammation /n vivo than non-NRF2-activating NSAIDs, and that indomethacin may be less
effective in reducing inflammation in the absence of NRF2 in Lyz2-expressing cells.

First, we tested if the same weight-based dose of ketoprofen would be as effective as
indomethacin in reducing inflammation using the endotoxemia model of sterile systemic
inflammation. We found that indomethacin was more effective than ketoprofen when using
loss of core body temperature (CBT), a readout of inflammation and disease severity (Fig.
5A). The therapeutic efficacy of indomethacin was not lost upon the significant reduction
of Ptgs1and PtgsZexpression in Lyz2-expressing cells (Fig. S5A) but rather was attenuated
when Nrf2was deleted in LyzZ-expressing cells (Fig. 5B), which phenocopied constitutive
Nrf2 deletion (Fig. S5B). Likewise, C151 of KEAP1 was also required for the protective
effects of indomethacin (Fig. 4C). Having shown that indomethacin activates NRF2 and that
Gdfi5is an NRF2 target gene, we next sought to determine whether GDF15 was mediating
the protective effects of indomethacin in the endotoxemia model. As such, we treated

WT and A2~ mice with recombinant GDF15 in the endotoxemia model. Recombinant
GDF15 did not recapitulate the effects of indomethacin on temperature in the endotoxemia
model in WT or Mrf27~ mice (Fig. 5D).To test if GDF15 was required for the effects of
indomethacin, we acutely inhibited GDF15 with anti-GDF15 antibody (Luan et al., 2019),
which did not attenuate the benefits of indomethacin treatment on CBT in the endotoxemia
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model, a result we confirmed using animals with constitutive genetic deletion of Gdf15(Liu
et al., 2020) (Figure S4C, D). These data suggest that while GDF15 may be mediating other
physiological processes not assayed for in these experiments, GDF15 is not necessary or
sufficient to mediate the beneficial effects of indomethacin in endotoxemia that depend on
NRF2 and C151 of KEAPL.

Consistent with improved thermoregulation and protection against loss of CBT,
indomethacin also induced inhibition of pro-inflammatory cytokines (Fig. S4E), including
circulating IL-1p, in response to endotoxemia. Reduction of IL-1p in response to
indomethacin during endotoxemia was dependent on NRF2 (Fig 5E). Since the liver and
kidney were identified as the main sites of NRF2 activation after indomethacin injection, we
looked at the effect of indomethacin on inflammatory transcripts in the liver and kidney in
LPS challenged wildtype and Arf2-deficient animals. We found that indomethacin decreased
a number of inflammatory transcripts in the liver (Fig. 5F). This correlated with reduced
liver damage as evidenced by reduced plasma aminotransferase levels (Fig. 5G). Consistent
with our findings of decreased systemic inflammation, the reduction in liver inflammation
and injury also occurred in an NRF-dependent fashion. We did not detect differences in

the number of cellular infiltrates in the liver (Fig. S4F). Similar to our previous findings,
indomethacin but not ketoprofen induced NRF2 target genes in the liver of endotoxemic
animals (Fig. 5H). We did not detect large differences in the kidney, either with regards

to damage or inflammation (Fig. S5G, S5H), potentially because of the negative COX-
dependent effects on renal perfusion, particularly in inflammatory settings (Brater et al.,
2001). Conversely, we did detect differences in damage and inflammation in the heart. We
found that indomethacin, but not ketoprofen, mediated increased cardiac dysfunction and
inflammation in an NRF2-dependent fashion (Fig. S51, S5J). These findings are reminiscent
of similar observations seen in clinical trials using the NRF2 activator, bardoxolone, where
bardoxolone improved kidney function at the expense of cardiovascular toxicity which
ultimately led to trial termination (de Zeeuw et al., 2013).

Finally, we utilized a model of local inflammation, acute gout, similar to the carrageenen-
induced paw inflammatory model initially used to discover indomethacin (T. Y. Shen, 1963;
Winter et al., 1962). We chose this model because indomethacin remains a first-line agent
in the management of acute gout (Schumacher, 2004). In this model, uric acid crystals

are injected into the footpad, leading to measurable gross swelling of the foot similar

to acute gouty arthritis, which most commonly occurs in the foot of patients with gout
(Mallinson et al., 2014). Similar to our findings in the endotoxemia model, mice treated
with indomethacin had reduced inflammation in a fashion that was dependent on NRF2
expression and not impacted by significant reduction in Pigs1 and Ptgs2 expression in
Lyz2expressing cells (Fig. 51, J). Thus, we demonstrate that NRF2 activation in myeloid
cells contributes significantly to the anti-inflammatory properties of certain NSAIDs and
that certain NSAIDs may be more potent anti-inflammatory agents than others due to their
differential ability to activate NRF2 through KEAP1 C151.
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Discussion

NSAIDs are amongst the most ubiquitous medications used in the world. While COXZ and
2inhibition is clearly a major component of the anti-inflammatory action of NSAIDs, these
data suggest an additional COX-independent mechanism of action of some NSAIDs that
accounts for at least some of the anti-inflammatory properties of NSAIDs. The differences
in the ability of different NSAIDs to activate NRF2, which we demonstrate is dependent on
the Cysteine 151 in KEAP1, may in part bely the differential efficacies of NSAIDs in the
treatment of inflammatory diseases as well as the unexpected properties of certain NSAIDs
when used in a variety of settings, since NRF2 activation has been implicated in cancer
(Rojo de la Vega et al., 2018), allergic disease (Al-Harbi et al., 2019; Nagashima et al., 2019;
Ogawa et al., 2020; Rangasamy et al., 2005; Wu et al., 2019), and cardiovascular disease
(Chen and Maltagliati, 2018).

The biological role of GDF15 in the context of NSAIDs administered during inflammation
remains unclear. In our studies, we did not observe large effects of manipulating GDF15
on the response to endotoxemia, but we also did not perform more granular analyses
dissecting this specific aspect, since the central hypothesis we were testing centered around
the dependence of an NRF2-activating NSAID on NRF2 activation of which GDF15
induction is one part. GDF15 biology is an area of research across disciplines, and, like
other endocrine cytokines appears to produce different physiologic effects as a function of
the host context (Coll et al., 2020; Day et al., 2019; Luan et al., 2019; Santos et al., 2020;
Weng et al., 2021), and its “core” biology remains to be elucidated.

Our observation that NSAIDs activate NRF2 begins to reconcile previous observations that
NSAID treatment enhanced lifespan in Caenorhabditis elegans (Ching et al., 2011; He et
al., 2014), whose genomes do not encode cyclooxygenase isoforms, but do encode Nrf2.
NRF2 activation has been implicated in aging, longevity and reduction of cellular stress
associated with detoxification of free radicals (Castiglione et al., 2020; Lewis et al., 2015;
Lombard et al., 2020). Indeed, it is possible that one reason that only certain NSAIDs
increase longevity in studies that span multiple species, and especially in those that do not
encode cyclooxygenase isozymes in their genomes, is because they engage NRF2 pathways,
which are simultaneously cytoprotective, through the detoxification of harmful free radicals,
and also anti-inflammatory. Since cellular stress and inflammation are highly intertwined, it
is possible that our observations in improved organ function and inflammation in the models
of acute inflammation we used are simultaneously a result of both the anti-inflammatory and
the cytoprotective effects of the NRF2-activating NSAIDs.

Our findings potentially explain long-observed seemingly paradoxical properties of NSAIDs
that cannot be explained by COX1 and 2 expression. They may also inform limitations

and potential of NRF2 activators in the treatment of inflammatory diseases, which are in
clinical trials for diseases ranging from multiple sclerosis, Alzheimer’s Disease, chronic
kidney disease, diabetes mellitus type 2, asthma, rheumatoid arthritis, psoriasis and various
cancers (Cuadrado et al., 2019; Robledinos-Anton et al., 2019). Likewise, NRF2-activating
NSAIDs could be considered for use in diseases that respond to NRF2-activators. Thus,
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our findings, if they bear out in human studies, may significantly impact prescribing and
utilization behaviors of NSAIDs.

Like with COX inhibition, there is likely an optimal amount of NRF2 activation where

the antioxidant and anti-inflammatory actions of NRF2 are not negatively counterbalanced
by the costs related to excessive activation. This has been observed in the context of
oncogenesis, where, initially, low levels of NRF2 activation and subsequent antioxidant
and anti-inflammatory properties are beneficial in reducing the development of oncogenic
mutations and tumor promoting environment, but with the development of a tumor,
mutations that lead to unregulated NRF2 activation likely drive cellular survival and
proliferation (Sporn and Liby, 2012). Similarly, NSAIDs have anti-inflammatory properties
through COX inhibition, but at the cost of gastrointestinal damage, decreased renal
perfusion, increased risk of bleeding and cardiovascular disease (Schjerning et al., 2020).

Finally, we show that GDF15 is a soluble marker of NRF2 activation and implicate other
inducers of GDF15 as potential NRF2 activators. Metformin also induces GDF15, and the
antidiabetic effects of metformin were partially shown to be dependent on GDF15 (Coll

et al., 2020; Day et al., 2019). The transcriptional control of this observation remains
unclear. Given our identification of NRF2, a xenobiotic sensor, as the key transcription
factor in inducing GDF15 in the context of its original discovery as an NSAID-activated
gene, it remains to be seen how many other manmade xenobiotics also exert some of their
beneficial or harmful actions by engaging NRF2 pathways. Canagliflozin, an antidiabetic
and cardioprotective drug which is thought to primarily exert its mechanism of action

by inhibition of the Sodium/Glucose Transport Protein 2, activates NRF2 to mediate
antioxidant and anti-inflammatory effects (Behnammanesh et al., 2020; Hasan et al., 2020).
Furthermore, colchicine activates GDF15 in hepatocytes and that both NRF2 and GDF15 are
required for the anti-inflammatory effects of colchicine (Weng et al., 2021). In this study,
GDF15 is proposed to be a hepatokine with the action of GDF15 directly on myeloid cells,
implicating another receptor for GDF15 that has yet to be characterized. Although different
methods for cell-specific deletion of Arf2were employed in this study (siRNA) compared
to ours (Cre-loxp), both studies taken together suggest GDF15 is likely produced by both
myeloid cells and hepatocytes, and likely other parenchymal cells in the kidney (Mulderrig
et al., 2021), with all compartments contributing to the circulating levels. The significance of
these respective responding cells in contributing to the absolute level of circulating GDF15,
which act distally on neurons in the area postrema (Hsu et al., 2017; Mullican et al., 2017)
and possibly on myeloid and other cells in a yet undefined mechanism of action, and
whether NRF2 is required in all of these cellular compartments is yet to be understood.

For therapeutics designed to activate NRF2, such as DMF and bardoxolone, and other
therapeutics that we and others are now identifying as “off-target” NRF2 activators, it
remains to be understood to what extent their therapeutic efficacy are “on-target”, NRF2-
dependent, and/or GDF15-dependent. Given the pleiotropic role of GDF15, it is possible
that GDF15 may play different roles in different contexts (Borner et al., 2020; Gil et al.,
2019; Kim et al., 2018; Luan et al., 2019; Mullican et al., 2017; Patel et al., 2019), and much
work remains in elucidating the biology of GDF15 and its therapeutic potential in different
disease states. Our identification of a subset of NSAIDs as NRF2 activators and GDF15 as
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an NRF2 target gene may help reconcile the many paradoxical effects of NSAIDs observed
across many disease states and have significant clinical and biological implications for other
allopathic xenobiotics.

Limitations of Study

An important limitation in the interpretation of our studies is in the inability to completely
delete the Prgs1 and Prtgs2isozymes. Thus, while our observed effects definitively require
NRF2 and KEAP1 C151, it remains possible that the minimal remaining COX activity

is also required as others have shown that even residual COX activity and prostaglandin
synthesis have large biological effects (Zelenay et al., 2015). Secondly, while we attempted
to identify NSAID adducts to KEAP1 using various pull-down and mass spectroscopic
approaches, we were unable to definitively identify novel adducts, and the assumption
that C151 forms an adduct with NSAIDs or their modifications once metabolized by
cells, is likely but speculative. Thus, the precise chemical basis for our observation that
bely why some NSAIDs engage NRF2 and activate GDF15 while others do not, remains
to be elucidated. Finally, the translatability of this study to humans beyond the /in vitro
experiments performed in this study is yet to be determined.

STAR Methods
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for reagents may be directed to, and will
be fulfilled by the lead contact Andrew Wang (andrew.wang@yale.edu).

Materials Availability—Mouse lines generated in this study are available upon request
from lead contact.

Data and Code Availability—This study did not generate or analyze datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All animal experiments were performed in accordance with institutional
regulations after protocol review and approval by Yale University’s Institutional

Animal Care and Use Committee. C57BL/6J (B6), B6.129X1-Nfe2l2tM1YWk/y (Nrf277),
B6.129S(Cg)-Ddit3tM2-1Dronj ( Chop™~), B6.129P2-Lyz2tmLCre)ifosy (1472 Cre), C57BL/
6-Nfe2l2tm1-1Sred/Shis) (Nrf2f0%), B6;129S4-Ptgsitm1.1Hahe/d (Plgs10%), and B6;129S4-
Ptgs2tm1Hahe/J (Ptgs2™0X) were obtained from Jackson Laboratory. Dr. Anton Komar
provided bone marrow from £if2a deficient animals. Dr. Masayuki Yamamoto provided
the Kegp1 C151S transgenic animals. Dr. Andy MacMahon provided the Gadf15 deficient
mice. Animals were used between the ages of 8 and 10 weeks. All mice were maintained
in specific pathogen-free facility and all animal experiments were performed according
to institutional regulations after protocol review and approved by Yale University’s
Institutional Animal Care and Use Committee.

Cell culture—Bone marrow derived macrophages (BMDMSs) were prepared as previously
described (Colegio et al., 2014). For assaying Gdf15 expression in response to various
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stimuli, BMDMs were plated in either 48 well or 24 well plates at a density of 2.5x10° or
5x10° per well, respectively.

Human monocyte-derived macrophages (MDMs) were derived from human peripheral blood
mononuclear cells (PBMCs). Initially, monocytes were isolated from cryopreserved PBMCs
as per protocol from a human monocyte isolation kit (130-096-537, Miltenyi Biotec).
Monocytes were then cultured at 2.5E6/ml in X-VIVO 15 serum-free hematopoietic cell
medium (Lonza) supplemented with 50 ng/ml of human M-CSF (AF-300-25, Peprotech) for
five days. Cells were then re-plated prior to cell treatments.

METHOD DETAILS

Cell Stimulation—BMDMs were treated with with 0.125 — 0.5 mM indomethacin
(Sigma-Aldrich), 0.25 — 1 mM (S)-ibuprofen (Cayman Chemical), 0.125 - 0.5 mM
ketoprofen (Sigma-Aldrich), 0.25 — 1 mM Etodolac (Cayman Chemical), or 0.25 -1

mM naproxen (Cayman Chemical), 0.25-1 mM rofecoxib, 5 mM sulforaphane (Cayman
Chemical), 100 uM dimethylfumarate. NSAIDs were diluted in 1% DMSO. Cells were
pretreated with NSAID for 1 hour prior to stimulation with 10 ng/mL LPS (L2880,
Sigma-Aldrich). LDH assay performed according to manufacturer’s instructions (601170,
Cayman Chemical). Reactive oxygen species (ROS) measured using H2DCFDA (D399,
ThermoFisher) as described previously (Kavian et al., 2018). Sodium arsenite (Sigma-
Aldrich), naphthalenedione (DMNQ, Cayman Chemical) and phenazine methosulfate (PMS,
Cayman Chemical) at the indicated doses were used to induce ROS in BMDM.

MDMs were treated with indicated concentrations of indomethacin (Sigma-Aldrich),
ketoprofen (Cayman Chemical), or sulforaphane (Cayman Chemical) for indicated
durations.

RNA Extraction and Quantification—Cells were lysed in RLT lysis buffer according to
manufacturer’s instructions (QIAGEN). For tissue RNA extraction, tissues were excised into
RNA Bee RNA isolation reagent (Tel-Test, Inc.) and disrupted by bead homogenization
(Omni, Inc.). RNA was extracted using the RNeasy Kit according to manufacturer’s
instructions (QIAGEN). cDNA synthesis was performed using SMARTScribe Reverse
Transcriptase (Takara) with oligo(dT) primers. gRT-PCR reactions were performed on either
aCFX96 Real-Time System or CFX384 Real-Time System (Bio-Rad) using PerfeCTa SYBR
Green SuperMix (Quanta Biosciences) or TagMan assays, where indicated. Transcript levels
were normalized to Rp/13aor RPL13A.

Cytokine and Tissue Injury Marker Analysis—Whole blood was harvested from

mice by retro-orbital bleeding and plasma was isolated using lithium heparin coated plasma
separator tubes (365985, BD Pharmingen). Plasma GDF15 was quantified using a solid
phase sandwich ELISA according to manufacturer’s instructions (MGD150, R&D systems).
Plasma IL-1B was quantified by sandwich ELISA utilizing anti-mouse IL-1R capture
antibody (14-7012-85, Invitrogen), biotinylated rat anti-mouse IL-113 detection antibody
(13-7112-85, eBioscience), HRP-conjugated streptavidin (554066, BD Pharmingen). Plasma
Tropinin-1 concentration and Alanine Aminotransferase (ALT) activity were assayed using
kits according to manufacturers’ protocols (Life Diagnostics and Cayman Chemical,
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respectively). Plasma creatinine and BUN were assayed using HPLC by The George M.
O’Brien Kidney Center at Yale. Mouse multiplex cytokine/chemokine array 31-plex of
serum cytokines from B6 and A2~ mice following intraperitoneal injection of LPS and
vehicle or indomethacin was measured by Eve Technologies.

Immunofluorescence—BMDMs were treated for 4 hours with 0.5 mM Indomethacin
(Sigma-Aldrich) then fixed with 4% PFA (Electron Microscopy Sciences) for 10 minutes
at room temperature. Cells were then washed 3 times in ice-cold PBS, permeabilized with
0.25% Triton-X in PBS for 10 minutes at room temperature. After an additional 3 washes,
cells were incubated in blocking buffer (1% BSA, 22.52 mg/mL glycine in PBST) for 30
minutes at room temperature. Cells were then incubated with primary antibody overnight
at 4°C in 1% BSA in PBST. Cells were washed 3 times with PBS then incubated with
secondary antibody in 1% BSA in PBST for 1 hour at room temperature. Cultures were
washed again in PBS before counter staining with 0.1 pg/mL DAPI. After a final wash cells
were imaged.

ChlIP Quantitative PCR—BMDMs were plated in 15 cm plates at a concentration of
1.5x107 cells per plate. Cells were stimulated with either 0.5 mM Indomethacin or vehicle
control (1% DMSO) for 4 hours then fixed in 1% formaldehyde (Electron Microscopy
Sciences) for 5 minutes at room temperature with gentle agitation. Post fixation, cells were
quenched in 0.125M glycine for 5 minutes at room temperature under gentle agitation. Cells
were then washed twice with ice cold PBS, scraped into pellets. Pellets were lysed with
nuclear lysis buffer (50 mM Tris HCL, 10 mM EDTA, 0.8% SDS) with Halt™ Protease
Inhibitor Cocktail (Sigma-Aldrich) for 15 minutes on ice. Samples were then spun at 11,000
RCF for 20 minutes to precipitate SDS. Protein levels were quantified using a Micro BCA
Protein Assay kit (23235, ThermoFisher) and diluted with ChIP dilution buffer (16.7 mM
TrisHCI (pH 8.0), 167 mM NaCl, 1.2 mM EDTA, 0.01% SDS, 1.1% Triton X-100) to 100
ug for anti-NRF2 (abcam31163, Abcam) antibody and 25 ug for anti-H3K27Ac antibody
(ab4729, Abcam). Precipitation antibody were added to each sample then rotated overnight
at 4°C. Dynabeads™ Protein G (Thermofisher) were added to each sample, rotated at 4°C
for 2 hours then washed twice in Low Salt Immune Complex Wash Buffer (0.1% SDS, 1%
Triton X-100, mM EDTA, 20 mM Tris-HCI, pH 8.1, 140 mM NacCl), once in LiCl Wash
Buffer (0.25M LiCl, 1% IGEPAL CA630, 1% deoxycholic acid (sodium salt), ImM EDTA,
10mM Tris, pH 8.1), and once in TE buffer. After final wash, beads were suspended in

250 uL Nuclear lysis buffer with 20 pg/ml proteinase K (Sigma-Aldrich). All samples were
incubated at 55°C for 2 hours and then 65°C overnight. DNA was purified with MinElute
PCR Purification Kit (1026476, QIAGEN).

To identify potential NRF2 binding sites in GDF15 regulatory elements (Fig. S3), the

ARE consensus sequence was downloaded from JASPAR (Fornes et al., 2020) and queried
10kB upstream and downstream of the GDF15 TSS. Due to the palindromic nature of
consensus sequences, the reverse compliment, compliment, and reverse sequence of the
JASPAR consensus sequence were included in our search algorithm. Identified potential
ARE binding sites were searched against enhancer signatures (H3K4mel or H3K27Ac)
based on ENCODE data from BMDMs. The top twenty putative binding sites were screened
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using quantitative PCR reactions, which were run on CFX384 Real-Time System (Bio-Rad),
and percent input was defined as two to the power of the difference in Cq of input and
experimental samples. NRF2 binding was then confirmed by designing primers spanning 1
kb upstream and downstream of the identified binding site to detect a peak of enrichment.

Western blot—BMDMs were lysed in Triton-X Lysis buffer (150 mM NacCl, 0.1%
Trition-X, 50 mM Tris HCI) with Halt™ Protease Inhibitor Cocktail (Sigma-Aldrich) then
centrifuged at 12,000 rpm for 20 minutes at 4°C. Protein concentration in cell lysates were
quantified by Pierce™ BCA Protein Assay Kit (ThermoFisher). Sample volume equivalent
to 20 pg were mixed with 4x Leammli buffer (Bio Rad) boiled at 95°C for 5 minutes

then run on a 4-20% Mini-PROTEAN® TGX™ Precast Protein Gels (BioRad) in running
buffer (25 mM Tris, 190 glycine, 0.1% SDS) using a Mini-PROTEAN Tetra Vertical
Electrophoresis Cell (BioRad). Protein was then transferred to blotting membrane using

a transfer cassette in transfer buffer (25 mM Tris, 190mM glycine, 20% methanol) for 1.5
hours at 100V. Blot was then blocked for 1 hour at room temperature with 5% milk in
PBST, then incubated overnight in primary antibody diluted in 5% milk at 4°C. Blots were
then washed 5 times in TBST, incubated in HRP conjugated secondary antibody for 1 hour
at room temperature. Blots were imaged with a ChemiDoc Imaging System (17001401,
BioRad).

Flow Cytometry—TFor flow cytometry of CD45+ cells from the liver, mice were treated
LPS and indomethacin or vehicle and then sacrificed 20 hours later. Livers were harvested,
finely diced using a razor blade, and incubated in 2 mg/ml Collagenase IV (Worthington
Biochemical Corporation) at 37°C under constant agitation for 30 minutes. The resultant
suspension was then mechanically forced through a 70-micron cell strainer to generate a
single cell suspension and washed prior to staining. Functional grade mouse anti-CD16/32
(93) antibody was used for Fc-block. At least 1 x 10° cells were acquired on CD45* cells
within the singlet live gate, as defined by size, granularity and pulse-width. Samples were
acquired on an LSRII flow cytometer (BD). Fcs files were analyzed using FlowJo (Tree Star
Technologies).

In vivo Inflammatory Mouse Models—For acute response to bardoxolone, C57BL/6
mice were gavaged with vehicle (sesame oil) or bardoxolone methyl (Sigma-Aldrich
SMBO00376) at the indicated concentrations. For long-term bardoxolone feeding
experiments, bardoxolone (Sigma-Aldrich SMB00376) was mixed into moist regular chow
at 0.01% wt/wt and dried. This food was then fed to C57BL/6 mice for the indicated number
of days. Indomethacin was dosed at 5-15 mg/kg, consistent with the long-standing dosing
used in the rodent literature (Crestani et al., 1991; Liang et al., 2015; Winter et al., 1963),
which is within linear range of dosing in humans (50 mg TID in a 50 kg adolescent would
be 3 mg/kg/d).

For LPS endotoxemia, mice were injected intraperitoneally with sub-lethal doses of LPS
derived from Escherichia coli 055:B5 (L2880, Sigma-Aldrich) diluted in PBS. Dosing varies
dramatically from lot to lot. New lots are tested for LD50. In these studies, sub-lethal

doses are 2.5 mg/kg. Mice were injected intraperitoneally with 5 mg/kg indomethacin or

5 mg/kg ketoprofen diluted in bicarbonate buffer, every 4 hours for the duration of the
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experiment, starting 15 minutes prior to LPS administration. Temperature was measured at
regular intervals using a rectal probe. Mice were euthanized and organs harvested 20 hours
later. Validation and dosing of GDF15 neutralizing antibody and recombinant GDF15 are
previously described (Luan et al., 2019).

For the gout model, the hind foot pad was injected intradermally with saline (right hind
foot) or MSU (left hind foot) (1 mg in 40 uL PBS, Invivogen). Mice were injected
intraperitoneally with vehicle or 2.5 mg/kg indomethacin diluted in bicarbonate buffer twice
daily. Calipers were used to measure diameter of the foot at baseline and 24 hours after
injection.

QUANTIFICATION AND STATISTICAL ANALYSIS

Results were statistically analyzed using Student’s ftest or an analysis of variance (ANOVA)
test with multiple comparisons where appropriate using Prism 6.0 (GraphPad Software, Inc).
p value of < 0.05 was considered to be statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
A subset of nonsteroidal anti-inflammatory drugs (NSAIDs) activate NRF2.

C151 of the chaperone protein, KEAP1, is necessary for NRF2 activation by
indomethacin.

Indomethacin reduces inflammation in endotoxemia and gout models
dependent on NRF2.
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Figure 1. Indomethacin induces GDF15 independent of cyclooxygenases.
(A) Gdrf15 mRNA expression in BMDMs following stimulation with 0.5 mM indomethacin

(n=3 per group) and (B) at 6 hours following stimulation with increasing doses of

aspirin (0.25mM, 0.5 mM, 1 mM), indomethacin (0.125mM, 0.25mM, 0.5mM), ibuprofen
(0.125mM, 0.25mM, 0.5mM), ketoprofen (0.25 mM, 0.5mM, 1mM), naproxen (0.25 mM,
0.5mM, 1mM), etodolac (0.25 mM, 0.5mM, 1mM) and rofecoxib (0.25 mM, 0.5mM, 1mM),
in order of increasing specificity of COX2 as compared to COX1 (n=4 per group). (C)
Supernatant GDF15 protein levels following 24 hours stimulation with vehicle, 0.5 mM
indomethacin and 0.5 mM ketoprofen (n=5-8 per group). (D) GDF15mRNA expression

in human MDM following stimulation by 0.5 mM indomethacin and 0.5 mM ketoprofen
(n=3 per group). € Gdf15 mRNA expression of BMDMs stimulated for 6 hours with vehicle
or 0.5 mM indomethacin (n=4 per group). (F) Supernatant GDF15 protein levels from
BMDMs stimulated for 24 hours with vehicle or 0.5 mM indomethacin (n=4 per group). All
experiments are representative and repeated at least once. Statistics by ANOVA. Data are
represented as mean + standard deviation. */<.05, ***A<,001, ****/<,0001, ns P>.05
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Figure 2. A subset of NSAIDs activate NRF2 and downstream GDF15.
(A) Gdf15 mRNA expression from BMDMs derived from B6, Myad88™'~, Chop™~,

NrfZ=and Eif2a™'~ mice treated for 6h with vehicle or 0.5 mM indomethacin (n=4 per
group). (B) Supernatant GDF15 protein levels from BMDMs treated for 24h with vehicle,
0.5 mM indomethacin or 0.5 mM ketoprofen (n=4 per group). (C) Gdf15 mRNA expression
from BMDMs treated for 6h with vehicle, sulforaphane or dimethylfumarate (DMF) (n=5-
6 per group). (D) Supernatant GDF15 protein levels from BMDMs treated for 24h with
vehicle or DMF (n=4 per group). Messenger RNA expression of Cat, Gar, Geclm, Hmox1,
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Ngol, Taldo1 from BMDMs derived from (E) B6 and A2~ mice (n=4 per group) or (F)
Ptgs1/2fIf mice following stimulation with vehicle or 0.5 mM indomethacin for 6h (n=4 per
group). (G) Immunofluorescence staining of BMDMs for NRF2 (green) and DAPI (blue)
following treatment with vehicle or indomethacin. (H) Chromatin immunoprecipitation of
Gdfi5and Ngol. ChIP was performed on BMDM stimulated for four hours with vehicle

or indomethacin using anti-NRF2 (top, red), anti-H3K27Ac (bottom, black) or control (IgG)
antibody and gPCR was performed with primers spanning 1 kb upstream and downstream
of the identified ARE consensus sequence (Fig. S3) in the regulatory elements of Gdf15
(left) and Ngo1 (right). Representative of 2 independent experiments. All experiments are
representative and repeated at least once. Statistics by ANOVA. Data are represented as
mean + standard deviation. */<.05, **/<0.01, ***P<.001, ****P<.0001, ns P>.05
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Figure 3. Indomethacin activates NRF2 target genes, including GDF15, in NRF2-depdendent,
and COX1/2-independent manner, in Lyz2-expressing cells in vivo.
(A) Baseline GDF15 serum levels (n=3-10 per group). (B) Serum GDF15 protein levels

in B6 mice following intraperitoneal injection with vehicle, 15 mg/kg indomethacin or 15
mg/kg ketoprofen (n=3-5 per group). Serum GDF15 protein levels in (C) Nrf27~ (D) Nrf2
f/f and (E) Prgs1/21/f mice following intraperitoneal injection of 15 mg/kg indomethacin
(n=3-6 per group). (F) Serum GDF15 protein levels following injection of 25 mg/kg
sulforaphane (n=3-7 per group). (G) HmoxI RNA expression of bulk liver in animal treated
with vehicle or indomethacin at the indicated time points (n=3-4 per group). Kidney Gdf15,
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Hmox1, and NgoI mRNA expression 6h following intraperitoneal injection of 15 mg/kg
indomethacin or 50 mg/kg sulforaphane in (H) Nrff/f mice (n=3-6 per group) or (1) Ptgsi/2
f/f mice (n=5-6 per group). All experiments are representative and repeated at least once.
Statistics by ANOVA. Data are represented as mean + standard deviation. */£<.05, **/<0.01,
*** A 001, ****A<.0001, ns ~>.05
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Figure 4. Cysteine 151 of KEAP1 is required for NRF2 activation by indomethacin.
(A) Gdf15mRNA levels in BMDM generated from C151S KEAP1 transgenic animals

and littermate controls 6 hours after stimulation with indomethacin or ketoprofen (n=4

per group). (B) NRF2 target gene expression in BMDM generated from C151S KEAP1
transgenic animals and littermate controls 6 hours after stimulation with indomethacin

(n=4 per group). (C) Baseline GDF15 serum levels in C151S KEAP1 mice and controls
(n=5-7 per group). (D) Plasma GDF15 levels after an intraperitoneal injection of 15 mg/kg
indomethacin at the indicated time points in C151S and wildtype animals (n=5-7 per group).
(E) mRNA expression of Gaf15, Hmox1, and Ngol at 6 hours from bulk liver of C151S

and wildtype animals after treatment with 15 mg/kg indomethacin (n=4 per group). All
experiments are representative and repeated at least once. Statistics by ANOVA. Data are
represented as mean + standard deviation. **/<0.01, ***P<.001, ****P<.0001
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Figure 5. Indomethacin reduces inflammation in endotoxemia and gout via an NRF2-dependent,
GDF15-independent and COX1/2-independent mechanism.

(A) Temperature curve for B6 mice following intraperitoneal injection with LPS and vehicle,
indomethacin or ketoprofen (AUC p <0.0001, (n=4 per group). Temperature curve for (B)
Nrf2fIf mice (AUC p<0.0085, n=5 per group), (C) C151S mice (AUC<0.001, n=5 per
group), and (D) in B6 or NVirf27~ mice treated with vehicle or indomethacin with or without
recombinant GDF15 or protein control (BSA) (AUC p<0.01, n=4-5 per group) (E) Serum
IL-1R levels in B6 and Arf27~ mice 24 hours following intraperitoneal injection of LPS and
vehicle or indomethacin (n=4-5 per group). (F) Log2 fold change in mRNA expression of
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inflammatory markers in the liver of B6 and Ar£27~ mice injected intraperitoneally with
LPS and vehicle or indomethacin (n=3-5 per group). (G) Serum alanine transferase (ALT)
activity 20 hours following intraperitoneal injection with LPS and vehicle or indomethacin
(n=4-5 per group). (H) Liver Ngo1 and Cat mRNA expression following intraperitoneal
injection of vehicle, indomethacin or ketoprofen (n=3-5 per group). Footpads of (1)
Ptgs1/2f/f mice (n=3—-4 per group) and (J) Nrf2f/f mice (n=4-8 per group) injected
intradermally with PBS or MSU and then treated with intraperitoneal injections of vehicle
or indomethacin. Foot diameter was normalized to baseline foot diameter. All experiments
are representative and repeated at least once. Statistics by ANOVA. Data are represented as
mean + standard deviation. */<.05, **/<0.01, ***F<.001, ****P<.0001, ns P>.05
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit anti-COX1 Cell signaling technologies Cat#4841S
Rabbit GAPDH Cell signaling technologies Cat#2118S
Anti-Nrf2 Abcam Cat#ab31163
IL1B capture Invitrogen Cat#14-7012-85
IL1B detection eBioscience Cat#13-7112-85

HRP-conjugated streptavidin

BD Pharmingen

Cat#554066

CD45-PE eBioscience Cat#12-0451-83
CD45-APC eBioscience Cat#47-0451-82
CD11b-Pacific Blue Biolegend Cat#101224
CD3-Alexa 700 eBioscience Cat#56-0032-82
Ly6c-Brilliant Violet 605 Biolegend Cat#128035
Ly6g-GR1 FITC eBioscience Cat#11-5931-85
Ly6g-PECy7 BD Pharmingen Cat#560601
F4/80-APC eBioscience Cat#17-4801-82
Anti-CD16/32(93) antibody eBioscience Cat#14-0161-86

Chemicals, Peptides, and Recombinant Proteins

indomethacin Sigma-Aldrich Cat#17378
(S)-ibuprofen Cayman Chemicals Cat#16793
ketoprofen Sigma-Aldrich Cat#10006661
Etodolac Cayman Chemicals Cat#20833
naproxen Cayman Chemicals Cat#70290
rofecoxib Cayman Chemicals Cat#10010260
sulforaphane Cayman Chemical Cat#10496
dimethylfumarate Cayman Chemical Cat#14714
LPS Sigma-Aldrich Cat#L.2880
human M-CSF Peprotech Cat#AF-300-25
RNA Bee RNA isolation reagent Tel-Test, Inc. Cat#CS-501B
SMARTScribe Reverse Transcriptase Takara Cat#639538
PerfeCTa SYBR Green SuperMix Quanta Biosciences Cat#95054
Halt™ Protease Inhibitor Cocktail ThermoFisher Scientific Cat#78442
Collagenase 1V Worthington Biochemical Corporation Cat#L.S004188
Monosodium urate (MSU) Invivogen Cat#tlrl-msu

Critical Commercial Assays

Pan Monocyte Isolation Kit, human

Miltenyi Biotec

Cat#130-096-537

H2DCFDA (ROS indicator) ThermoFisher Cat#D399
LDH Cytotoxicity Assay Kit Cayman Chemical Cat#601170
RNeasy Mini Kit Qiagen Cat#74106
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Mouse/Rat GDF15 Quantikine ELISA Kit

R&D systems

Cat#MGD150

Mouse Cardiac Troponin | ELISA

Life Diagnostics

Cat#CTNI-1-HSP

S)Mym>

Alanine Transaminase Colorimetric Cayman Chemical Cat#700260
Activity Assay Kit

Micro BCA Protein Assay kit ThermoFisher Cat#23235
Pierce™ BCA Protein Assay Kit ThermoFisher Cat#23225
MinElute PCR Purification Kit Qiagen Cat#1026476
Experimental Models: Cell Lines

Human: Monocyte derived macrophages N/A

from human peripheral blood

mononuclear cells

Mouse: Bone Marrow Derived Wang Lab N/A
Macrophages from various strains of

mouse

Experimental Models: Organisms/Strains

Mouse: C57BL/6J (B6) The Jackson Laboratory and bred in house JAX: 000664
Mouse: B6.129X1-Nfe2l2tm1Ywk/j (NRF2 | The Jackson Laboratory JAX: 017009
KO)

Mouse: B6.129S(Cg)-Ddit3tm2-1bron/; The Jackson Laboratory JAX: 005530
(CHOP KO)

Mouse: B6.129P2-Lyz2tmicre)lfosy (Lyz2 The Jackson Laboratory JAX: 004781
Cre)

Mouse: C57BL/6-Nfe2|2tmL.15red/Shis) The Jackson Laboratory JAX: 025433
(Nrfzflox)

Mouse: B6;12954-Ptgs1tm1.1Hahe/J The Jackson Laboratory JAX: 030884
(Cox_lﬂox)

Mouse: B6;129S4-Ptgs2tm1Hahe/J The Jackson Laboratory JAX: 030785
(Cox-2flox)

Mouse: B6.129P2(SJL)-Mydggtm!-1Defr/y The Jackson Laboratory JAX: 009088
(Mydss"")

Mouse: Eif2a~ Dr. Anton Komar N/A

Mouse: Nrf2flf Lyz2 This paper N/A

Mouse: Cox1/2f/fyz2 This paper N/A

Mouse: B6.BD-Keapl<em1(C151 RIKEN RBRC09596

Oligonucleotides

Gdfl5 5’-CCGAGAGGACTCGAACTCAG-3’ 5’-GGTTGACGCGGAGTAGCAG-3’

Tnf 5’-TCTGTCTACTGAACTTCGGGGTG-3’ 5-ACTTGGTGGTTTGCTACGACG-3’
Nrf2 5’-CTGAACTCCTGGACGGGACTA-3’ 5’-CGGTGGGTCTCCGTAAATGG-3’
Ptgsl 5’-GTCCTGCTCGCAGATCCT-3’ 5’-GTAGTTGTCGAGGCCAAAGC-3’
Plgs2 5-GACCTGGGTTCACCCGAGGACTG-3’ 5’-CCAAAGACTTCCTGCCCCACAGC-3’
1116 5’-CAGTTGTCTAATGGGAACGTCA-3’ 5’-GCACCTTCTTTTCCTTCATCTTT-3’
Ngol 5’-TCCAGACGTTTCTTCCATCC-3’ 5’-GGTAGCGGCTCCATGTACTC-3’
Hmox1 5’-CATCCAAGCCGAGAATGCTG-3’ 5’-CCTCAGGGAAGTAGAGTGGGG-3’
Cat 5’-TCCATCCAGCGTTGATTACA-3’ 5’-ATCCAGGCTCTTCTGGACAA-3’
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Gsr 5’-ACCACGAGGAAGACGAAATG-3’ 5’-CCTGCAGCATCTCATCACAG-3’

Gelm 5’-TGGAGCAGCTGTATCAGTGG-3’ 5’-TTGTTTAGCAAAGGCAGTCAAA-3’
Taldo1 5’-GCAAGGACAGAATTCTCATCAA-3’ 5’-CAGTGTCATGTTGCAGTGGA-3’
Cxcl10 5’-AATGAAAGCGTTTAGCCAAAAA-3’ 5’-GAGGCTCTCTGCTGTCCATC-3’

IL12a 5’-CTAGACAAGGGCATGCTGGT-3’ 5’-TCTCCCACAGGAGGTTTCTG-3’

IL12b 5’-GGTGTAACCAGAAAGGTGCG-3’ 5’-AAGGTGTCATGATGAACTTAG-3’

1117a 5’-AAAGCTCAGCGTGTCCAAAC-3’ 5’-AGCTTCCCAGATCACAGAGG-3’

Cxcel2 5-AGTTTGCCTTGACCCTGAAGC-3’ 5’-AGGCTCCTCCTTTCCAGG-3’

Ifng 5’-CGGCACAGTCATTGAAAGCCTA-3’ 5’-GTTGCTGATGGCCTGATTGTC-3’
Gpr109a 5’-ATGGCGAGGCATATCTGTGTAGCA-3’ 5’-TCCTGCCTGAGCAGAACAAGATGA-3’
16 5’-GACTTCCATCCAGTTGCCTTCTTGG-3" | 5°-CCAGTTTGGTAGCATCCATCATTTCT-3’
Ifnb 5’-CCTGCAACCACCACTCATTC-3’ 5’-GTCCTCAACTGCTCTCCACT-3’
GDF15 ThermoFisher Scientific Hs00171132_m1

RPL13A ThermoFisher Scientific Hs04194366_g1
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