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A B S T R A C T   

BTB-and-CNC homologue 1 (BACH1), a heme-regulated transcription factor, mediates innate immune responses 
via its functional role in macrophages. BACH1 has recently been shown to modulate mitochondrial metabolism 
in cancer cells. In the current study, we utilized a proteomics approach and demonstrate that genetic deletion of 
BACH1 in mouse macrophages is associated with decreased levels of various mitochondrial proteins, particularly 
mitochondrial complex I. Bioenergetic studies revealed alterations of mitochondrial energy metabolism in 
BACH1− /− macrophages with a shift towards increased glycolysis and decreased oxidative phosphorylation. 
Moreover, these cells exhibited enhanced mitochondrial membrane potential and generation of mitochondrial 
reactive oxygen species (mtROS) along with lower levels of mitophagy. Notably, a higher inducibility of NLRP3 
inflammasome activation in response to ATP and nigericin following challenge with lipopolysaccharide (LPS) 
was observed in BACH1-deficient macrophages compared to wild-type cells. Mechanistically, pharmacological 
inhibition of mtROS markedly attenuated inflammasome activation. In addition, it is shown that inducible nitric 
oxide synthase and cyclooxygenase-2, both of which are markedly induced by LPS in macrophages, are directly 
implicated in BACH1-dependent regulation of NLRP3 inflammasome activation. Taken together, the current 
findings indicate that BACH1 is critical for immunomodulation of macrophages and may serve as a target for 
therapeutic approaches in inflammatory disorders.   

1. Introduction 

BTB-and-CNC homologue 1 (BACH1), is a nuclear transcription 
factor that belongs to the basic leucine zipper (bZip) factor family [1] 
with key regulatory functions in innate immunity including hemato
poiesis of higher eukaryotes [2]. BACH1 is a heme-regulated protein that 
represses gene expression of heme-oxygenase 1 (HO-1) [1], a heme 
degrading enzyme, and that of SPI-C, a macrophage-specific Ets tran
scription factor [3]. The BACH1/HO-1 pathway controls cellular heme 
homeostasis and counter-acts heme-dependent oxidative stress. BACH1 
is highly abundant in mononuclear cells and mediates the differentiation 
of monocytes into erythrophagocytes [4]. 

Macrophages are an integral part of the innate immune system and 
activation of these cells is critical for regulating inflammatory responses. 

A substantial body of evidence supports the notion that macrophage 
functions are associated with alterations in energy metabolism [5], 
showing that M1-activated pro-inflammatory and pro-angiogenic mac
rophages are characterized by enhanced glycolytic metabolism [6]. 
Modulation of the antioxidant inducible enzyme HO-1 has also been 
shown to mediate polarization of macrophages towards an M2 
anti-inflammatory phenotype [7]. Moreover, BACH1 has been linked to 
an improvement in the pathogenesis of various inflammation-related 
diseases such as atherosclerosis, colitis and myocardial 
ischemia-reperfusion injury [8–10]. Independent studies have recently 
demonstrated that BACH1 is involved in modulating mitochondrial 
metabolism. In particular, genetic BACH1-deficiency in triple negative 
breast cancer cells significantly increased the expression of mitochon
drial respiratory enzymes leading to augmented oxygen consumption 
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rate (OCR) while decreasing extracellular acidification rate (ECAR), an 
index of glycolysis [11]. In lung cancer cells, BACH1 was shown to 
regulate glycolysis and exert a pro-metastatic role [12], suggesting that 
BACH1 modulates metabolism in a cell-dependent fashion. However, 
despite the recognized importance of metabolism in determining pro- 
and anti-inflammatory activities in macrophages and the involvement of 
BACH1 in inflammation, no study so far has addressed whether BACH1 
affects macrophage metabolism. 

The aim of the current study was to investigate whether and how 
BACH1 affects mitochondrial function and whether this has an impact 

on the regulation of the NLRP3 inflammasome in murine bone marrow- 
derived macrophages (BMDMs). It is demonstrated that BACH1− /−
BMDMs exhibit reduced mitochondrial complex 1 (CI) protein levels, 
resulting in altered mitochondrial bioenergetics and increased genera
tion of mitochondrial reactive oxygen species (mtROS). We also report 
that BACH1− /− BMDMs challenged with lipopolysaccharide (LPS) are 
characterized by an increased activation of the NLRP3 inflammasome. 
The enhanced inflammasome inducibility is mechanistically dependent 
on down-regulation of inducible nitric oxide synthase (iNOS) and 
overexpression of cyclooxygenase-2 (COX-2) in BACH1− /− cells. Our 

Fig. 1. Proteomics analysis in LPS-stimulated 
mice. Wild-type (WT) and BACH1− /− macro
phages were treated with or without LPS for 16 h. 
(A) Enrichment analysis resulted in the identifi
cation of pathways (KEGG database) and cellular 
compartments (GOCC database) overrepresented 
among the proteins affected by the BACH1 defi
ciency. (B) Cluster analysis of all proteins affected 
by BACH1 deficiency, LPS treatment or combined 
effects resulted in a heat map with 6 clusters. 
Medians of z-normalized LFQ values are colour- 
coded. Red: high median; blue: low median. The 
profile plot of cluster 4 depicts LFQ values across 
all conditions. There was a significant enrichment 
of CI proteins in cluster 4 (highlighted in red) also 
showing that a decrease of protein expression was 
mainly mediated by BACH1 deficiency, but not 
LPS treatment. (C) Profile plot of CI proteins 
highlighted blue. (D) Volcano plot showing 
changes of protein expression (x-axis) in un
treated BACH1− /− compared to WT BMDMs. The 
p value (y-axis) is drawn from two-way ANOVA 
and reflects the likelihood of an impact of the 
genotype on the observed fold change. The most 
prominent increase of protein expression in 
BACH− /− cells was observed for HO-1 (red 
label). CI proteins, in particular NADH dehydro
genase subunits, are highlighted in orange. *p <
0.05, **p < 0.01***p < 0.001, ****p < 0.0001. 
Con, control; WT, wild-type; KO, knockout; CI, 
mitochondrial complex I. (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the Web version of this 
article.)   

P. Pradhan et al.                                                                                                                                                                                                                                



Redox Biology 51 (2022) 102265

3

findings highlight a regulatory role of BACH1 for controlling mito
chondrial metabolism and the inflammatory response in mouse 
macrophages. 

2. Results 

2.1. Proteomics analysis in BACH1− /− macrophages reveals low 
mitochondrial complex I levels 

In an explorative proteomics approach to identify proteins that might 
be affected by deficiency of BACH1, BMDMs from BACH1− /− and wild- 
type (WT) mice were treated with the toll-like receptor (TLR)-4 ligand 
LPS with untreated cells serving as controls and subjected to high 
throughput mass spectrometry. Subsequent data processing, as 
described in the methods section (Fig. S1 “Data Processing”) was fol
lowed by the analysis of 2486 proteins identified in one of the four 
conditions. Differentially regulated proteins in BACH1− /− and WT 
BMDMs were analyzed by bioinformatics methods. A principle compo
nent analysis (Fig. S2A) showed distinct clustering of the biological 
replicates of each condition indicating a high degree of reproducibility. 
Statistical analyses resulted in the identification of 1105 proteins 
significantly affected by the genetic defect , LPS or combined effects. 
Among the 469 proteins affected by the BACH1 deficiency, proteins of 
the oxidative phosphorylation pathway and proteins of the CI were 
significantly enriched (Fig. 1A). A cluster analysis of all 1105 affected 
proteins showed that the majority of the CI proteins were enriched in a 
cluster of proteins with decreased expression in BMDMs from BACH1− / 
− mice independent from LPS treatment (Fig. 1B and C, S2B). The 
expression of mitochondrial complex II, but not III and IV, was also 
lower in BACH1− /− macrophages (Fig. S2C). HO-1, the inducible 
isozyme of heme degradation, was the most strongly up-regulated pro
tein (Fig. 1D). This is consistent with earlier findings [4,13,14] showing 
that expression of this enzyme and that of the Ets1 transcription factor 
SPI-C are highly up-regulated in BACH1− /− BMDMs (Fig. S2D). 
Collectively, the data indicate that BACH1 deficiency results in reduced 
levels of mitochondrial proteins, in particular that of CI, in 
macrophages. 

2.2. BACH1 deficiency impairs mitochondrial bioenergetics and function 
in macrophages 

To evaluate whether the decreased expression of respiratory patterns 
is functionally relevant, the enzymatic activity of CI was determined in 
BACH1− /− and WT cells. CI activity was significantly reduced in un
treated BACH1− /− BMDMs as compared to WT cells (Fig. 2A). After 
challenge with LPS, CI activity was 50% less than in WT macrophages, 
but did not change in BACH1− /− cells (Fig. 2A). Due to the crucial role 
of CI in mitochondrial metabolism, we next asked whether mitochon
drial bioenergetics were also affected in these cells. To this end, Mito 
Stress profiles were assessed with a Seahorse XF analyzer. We first 
observed that BACH1− /− cells displayed a lower basal OCR and a 
higher ECAR, resulting in a significantly decreased OCR/ECAR ratio 
compared to WT macrophages (Fig. 2B, C, 2D, 2E). Stimulation of 
macrophages with LPS similarly decreased OCR and increased ECAR 
levels in BACH1− /− and WT BMDMs leading to reduced OCR/ECAR 
ratio compared to untreated cells (Fig. 2B, C, 2D, 2E). Consistent with 
this profile, we found that intracellular ATP was significantly lower in 
BACH1− /− compared to WT BMDMs and was further decreased in LPS- 
challenged cells (Fig. 2F). Altogether, these data indicate that genetic 
BACH1 deficiency in mouse macrophages is associated with impairment 
of key mitochondrial respiratory proteins thus altering mitochondrial 
metabolism and energy production. 

We next determined the levels of mitochondrial membrane potential 
(Δψm) and mtROS [15,16] in untreated and LPS-stimulated macro
phages. A higher basal Δψm along with increased generation of mtROS 
was detected in BACH1− /− macrophages relative to WT BMDMs 

(Fig. 3A and B). Interestingly, total cellular ROS were not affected by 
genetic BACH1 deficiency in BMDMs (Fig. 3C). In our experimental 
setting, LPS did not change mtROS production in BMDMs. To validate 
these findings, mtROS were also measured in RAW 264.7 macrophages, 
which are known to produce more ROS in response to LPS [17–19]. As 
shown in Fig. S3, LPS clearly caused a more pronounced increase in 
mtROS production in these cells. 

Fig. 2. Decreased CI enzyme activity and altered mitochondrial meta
bolism in BACH1¡/¡ macrophages. (A) WT and BACH1− /− cells were 
treated with or without LPS for 16 h and CI activity was measured (left). A 
representative bar graph of the measured enzyme activity plotted in mOD/min 
(right) is shown. (B) Macrophages were treated with LPS (1 μg/ml) for 16 h and 
subjected to Mito-Stress assay using a Seahorse XF-analyzer. Oxygen con
sumption rate (OCR), (C) basal respiration, and (D) extracellular acidification 
rate (ECAR) were measured after the sequential addition of oligomycin (1 mg/ 
ml), FCCP (0.7 μM), and rotenone (1 μM) plus antimycin A (1 μM). (E) OCR/ 
ECAR ratio of macrophages in the conditions described above (F) ATP levels 
were assessed in cells after LPS treatment. All values shown are means ± SEM of 
three independent experiments. Statistical analysis was performed using t-test; 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Con, control; WT, wild- 
type; CI, mitochondrial complex I; O, oligomycin; FCCP, carbonyl cyanide p- 
trifluoro methoxyphenylhydrazone; AA, antimycin A; R, rotenone. 
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Fig. 3. Increased Δψm and mtROS but not mitophagy in BACH1¡/¡ macrophages. WT and BACH1− /− cells were treated with or without LPS for 16 h. Cells 
were stained with (A) MitoTracker Deep Red and (B) MitoSOX and analyzed by FACS, as indicated. Fluorescence intensity was quantified as a measure of Δψm or 
mtROS production, respectively. As a positive control for mtROS production, LPS-primed macrophages were treated with antimycin A (AA, 5 mM, 30 min). (C) For 
determination of total ROS, LPS-primed cells were treated with H2-DCFDA for 20 min and analyzed by FACS. As a positive control, cells were treated with PMA for 
30 min. (D) WT and BACH1− /− cells were stimulated with LPS alone or co-stimulated with 2,4 DNP (1 μM) or FCCP (5 μM) for 16 h. Western blot of total cell lysates 
probed with antibodies against PINK1, Parkin and β-actin (top) and a representative bar graph of densitometric protein quantification normalized to β-actin (bottom). 
All values shown are means ± SEM of three independent experiments. Statistical analysis was performed using t-test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001. Con, control; WT, wild-type; rel, relative; AA, antimycin, MFI, mean fluorescence intensity; PMA, phorbol 12-myristate 13-acetate; DNP, 2,4-dinitrophenol; 
FCCP, carbonyl cyanide p-trifluoro methoxyphenylhydrazone. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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Since impaired mitochondrial function is often accompanied by de
fects in mitophagy (for a review see Ref. [20]) and has been shown to be 
associated with changes in mitochondrial bioenergetics markers such as 
Δψm and mtROS [21], we investigated whether alterations of mito
chondrial function in BACH1-deficient BMDMs are correlated with 
markers of mitophagy activity. To this end we determined the levels of 
PINK1 and Parkin, two essential proteins participating in the mitophagy 

process. Under basal conditions, PINK1 and Parkin expression were 
lower in BACH1− /− relative to WT BMDMs (Fig. 3D), suggesting 
reduced activity of mitophagy in these cells. However, treatment with 
LPS caused an increase of PINK1 and Parkin levels, similar to that eli
cited by the mitochondrial uncouplers 2, 4-dinitrophenol (DNP) and 
carbonyl cyanide p-trifluoro methoxyphenylhydrazone (FCCP), in both 
cell types. These data combined indicate that deletion of BACH1 in 

Fig. 4. Increased NLRP3 inflammasome activation in BACH1¡/¡ BMDMs and role of ROS. WT and BACH1− /− BMDMs were treated with LPS for 16 h for all 
the experiments. (A) LPS-primed BMDMs were treated with ATP (5 mM) or nigericin (20 μM) for 15 min and production of IL-1β and IL-18 cytokine in cell culture 
supernatants were measured with ELISA. (B) LPS-primed BMDMs were treated with ATP for 15 min and production of mtROS was measured by MitoSOX. (C) BMDMs 
were pretreated with NAC (5 mM) and MitoTempo (50 mM) for 30 min before LPS stimulation followed by ATP treatment (5 mM, 15 min). Secretion of IL-1β in cell 
culture supernatants was measured with ELISA. (D) BMDMs were treated with LPS and FCCP for 16 h, as indicated. IL-1β secretion in cell culture supernatants was 
measured with ELISA. All values shown are means ± SEM of at least three independent experiments. Statistical analysis was performed using t-test; *p < 0.05, **p <
0.01, ***p < 0.001. WT, wild-type; Nig, nigericin; MFI, mean fluorescence intensity; NAC, N-acetylcysteine; FCCP, carbonyl cyanide p-trifluoro 
methoxyphenylhydrazone. 
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BMDMs also causes alterations in Δψm and ROS levels, which may be 
dependent on abnormal mitophagy. 

2.3. NLRP3 inflammasome activation is increased in BACH1− /−
macrophages 

Inflammasomes are multi-protein complexes of the innate immune 
system and mediate inflammatory responses [22]. Because the NLRP3 
inflammasome is activated via a complex sequence of events in which 
mitochondria play a critical regulatory role [23,24] and BACH1 defi
ciency is clearly associated with mitochondrial abnormalities, we 
investigated the activation of the NLRP3 inflammasome in BACH1− /−
macrophages and compared it to WT cells. Macrophages were primed 
with LPS (signal 1) and then treated with ATP or nigericin (signal 2), 
known activators of the NLRP3 inflammasome [25]. Fig. 4A shows that 
secretion of IL-1β and IL-18 were markedly higher in BACH1− /−
BMDMs after treatment with ATP and nigericin. 

LPS-primed BACH1− /− macrophages also exhibited higher levels of 
mtROS in response to ATP as compared to WT cells (Fig. 4B). Further
more, when macrophages challenged with LPS and ATP were pre- 
treated with MitoTempo, a mitochondrial superoxide scavenger, or the 
antioxidant N-acetylcysteine (NAC), IL-1β production was markedly 
reduced in both BACH1− /− and WT BMDMs (Fig. 4C). As a control, 
cells were treated with FCCP, an uncoupler of oxidative phosphorylation 
(OxPhos) that decreases mtROS production [26,27]. LPS-dependent 
IL-1β secretion was significantly diminished by treatment with FCCP 
in both cell types (Fig. 4D). These findings indicate that the higher 
mtROS levels observed in BACH1− /− macrophages may be responsible 
for the exacerbated NLRP3 inflammasome activation compared to WT 
cells. 

Because BACH1− /− macrophages have been previously associated 
with an M2-polarized phenotype [2,9], we also determined 
anti-inflammatory markers in our experimental setting. Higher levels of 
arginase and CD206, but lower IL-10, were found in BACH1− /− un
treated and LPS-stimulated cells (Fig. S4A). Interestingly, LPS caused an 
increased secretion of the pro-inflammatory cytokines TNF-α and IL-6 in 
BACH1− /− BMDMs relative to WT cells (Fig. S4B). The data indicate 
that BACH1− /− deficiency modifies the inflammatory response of 
macrophages and amplifies the production of pro- and 
anti-inflammatory mediators. 

2.4. Differential regulation of iNOS and COX-2 is associated with 
inflammasome activation in BACH1− /− macrophages 

We next asked whether other classical inflammatory markers of 
activated macrophages were affected by BACH1− /− deficiency and 
measured the expression of inducible nitric oxide synthase (iNOS) and 
COX-2 proteins. 

We observed that up-regulation of iNOS expression and secretion of 
nitrite, a product of NO, were markedly reduced in BACH1− /− BMDMs 
after challenge with LPS (Fig. 5A and B). Furthermore, the over
expression of COX-2 after LPS was further amplified in BACH1− /−
macrophages treated with LPS compared to WT cells (Fig. 5C). We then 
evaluated the involvement of these enzymes in NLRP3 inflammasome 
activation in BACH1 deficiency. Since NO production was lower in 
BACH1− /− cells, we pre-treated cells with the NO donor DETA NON
Oate (DETA-NO) and then stimulated with LPS (signal 1) followed by 
treatment with ATP (signal 2). Interestingly, DETA-NO strongly reduced 
IL-1β levels in both BACH1− /− and WT cells (Fig. 5D). As a control, the 
iNOS inhibitor 1400W led to an increased secretion of IL-1β in macro
phages (data not shown). Furthermore, macrophages were also pre- 
treated with celecoxib, an inhibitor of COX-2 activity, and we 
observed that levels of IL-1β were significantly suppressed (Fig. 5E). 
These data indicate that decreased levels of iNOS inducibility and 
amplification of COX-2 expression after LPS challenge play an important 
role in the exacerbation of the NLRP3 response observed in BACH1- 

deficient macrophages. 

3. Discussion 

BACH1, a member of the bZIP family of transcription factors, is a 
heme sensor protein [1] and nuclear repressor of the heme-degrading 
enzyme HO-1 [13] that affects macrophage function in inflammatory 
conditions. Different metabolic profiles characterize macrophage re
sponses to inflammatory stimuli and recent evidence in cancer cells in
dicates that BACH1 affects the regulation of OxPhos and glycolysis [11, 
12], prompting us to examine whether BACH1 deficiency modifies 
murine macrophage metabolism and inflammatory responses. The 
major findings of the current study are that 1) BACH1− /− macrophages 
exhibit an altered expression pattern of mitochondrial proteins, with 
significantly reduced levels of CI, thus resulting in changes of cellular 
bioenergetics, ROS production and mitochondrial function, and, 2) lack 
of BACH1 is associated with an increased inducibility of NLRP3 
inflammasome activation in mouse macrophages, which is partially 
dependent on altered iNOS and COX-2 expression during stimulation 
with LPS. 

A most striking finding of our study is that BACH1-deficient mac
rophages exhibit lower CI protein levels, which was accompanied by 
decreased CI enzyme activity. These results suggest that BACH1 not only 
controls expression of HO-1 and SPI-C, but also that of CI. This is in line 
with recent data showing that BACH1 regulates the transcription of 
electron transport chain and glycolytic genes in breast and lung cancer 
cells, respectively [11,12]. Thus, it appears that the transcriptional ac
tivity of BACH1 has functional consequences on cellular bioenergetics. 
Indeed, we found that BACH1 deficiency is associated with a shift to
wards decreased OxPhos and increased glycolysis as well as lower ATP 
production in mouse macrophages. In addition, we observed increased 
Δψm and mtROS levels, further indicating an altered mitochondrial 
function in BACH1− /− cells. Interestingly, these metabolic alterations 
typically occur during macrophage reprogramming in response to acti
vation by LPS [18], leading us to propose that, in unstimulated condi
tions, BACH1-deficient macrophages already display a 
‘reprogrammed-like’ metabolic profile. The functional role of Δψm in 
these cells is complex because it is affected by numerous cellular events 
that may cause changes in mitochondrial activities [19]. In fact, an in
crease in Δψm generally results in higher mtROS levels [28], as observed 
in our study. Importantly, the generation of mtROS plays an important 
role in the regulation of innate immune responses, the complexity of 
which is currently under intense investigation [29]. It should be noted 
that the rise of mtROS in BACH1− /− cells was not associated with 
higher levels of total cellular ROS or increased mitophagy. These find
ings suggest that the changes in Δψm and mtROS in BACH1-deficient 
macrophages are not strong enough to promote mitophagy. It is 
important to emphasize that CI and complex III are well recognized sites 
of ROS leakage from mitochondria [28]. The fact that CI protein and 
activity are markedly lower in BACH1− /− cells implies that complex III 
could be the major source of ROS in this system. Thus, we suggest that 
the increased generation of mtROS in BACH1− /− macrophages prob
ably contributes to enhanced signaling activities that may have re
percussions for the inflammatory response. 

In fact, NLRP3 inflammasome activation and levels of mtROS were 
more pronounced in BACH1-deficient macrophages as indicated by a 
further increase of IL-1β and IL-18 after stimulation with LPS and ATP 
compared to WT cells. This finding was unexpected because an M2 anti- 
inflammatory phenotype of macrophages has been reported in various 
experimental in vivo and in vitro models of genetic BACH1 deficiency [8, 
9] and has been attributed, in part, to high expression of the 
anti-inflammatory enzyme HO-1 [7,30–32]. In addition, increased 
expression of HO-1 has been shown to attenuate inflammasome acti
vation but these findings have been reported for sterile inflammation in 
the hypoxic lung. Since we confirmed that BACH1-deficient macro
phages exhibited high levels of HO-1 and M2 markers in our 
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Fig. 5. Role of iNOS and COX-2 for regulation of NLRP3 inflammasome activation in BACH1¡/¡macrophages. WT and BACH1− /− BMDMs were stimulated 
with LPS for 16 h in all experiments. (A) Western blot of total cell lysates probed with antibodies against iNOS and β-actin (left) and bar graphs of the densitometric 
protein quantifications normalized to β-actin from three independent experiments are shown (right). Protein expression in LPS-treated WT cell was considered 100%. 
(B) Nitrite levels (an indicator of nitric oxide production) were measured using the Griess reagent. (C) Western blot of total cell lysates probed with antibodies against 
COX-2 and β-actin (left) and bar graphs of densitometric protein quantifications normalized to β-actin from three independent experiments are shown (right). Protein 
expression in LPS-treated WT BMDMs was considered as 100% (D) Macrophages were pre-treated with DETA NONOate (25 and 50 μM) for 30 min followed by LPS 
stimulation for 16 h. Cells were then exposed to ATP (5 mM) for 15 min and IL-1β secretion in culture medium was measured by ELISA. (E) BMDMs were pre-treated 
with celecoxib (0.1 μM) for 30 min followed by LPS stimulation for 16 h. Cells were then treated with ATP (5 mM) for 15 min and IL-1β secretion in culture medium 
was measured by ELISA. All values shown are mean ± SEM of three independent experiments. Statistical analysis was performed using t-test; *p < 0.05, **p < 0.01, 
***p < 0.001. β-actin, beta-actin. WT, wild-type; rel, relative; DETA, DETA NONOate. 
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experimental setting [14,33,34], activation of the NLRP3 inflammasome 
and M2 polarization of BACH1− /− cells appear to be mutually inde
pendent [35]. Because HO-1 is critical for iron metabolism in macro
phages [36], it is conceivable that BACH1 deficiency may also affect 
both the inflammatory and metabolic phenotypes of macrophages via 
iron-dependent pathways [37]. The altered mitochondrial metabolism 
in BACH1− /− cells characterized by decreased activity of CI and 
OCR/ECAR ratio likely contributes to the increased inducibility of the 
NLRP3 inflammasome because these organelles are critically involved in 
regulating this pathway [23,38]. Moreover, the reduced inflammasome 
activation in the presence of NAC and MitoTempo corroborate that 
mtROS are an important signal in inflammasome activation in WT and 
BACH1− /− macrophages. Notably, others have shown that the CI in
hibitor rotenone led to an increase of mtROS production that caused an 
increased activation of the NLRP3 inflammasome in macrophages [23, 
39]. Interestingly, a link between mtROS and lysosomes in NLRP3 
inflammasome activation has been reported [40] and our data on pro
teomics highlight that, in association with mitochondrial dysfunction, 
lysosomes were also affected by genetic BACH1 deficiency (Fig. 1A). 

Our findings also suggest a mechanistic involvement of the enzymes 
iNOS and COX-2, two LPS-inducible proteins [41,42] that regulate 
inflammasome activation [43–45]. Regarding iNOS, it is known that this 
protein is a negative regulator of inflammasome activation [43,44,46, 
47] because iNOS-derived NO inhibits the formation of the ASC 
pyroptosome and S-nitrosylation of the NLRP3 inflammasome complex 
[43,44]. In agreement with findings of earlier reports [14,34], our re
sults show that iNOS expression and NO production are markedly lower 
in BACH1− /− cells challenged with LPS compared to WT macrophages, 
suggesting that less NO is available to suppress inflammasome activation 
in the absence of BACH1. Indeed, when BACH1− /− cells were supplied 
with exogenous NO (DETA) to compensate for reduced endogenous NO 
levels, inflammasome activation was significantly decreased, corrobo
rating a role of NO in this process. Moreover, genetic deficiency of iNOS 
has been shown to cause generation of high mtROS levels and subse
quent mitochondrial damage [44], in line with the phenotype found in 
our BACH1− /− macrophages. Overexpression of COX-2 in BACH1− /−
cells also contributes to enhanced inflammasome activation, because 
inhibition of COX-2 enzyme activity with celecoxib results in a strong 
decrease in IL-1β production (Fig. 5E). This is likely due to inhibition of 
pro-inflammatory prostaglandins released by this enzyme [48]. It is 
important to point out that iNOS and COX-2 are heme-containing pro
teins the synthesis of which is dependent on the availability of intra
cellular labile heme. Because the BACH1/HO-1 axis has been shown to 
regulate intracellular heme levels in LPS-stimulated macrophages [49], 
genetic BACH1 deficiency with consequent increase in HO-1 may indi
rectly impact iNOS and COX-2 expression, as previously reported [50, 
51]. 

In conclusion, our findings add to the emerging notion that BACH1 is 
an important regulator of cellular bioenergetics with functional conse
quences for immunomodulatory activities and reprogramming of mac
rophages. In particular, we report an atypical phenotype of LPS- 
stimulated BACH1-deficient macrophages characterized by the coexis
tence of both pro-inflammatory (enhanced inflammasome activation) 
and anti-inflammatory (high expression levels of HO-1 and M2 markers) 
profiles, which may represent an intermediate state within the spectrum 
of macrophage activation. It will be important to verify whether a 
similar profile is reproduced in animals lacking BACH1 and challenged 
with endotoxin in order to better understand the full implication of this 
heme-sensitive repressor in inflammatory responses. A better compre
hension of the role of BACH1 in the regulation of cellular metabolism 
and immunomodulation may also lead to potential therapeutic ap
proaches in inflammatory disorders [52], as recently shown for the 
targeted regulation of BACH1 by the anti-diabetic drug metformin in 
preclinical animal models of cancer [11,12]. 

4. Materials and methods 

4.1. Reagents 

Recombinant cytokine macrophage colony-stimulating factor (M- 
CSF) was purchased from PeproTech Inc., USA. Penicillin-streptomycin 
was purchased from C.C.Pro GmbH (Oberdorla, Germany). Lipopoly
saccharide serotype 0111:B4 was from Invivogen (San Diego, CA, USA). 
Accutase was obtained from Capricorn Scientific (Ebsdorfergrund, 
Germany). Mitochondrial complex inhibitors, 2′,7′-dichlorodihydro
fluorescein diacetate (H2-DCFDA), phorbol 12-myristate 13-acetate 
(PMA) and all other reagents were purchased from Sigma-Aldrich (St. 
Louis, MO, USA), unless indicated otherwise. 

4.2. Mice 

BACH1− /− mice were generated at Tohoku University (Sendai, 
Japan) [13,53] and transferred to the Central Animal Laboratory, 
Hannover Medical School. They were backcrossed for more than 10 
generations on a C57BL/6J background and compared with WT control 
mice. Adult male mice (10–14 weeks of age) were used. Mice were kept 
on a standard laboratory diet and were housed in cages under stan
dardized environmental conditions (12 h light/dark cycle, 23 ± 1 ◦C and 
55 ± 1% relative humidity). All animal experiments were approved by 
the Committee for Animal Welfare. 

4.3. Isolation and cell culture of BMDMs 

Mouse bone marrow cells were flushed from the tibia and femur of 
male C57BL6/J mice and cells were cultured for 7 days in DMEM high 
glucose media containing 10% fetal bovine serum (FBS) (Merck), 100 U/ 
ml penicillin, 100 mg/ml streptomycin and 25 ng/ml recombinant 
mouse M-CSF. On day 7, cells were plated in a 12-well plate at 3 × 105 

cells per well. All treatments were performed in 1% serum containing 
12.5 ng/ml M-CSF and LPS was used at a concentration of 1 μg/ml. 

4.4. Cell culture of RAW264.7 cells 

RAW264.7 macrophages were obtained from American Type Culture 
Collection (Rockville, MD, USA) and were cultured as previously 
described [54]. 

4.5. Analysis of mRNA expression 

Total RNA isolation was performed using an RNeasy mini kit (Qiagen 
GmbH, Hilden, Germany). cDNA synthesis was carried out using high 
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carls
bad, CA, USA). Primers for quantification of mRNA levels of HO-1, SPI- 
C, arginase and GAPDH were from Applied Biosystems. Amplification 
was performed with TaqMan Gene Expression Master Mix on a StepO
nePlus™ Real-Time PCR System (Applied Biosystems, Carlsbad, CA, 
USA). Thermal cycling was performed at 95 ◦C for 10 min followed by 40 
cycles at 95 ◦C for 15 s and 60 ◦C for 1 min. GAPDH was used as a control 
for normalization of cDNA values. The ΔΔCT method was used to semi- 
quantify mRNA levels. 

4.6. Mass spectrometry analysis 

Samples were prepared for mass spectrometry analyses and 
measured as described recently [55]. In brief, 1.5 × 108 cells were lysed 
in RIPA buffer, proteins were precipitated with acetone and %0 μg of 
protein was separated by SDS-PAGE for each sample. Upon staining with 
Coomassie, each lane on the SDS gel was cut into five fractions which 
were digested separately over night with Trypsin Gold (Promega) ac
cording to manufacturer’s instructions. A Linear Trap Quadrupole (LTQ) 
Orbitrap-Velos mass spectrometer coupled to a reversed-phase liquid 
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chromatography system was used to analyse samples. A nanoflow ul
trahigh pressure liquid chromatography system (rapid separation liquid 
chromatograpy; Thermo Fisher Scientific) with a trapping column (2 cm 
length, 75 μm inner diameter, and 3 μm C18 particle size) and a 
reversed-phase separating column (50 cm length, 75 μm inner diameter, 
and 2 μm C18 particle size) was used for reversed phase chromatography 
followed by ionisation and electrospray injection of peptides using a 
Nano Spray Flex Ion Source II. For overview scans, stored in profile 
mode, the Orbitrap analyzer with a resolution of 60 k at m/z 400 and a 
mass range of m/z 300 to 1600 was used. Fragmentation of ten most 
intensive peptides (double and triple charged, minimum intensity of 
2000 counts) were performed in the LTQ by collision-induced dissoci
ation. Resulting mass spectra were recorded in the LTQ and stored as 
centroid m/z value and intensity pairs. Dynamic exclusion was set to 70 s 
and a mass window of 10 ppm of m/z. 

4.7. Proteomics data analysis 

MaxQuant version 1.6.11.0 [56] was used for the identification and 
label-free quantification (LFG) of proteins from mass spectrometry raw 
files (See Data Processing in supplemental section). Preconfigured set
tings were used including digest mode set to Trypsin (specified) allowing 
two missed cleavages, carbamidomethyl (C) set as fixed and oxidation 
(M) and acetylation (N-term) set as variable modifications and mass 
tolerance set to 20 ppm (precursor) and 0.5 Da (MS/MS). Uniprot 
database (reviewed + unreviwed, 188,357 entries, database down
loaded on March 09, 2020) was used to match mass spectra. Perseus 
software 1.6.15 [57] was applied for data processing (see data pro
cessing in supplemental section). Briefly, proteins marked as contami
nants, and proteins only identified by a modified peptide (only identified 
by side) as well as proteins matching with the reverse database were 
excluded. Analysis was further restricted to proteins identified by at 
least two peptides and detected in both replicates in at least one con
dition. Additionally, LFQ values were normalized by transformation into 
the base-2 logarithm, and missing values were replaced by low LFQ 
values drawn from the normal distribution of the dataset (imputation; 
width: 0.3, down shift: 1.8, separately for each column). Principal 
component analysis (PCA) was used to identify variation and repro
ducibility in samples. Medians were calculated for each condition as 
well as fold changes to compare protein abundance across conditions. 
Two-way ANOVA was used to identify proteins which expression was 
affected by the genotype (BACH1), the treatment (LPS) or combined 
affects (genotype and treatment). Protein abundance of affected proteins 
(p ≤ 0.05, median LFQ values) were visualized as a heat map after 
z-normalization based on hierarchical clustering using complete linkage 
based on Euclidean distance method. For enrichment analyses, protein 
annotations from databases GOCC (Gene Ontology Cellular Compart
ment) and KEGG (Pathways) were added based on majority protein IDs. 
Fisher exact tests were performed to screen for enrichment of attributed 
cellular compartments or pathways among affected proteins. Results 
were visualized by Perseus Software and Graphpad Prism software 
version 8. 

4.8. Seahorse analysis 

OCR and ECAR were measured using a Seahorse XF24 extracellular 
flux analyzer (Seahorse Bioscience, Inc, North Billerica, MA, USA). Mito 
stress assay was performed as previously described [58]. 

4.9. CI enzyme activity assay 

CI enzyme activity was measured using Complex I Enzyme activity 
assay kit (colorimetric) (Abcam, ab109721) according to the manufac
turer’s protocol. Enzyme activity was measured for 45 min at 450 nm 
using a plate reader. 

4.10. Protein isolation and Western blot analysis 

At the end of the experiments, cells were washed with PBS and 
proteins were extracted using RIPA buffer containing protease inhibitor 
mixture (Chemcruz, Santacruz, USA) and stored at − 20 ◦C until 
analyzed. Protein concentrations were measured with the BCA assay 
(Interchim, Montlucon, France) and samples were subjected to Western 
blot analysis. Whole cell-lysates were separated by SDS-PAGE, trans
ferred to PVDF membranes (Bio-Rad) and incubated with primary an
tibodies against PINK1 (1:200, Santa Cruz), Parkin (1:100, Santa Cruz), 
iNOS (1:1000, Novus Biologicals), COX-2 (1:1000, Abcam) and β-actin 
(1:5000, Sigma- Aldrich). Secondary antibodies, polyclonal goat anti- 
rabbit IgG/HRP and rabbit anti-mouse IgG/HRP (Dako, Jena, Ger
many) were used at a dilution of 1:800. Chemiluminescent bands on 
autoradiograms were visualized with a ChemiDocTM Touch Imaging 
System (Bio-Rad, Basel, Switzerland) and quantified using the Image Lab 
software (Biorad, Germany). 

4.11. Flow cytometry 

Flow cytometry analysis was performed on a FACS Canto II flow 
cytometer and analyzed with FACS Diva Software (BD Biosciences, San 
Jose, CA, USA). 

4.12. ROS production 

To determine mtROS and total ROS production, cells were stained 
with MitoSOX red (2.5 μM) (Thermo Fisher Scientific, Inc. Waltham, 
MA, USA) and H2-DCFDA (10 μM), respectively, for 15 min at 37 ◦C and 
analyzed by FACS. 

4.13. Mitochondrial function measurements 

Δψm was assessed by staining cells with 20 nM tetramethylrhod
amine, methyl ester, perchlorate (TMRM) or 100 nM MitoTracker Deep 
Red (Thermo Fisher Scientific) for 15 min. For total mitochondrial mass, 
cells were incubated with 50 nM MitoTracker Green FM (Thermo Fisher 
scientific) for 15 min at 37 ◦C and analyzed by FACS. 

4.14. Other biochemical assays 

Measurements of ATP (Cayman Chemical, MI, USA), cytokines 
(Biolegend, San Diego, CA, USA), and nitrite (Promega, Madison, Wis
consin, USA) were performed using the respective assay kits according 
to the manufacturers’ instruction. 

4.15. Statistical analysis 

All statistical data analysis was performed using One-way ANOVA 
with Post Tukey’s test or Student’s t-test as indicated in the figure leg
ends using GraphPad Prism Version 8 (GraphPad Prism Software Inc.) 

Funding 

This work was supported by funding from the Deutsche For
schungsgemeinschaft (IM 20/4-1) and the European Union and the State 
of Niedersachsen project EFRE ZW6-85007634. 

Author contributions 

PP, VV, RF, RM, KI and SI planned and designed the experiments of 
the study. PP conducted the experiments. KC and FFRB performed 
sample preparation for MS and bioinformatics analysis. PP, RF, RM and 
SI wrote the manuscript. All the authors reviewed and contributed to the 
final version of the manuscript. 

P. Pradhan et al.                                                                                                                                                                                                                                

https://www.sciencedirect.com/science/article/pii/S0891584919302692
https://www.sciencedirect.com/science/article/pii/S0891584919302692


Redox Biology 51 (2022) 102265

10

Declaration of interests 

The authors declare no conflict of interest. 

Acknowledgement 

We would like to thank Anette Sarti, Sylvie Manin, Astrid Oberbeck 
and Karsten Heidrich for their excellent technical assistance. Mass 
spectrometry was performed by the Research Core Unit Proteomics of 
the Hannover Medical School headed by Prof. Dr. Andreas Pich. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.redox.2022.102265. 

References 

[1] T. Oyake, K. Itoh, H. Motohashi, N. Hayashi, H. Hoshino, M. Nishizawa, 
M. Yamamoto, K. Igarashi, Bach proteins belong to a novel family of BTB-basic 
leucine zipper transcription factors that interact with MafK and regulate 
transcription through the NF-E2 site, Mol. Cell Biol. 16 (1996) 6083–6095. 

[2] K. Igarashi, T. Kurosaki, R. Roychoudhuri, BACH transcription factors in innate and 
adaptive immunity, Nat. Rev. Immunol. 17 (2017) 437–450. 

[3] S.W. Ryter, J. Alam, A.M. Choi, Heme oxygenase-1/carbon monoxide: from basic 
science to therapeutic applications, Physiol. Rev. 86 (2006) 583–650. 

[4] M. Haldar, M. Kohyama, A.Y. So, W. Kc, X. Wu, C.G. Briseno, A.T. Satpathy, N. 
M. Kretzer, H. Arase, N.S. Rajasekaran, L. Wang, T. Egawa, K. Igarashi, 
D. Baltimore, T.L. Murphy, K.M. Murphy, Heme-mediated SPI-C induction 
promotes monocyte differentiation into iron-recycling macrophages, Cell 156 
(2014) 1223–1234. 

[5] A. Viola, F. Munari, R. Sanchez-Rodriguez, T. Scolaro, A. Castegna, The metabolic 
signature of macrophage responses, Front. Immunol. 10 (2019) 1462. 

[6] J. Van den Bossche, L.A. O’Neill, D. Menon, Macrophage immunometabolism: 
where are we (going)? Trends Immunol. 38 (2017) 395–406. 

[7] Y. Naito, T. Takagi, Y. Higashimura, Heme oxygenase-1 and anti-inflammatory M2 
macrophages, Arch. Biochem. Biophys. 564 (2014) 83–88. 

[8] Y. Watari, Y. Yamamoto, A. Brydun, T. Ishida, S. Mito, M. Yoshizumi, K. Igarashi, 
K. Chayama, T. Ohshima, R. Ozono, Ablation of the bach1 gene leads to the 
suppression of atherosclerosis in bach1 and apolipoprotein E double knockout 
mice, Hypertens. Res. 31 (2008) 783–792. 

[9] A. Harusato, Y. Naito, T. Takagi, K. Uchiyama, K. Mizushima, Y. Hirai, 
Y. Higashimura, K. Katada, O. Handa, T. Ishikawa, N. Yagi, S. Kokura, H. Ichikawa, 
A. Muto, K. Igarashi, T. Yoshikawa, BTB and CNC homolog 1 (Bach1) deficiency 
ameliorates TNBS colitis in mice: role of M2 macrophages and heme oxygenase-1, 
Inflamm. Bowel Dis. 19 (2013) 740–753. 

[10] Y. Yano, R. Ozono, Y. Oishi, M. Kambe, M. Yoshizumi, T. Ishida, S. Omura, 
T. Oshima, K. Igarashi, Genetic ablation of the transcription repressor Bach1 leads 
to myocardial protection against ischemia/reperfusion in mice, Gene Cell. 11 
(2006) 791–803. 

[11] J. Lee, A.E. Yesilkanal, J.P. Wynne, C. Frankenberger, J. Liu, J. Yan, M. Elbaz, D. 
C. Rabe, F.D. Rustandy, P. Tiwari, E.A. Grossman, P.C. Hart, C. Kang, S. 
M. Sanderson, J. Andrade, D.K. Nomura, M.G. Bonini, J.W. Locasale, M.R. Rosner, 
Effective breast cancer combination therapy targeting BACH1 and mitochondrial 
metabolism, Nature 568 (2019) 254–258. 

[12] C. Wiel, K. Le Gal, M.X. Ibrahim, C.A. Jahangir, M. Kashif, H. Yao, D.V. Ziegler, 
X. Xu, T. Ghosh, T. Mondal, C. Kanduri, P. Lindahl, V.I. Sayin, M.O. Bergo, BACH1 
stabilization by antioxidants stimulates lung cancer metastasis, Cell 178 (2019) 
330–345, e322. 

[13] J. Sun, H. Hoshino, K. Takaku, O. Nakajima, A. Muto, H. Suzuki, S. Tashiro, 
S. Takahashi, S. Shibahara, J. Alam, M.M. Taketo, M. Yamamoto, K. Igarashi, 
Hemoprotein Bach1 regulates enhancer availability of heme oxygenase-1 gene, 
EMBO J. 21 (2002) 5216–5224. 

[14] Z. Alam, S. Devalaraja, M. Li, T.K.J. To, I.W. Folkert, E. Mitchell-Velasquez, M. 
T. Dang, P. Young, C.J. Wilbur, M.A. Silverman, X. Li, Y.H. Chen, P.T. Hernandez, 
A. Bhattacharyya, M. Bhattacharya, M.H. Levine, M. Haldar, Counter regulation of 
spic by NF-kappaB and STAT signaling controls inflammation and iron metabolism 
in macrophages, Cell Rep. 31 (2020), 107825. 

[15] C. Nathan, A. Cunningham-Bussel, Beyond oxidative stress: an immunologist’s 
guide to reactive oxygen species, Nat. Rev. Immunol. 13 (2013) 349–361. 

[16] S.J. Forrester, D.S. Kikuchi, M.S. Hernandes, Q. Xu, K.K. Griendling, Reactive 
oxygen species in metabolic and inflammatory signaling, Circ. Res. 122 (2018) 
877–902. 

[17] A.P. West, I.E. Brodsky, C. Rahner, D.K. Woo, H. Erdjument-Bromage, P. Tempst, 
M.C. Walsh, Y. Choi, G.S. Shadel, S. Ghosh, TLR signalling augments macrophage 
bactericidal activity through mitochondrial ROS, Nature 472 (2011) 476–480. 

[18] E.L. Mills, B. Kelly, A. Logan, A.S.H. Costa, M. Varma, C.E. Bryant, P. Tourlomousis, 
J.H.M. Dabritz, E. Gottlieb, I. Latorre, S.C. Corr, G. McManus, D. Ryan, H.T. Jacobs, 
M. Szibor, R.J. Xavier, T. Braun, C. Frezza, M.P. Murphy, L.A. O’Neill, Succinate 
dehydrogenase supports metabolic repurposing of mitochondria to drive 
inflammatory macrophages, Cell 167 (2016) 457–470 e413. 

[19] D. Patoli, F. Mignotte, V. Deckert, A. Dusuel, A. Dumont, A. Rieu, A. Jalil, K. Van 
Dongen, T. Bourgeois, T. Gautier, C. Magnani, N. Le Guern, S. Mandard, J. Bastin, 
F. Djouadi, C. Schaeffer, N. Guillaumot, M. Narce, M. Nguyen, J. Guy, A. Dargent, 
J.P. Quenot, M. Rialland, D. Masson, J. Auwerx, L. Lagrost, C. Thomas, Inhibition 
of mitophagy drives macrophage activation and antibacterial defense during 
sepsis, J. Clin. Invest. 130 (2020) 5858–5874. 

[20] J.H. Schofield, Z.T. Schafer, Mitochondrial reactive oxygen species and mitophagy: 
a complex and nuanced relationship, Antioxidants Redox Signal. 34 (2021) 
517–530. 

[21] S. Melser, J. Lavie, G. Benard, Mitochondrial degradation and energy metabolism, 
Biochim. Biophys. Acta 1853 (2015) 2812–2821. 

[22] L. Franchi, T. Eigenbrod, R. Munoz-Planillo, G. Nunez, The inflammasome: a 
caspase-1-activation platform that regulates immune responses and disease 
pathogenesis, Nat. Immunol. 10 (2009) 241–247. 

[23] R. Zhou, A.S. Yazdi, P. Menu, J. Tschopp, A role for mitochondria in NLRP3 
inflammasome activation, Nature 469 (2011) 221–225. 

[24] K.V. Swanson, M. Deng, J.P. Ting, The NLRP3 inflammasome: molecular activation 
and regulation to therapeutics, Nat. Rev. Immunol. 19 (2019) 477–489. 

[25] D. Perregaux, C.A. Gabel, Interleukin-1 beta maturation and release in response to 
ATP and nigericin. Evidence that potassium depletion mediated by these agents is a 
necessary and common feature of their activity, J. Biol. Chem. 269 (1994) 
15195–15203. 

[26] J. Jabaut, J.L. Ather, A. Taracanova, M.E. Poynter, K. Ckless, Mitochondria- 
targeted drugs enhance Nlrp3 inflammasome-dependent IL-1beta secretion in 
association with alterations in cellular redox and energy status, Free Radic. Biol. 
Med. 60 (2013) 233–245. 

[27] S. Cadenas, Mitochondrial uncoupling, ROS generation and cardioprotection, 
Biochim. Biophys. Acta Bioenerg. 1859 (2018) 940–950. 

[28] M.D. Brand, C. Affourtit, T.C. Esteves, K. Green, A.J. Lambert, S. Miwa, J.L. Pakay, 
N. Parker, Mitochondrial superoxide: production, biological effects, and activation 
of uncoupling proteins, Free Radic. Biol. Med. 37 (2004) 755–767. 

[29] A.E. Jones, A.S. Divakaruni, Macrophage activation as an archetype of 
mitochondrial repurposing, Mol. Aspect. Med. 71 (2020), 100838. 

[30] S. Tzima, P. Victoratos, K. Kranidioti, M. Alexiou, G. Kollias, Myeloid heme 
oxygenase-1 regulates innate immunity and autoimmunity by modulating IFN-beta 
production, J. Exp. Med. 206 (2009) 1167–1179. 

[31] N. Weis, A. Weigert, A. von Knethen, B. Brune, Heme oxygenase-1 contributes to an 
alternative macrophage activation profile induced by apoptotic cell supernatants, 
Mol. Biol. Cell 20 (2009) 1280–1288. 

[32] A. Patsalos, P. Tzerpos, L. Halasz, G. Nagy, A. Pap, N. Giannakis, K. Lyroni, 
V. Koliaraki, E. Pintye, B. Dezso, G. Kollias, C.G. Spilianakis, L. Nagy, The BACH1- 
HMOX1 regulatory Axis is indispensable for proper macrophage subtype 
specification and skeletal muscle regeneration, J. Immunol. 203 (2019) 
1532–1547. 

[33] J. Sun, M. Brand, Y. Zenke, S. Tashiro, M. Groudine, K. Igarashi, Heme regulates 
the dynamic exchange of Bach1 and NF-E2-related factors in the Maf transcription 
factor network, Proc. Natl. Acad. Sci. U.S.A. 101 (2004) 1461–1466. 

[34] A. Iida, K. Inagaki, A. Miyazaki, F. Yonemori, E. Ito, K. Igarashi, Bach1 deficiency 
ameliorates hepatic injury in a mouse model, Tohoku J. Exp. Med. 217 (2009) 
223–229. 

[35] S.H. Vitali, A. Fernandez-Gonzalez, J. Nadkarni, A. Kwong, C. Rose, S.A. Mitsialis, 
S. Kourembanas, Heme oxygenase-1 dampens the macrophage sterile 
inflammasome response and regulates its components in the hypoxic lung, Am. J. 
Physiol. Lung Cell Mol. Physiol. 318 (2020) L125–L134. 

[36] M.P. Soares, I. Hamza, Macrophages and iron metabolism, Immunity 44 (2016) 
492–504. 

[37] M. Pereira, T.D. Chen, N. Buang, A. Olona, J.H. Ko, M. Prendecki, A.S.H. Costa, 
E. Nikitopoulou, L. Tronci, C.D. Pusey, H.T. Cook, S.P. McAdoo, C. Frezza, 
J. Behmoaras, Acute iron deprivation reprograms human macrophage metabolism 
and reduces inflammation in vivo, Cell Rep. 28 (2019) 498–511 e495. 

[38] M.T. Sorbara, S.E. Girardin, Mitochondrial ROS fuel the inflammasome, Cell Res. 
21 (2011) 558–560. 

[39] J.H. Won, S. Park, S. Hong, S. Son, J.W. Yu, Rotenone-induced impairment of 
mitochondrial electron transport chain confers a selective priming signal for 
NLRP3 inflammasome activation, J. Biol. Chem. 290 (2015) 27425–27437. 

[40] M.E. Heid, P.A. Keyel, C. Kamga, S. Shiva, S.C. Watkins, R.D. Salter, Mitochondrial 
reactive oxygen species induces NLRP3-dependent lysosomal damage and 
inflammasome activation, J. Immunol. 191 (2013) 5230–5238. 

[41] C. Bogdan, Nitric oxide and the immune response, Nat. Immunol. 2 (2001) 
907–916. 

[42] W.L. Smith, D.L. DeWitt, R.M. Garavito, Cyclooxygenases: structural, cellular, and 
molecular biology, Annu. Rev. Biochem. 69 (2000) 145–182. 

[43] E. Hernandez-Cuellar, K. Tsuchiya, H. Hara, R. Fang, S. Sakai, I. Kawamura, 
S. Akira, M. Mitsuyama, Cutting edge: nitric oxide inhibits the NLRP3 
inflammasome, J. Immunol. 189 (2012) 5113–5117. 

[44] K. Mao, S. Chen, M. Chen, Y. Ma, Y. Wang, B. Huang, Z. He, Y. Zeng, Y. Hu, S. Sun, 
J. Li, X. Wu, X. Wang, W. Strober, C. Chen, G. Meng, B. Sun, Nitric oxide suppresses 
NLRP3 inflammasome activation and protects against LPS-induced septic shock, 
Cell Res. 23 (2013) 201–212. 

[45] K.F. Hua, J.C. Chou, S.M. Ka, Y.L. Tasi, A. Chen, S.H. Wu, H.W. Chiu, W.T. Wong, 
Y.F. Wang, C.L. Tsai, C.L. Ho, C.H. Lin, Cyclooxygenase-2 regulates NLRP3 
inflammasome-derived IL-1beta production, J. Cell. Physiol. 230 (2015) 863–874. 

[46] A. Cyr, L. Chambers, P.K. Waltz, S.P. Whelan, L. Kohut, E. Carchman, M. Dyer, 
J. Luciano, B. Kautza, H.D. Gomez, L.E. Otterbein, M.R. Rosengart, S. Shiva, B. 
S. Zuckerbraun, Endotoxin engages mitochondrial quality control via an iNOS- 

P. Pradhan et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.redox.2022.102265
https://doi.org/10.1016/j.redox.2022.102265
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref1
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref1
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref1
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref1
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref2
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref2
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref3
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref3
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref4
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref4
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref4
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref4
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref4
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref5
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref5
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref6
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref6
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref7
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref7
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref8
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref8
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref8
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref8
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref9
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref9
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref9
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref9
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref9
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref10
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref10
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref10
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref10
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref11
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref11
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref11
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref11
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref11
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref12
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref12
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref12
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref12
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref13
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref13
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref13
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref13
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref14
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref14
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref14
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref14
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref14
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref15
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref15
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref16
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref16
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref16
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref17
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref17
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref17
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref18
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref18
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref18
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref18
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref18
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref19
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref19
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref19
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref19
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref19
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref19
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref20
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref20
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref20
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref21
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref21
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref22
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref22
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref22
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref23
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref23
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref24
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref24
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref25
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref25
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref25
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref25
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref26
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref26
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref26
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref26
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref27
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref27
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref28
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref28
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref28
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref29
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref29
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref30
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref30
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref30
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref31
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref31
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref31
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref32
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref32
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref32
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref32
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref32
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref33
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref33
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref33
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref34
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref34
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref34
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref35
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref35
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref35
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref35
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref36
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref36
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref37
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref37
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref37
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref37
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref38
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref38
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref39
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref39
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref39
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref40
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref40
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref40
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref41
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref41
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref42
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref42
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref43
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref43
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref43
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref44
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref44
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref44
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref44
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref45
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref45
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref45
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref46
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref46
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref46


Redox Biology 51 (2022) 102265

11

reactive oxygen species signaling pathway in hepatocytes, Oxid Med Cell Longev 
(2019), 4745067, 2019. 

[47] B.B. Mishra, V.A. Rathinam, G.W. Martens, A.J. Martinot, H. Kornfeld, K. 
A. Fitzgerald, C.M. Sassetti, Nitric oxide controls the immunopathology of 
tuberculosis by inhibiting NLRP3 inflammasome-dependent processing of IL-1beta, 
Nat. Immunol. 14 (2013) 52–60. 

[48] L.S. Simon, Role and regulation of cyclooxygenase-2 during inflammation, Am. J. 
Med. 106 (1999) 37S–42S. 

[49] K. Sudan, V. Vijayan, K. Madyaningrana, F. Gueler, K. Igarashi, R. Foresti, 
R. Motterlini, S. Immenschuh, TLR4 activation alters labile heme levels to regulate 
BACH1 and heme oxygenase-1 expression in macrophages, Free Radic. Biol. Med. 
137 (2019) 131–142. 

[50] S. Immenschuh, M. Tan, G. Ramadori, Nitric oxide mediates the lipopolysaccharide 
dependent upregulation of the heme oxygenase-1 gene expression in cultured rat 
Kupffer cells, J. Hepatol. 30 (1999) 61–69. 

[51] P.K. Datta, S.B. Koukouritaki, K.A. Hopp, E.A. Lianos, Heme oxygenase-1 induction 
attenuates inducible nitric oxide synthase expression and proteinuria in 
glomerulonephritis, J. Am. Soc. Nephrol. 10 (1999) 2540–2550. 

[52] H. Zuo, Y. Wan, Metabolic reprogramming in mitochondria of myeloid cells, Cells 
(2019) 9. 

[53] A. Itoh-Nakadai, R. Hikota, A. Muto, K. Kometani, M. Watanabe-Matsui, Y. Sato, 
M. Kobayashi, A. Nakamura, Y. Miura, Y. Yano, S. Tashiro, J. Sun, T. Ikawa, 

K. Ochiai, T. Kurosaki, K. Igarashi, The transcription repressors Bach2 and Bach1 
promote B cell development by repressing the myeloid program, Nat. Immunol. 15 
(2014) 1171–1180. 

[54] V. Vijayan, E. Baumgart-Vogt, S. Naidu, G. Qian, S. Immenschuh, Bruton’s tyrosine 
kinase is required for TLR-dependent heme oxygenase-1 gene activation via Nrf2 in 
macrophages, J. Immunol. 187 (2011) 817–827. 

[55] K. Cirksena, H.J. Hutte, A. Shcherbakova, T. Thumberger, R. Sakson, S. Weiss, L. 
R. Jensen, A. Friedrich, D. Todt, A.W. Kuss, T. Ruppert, J. Wittbrodt, H. Bakker, F. 
F.R. Buettner, The C-mannosylome of human induced pluripotent stem cells 
implies a role for ADAMTS16 C-mannosylation in eye development, Mol. Cell. 
Proteomics 20 (2021), 100092. 

[56] S. Tyanova, T. Temu, J. Cox, The MaxQuant computational platform for mass 
spectrometry-based shotgun proteomics, Nat. Protoc. 11 (2016) 2301–2319. 

[57] S. Tyanova, T. Temu, P. Sinitcyn, A. Carlson, M.Y. Hein, T. Geiger, M. Mann, 
J. Cox, The Perseus computational platform for comprehensive analysis of (prote) 
omics data, Nat. Methods 13 (2016) 731–740. 

[58] V. Vijayan, P. Pradhan, L. Braud, H.R. Fuchs, F. Gueler, R. Motterlini, R. Foresti, 
S. Immenschuh, Human and murine macrophages exhibit differential metabolic 
responses to lipopolysaccharide - a divergent role for glycolysis, Redox Biol. 22 
(2019) 101147. 

P. Pradhan et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S2213-2317(22)00037-4/sref46
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref46
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref47
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref47
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref47
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref47
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref48
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref48
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref49
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref49
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref49
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref49
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref50
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref50
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref50
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref51
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref51
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref51
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref52
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref52
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref53
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref53
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref53
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref53
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref53
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref54
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref54
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref54
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref55
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref55
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref55
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref55
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref55
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref56
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref56
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref57
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref57
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref57
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref58
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref58
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref58
http://refhub.elsevier.com/S2213-2317(22)00037-4/sref58

