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A B S T R A C T   

Activation of inflammation is tightly associated with metabolic reprogramming in macrophages. The iron- 
containing tetrapyrrole heme can induce pro-oxidant and pro-inflammatory effects in murine macrophages, 
but has been associated with polarization towards an anti-inflammatory phenotype in human macrophages. In 
the current study, we compared the regulatory responses to heme and the prototypical Toll-like receptor (TLR)4 
ligand lipopolysaccharide (LPS) in human and mouse macrophages with a particular focus on alterations of 
cellular bioenergetics. In human macrophages, bulk RNA-sequencing analysis indicated that heme led to an anti- 
inflammatory transcriptional profile, whereas LPS induced a classical pro-inflammatory gene response. Co- 
stimulation of heme with LPS caused opposing regulatory patterns of inflammatory activation and cellular 
bioenergetics in human and mouse macrophages. Specifically, in LPS-stimulated murine, but not human mac
rophages, heme led to a marked suppression of oxidative phosphorylation and an up-regulation of glycolysis. The 
species-specific alterations in cellular bioenergetics and inflammatory responses to heme were critically 
dependent on the availability of nitric oxide (NO) that is generated in inflammatory mouse, but not human 
macrophages. Accordingly, studies with an inducible nitric oxide synthase (iNOS) inhibitor in mouse, and a 
pharmacological NO donor in human macrophages, reveal that NO is responsible for the opposing effects of heme 
in these cells. Taken together, the current findings indicate that NO is critical for the immunomodulatory role of 
heme in macrophages.   

1. Introduction 

Heme, an iron-containing tetrapyrrole, plays major biological roles 
in all aerobic organisms. It serves essential physiological functions as a 
prosthetic group of numerous hemoproteins for oxygen storage and 
transport (hemoglobin, myoglobin), electron transfer in the respiratory 
chain (cytochrome c) and in drug metabolism (cytochrome P450) [1–3]. 
Moreover, heme is a crucial signaling molecule and is involved in dif
ferentiation of tissue-specific iron-recycling macrophages [4,5]. In 
contrast, ‘free’, i.e. non-protein bound heme, can catalyze the Fenton 

reaction, an oxidation process activated by iron (II) in the presence of 
hydrogen peroxide that triggers pro-oxidant, pro-inflammatory and 
cytotoxic effects [6,7]. Clinically relevant disorders, in which free heme 
plays a critical pathophysiological role encompass hemolytic (e.g. sickle 
cell anemia, β-thalassemia or malaria [8–10]) and non-hemolytic con
ditions (e.g. ischemia-reperfusion injury, sepsis and atherosclerosis [3, 
11,12]). 

The interaction between heme and macrophages is critical for the 
regulation of inflammatory responses [13]. Heme can mediate opposing 
pro- [13] or anti-inflammatory phenotypical alterations in macrophages 
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[14–16] depending on the experimental setting used or the composition 
of the cellular microenvironment. Pro-inflammatory effects of heme in 
macrophages have been associated with activation of Toll-like receptor 
(TLR)4 signaling causing secretion of pro-inflammatory cytokines and 
activation of the inflammasome [17,18]. The mechanisms of 
heme-dependent TLR4 signaling have remained ill defined [16,19] and 
TLR2 has recently also been shown to mediate pro-inflammatory effects 
of heme [20]. Notably, heme can also cause anti-inflammatory effects in 
macrophages that may involve heme oxygenase-1 (HO-1)-dependent 
catabolism of heme. Enzymatic degradation of heme by HO-1 produces 
carbon monoxide (CO) and bilirubin [21], both of which exhibit potent 
anti-inflammatory and antioxidant properties [22,23]. Moreover, in 
human macrophages, heme can induce the so-called Mhem phenotype 
that is distinct from the prototypical M1/M2 polarization. This pheno
type is characterized by increased expression of HO-1 and the 
anti-inflammatory cytokine interleukin (IL)-10 that has been associated 
with atheroprotective effects [12,24]. 

In macrophages, modulation of mitochondrial function and cellular 
bioenergetics strongly contributes to inflammatory activation. In 
particular, activated mouse macrophages undergo so-called metabolic 
reprogramming (also termed metabolic repurposing of mitochondria), 
in which they shift from ATP production via oxidative phosphorylation 
(OxPhos) to that via glycolysis upon LPS stimulation [25]. Notably, 
while a comparable bioenergetics switch from mitochondrial-dependent 
energy production to glucose utilization has recently been observed for 
heme-treated murine macrophages, others have reported that under 
similar conditions heme leads to a different metabolic rewiring by 
increasing glycolysis at the expense of impaired mitochondrial fatty acid 
β-oxidation [9,26]. Furthermore, it is not known whether heme induces 
metabolic reprogramming in human macrophages. This is important 
given that various conditions of hemolysis result in increased levels of 
free heme and human macrophages are less susceptible to mitochondrial 
dysfunction by lipopolysaccharide (LPS) compared to mouse cells [27]. 
Nitric oxide (NO) over-production has previously been shown to cause 
mitochondrial dysfunction in macrophages upon inflammatory activa
tion [28,29]. Remarkably, NO appears to promote inflammation only in 
activated mouse, but not human macrophages because the latter do not 
produce NO in response to stimulation with LPS [30]. 

The major goal of the present study was to compare the effect of 
heme with that of the prototypical TLR4 ligand LPS on inflammatory 
activation and mitochondrial function in primary human monocyte- 
derived macrophages (hMDMs), and mouse bone marrow-derived 
macrophages (mBMDMs). It is demonstrated that the regulatory 
response to heme involving mitochondrial metabolism and inflamma
tory activation in LPS-activated hMDMs is different from that in 
mBMDMs. Finally, we show that the presence or absence of NO largely 
determines the pro-inflammatory effects of heme in mouse macrophages 
and its anti-inflammatory activity in human cells. 

2. Results 

2.1. Differential transcriptomics patterns in heme- and LPS-treated 
human macrophages 

Heme has previously been demonstrated to activate TLR4, the re
ceptor sensing the pro-inflammatory compound LPS [31]. To assess the 
comparative effects of heme and LPS on RNA expression, bulk tran
scriptomics was performed in hMDMs from four individual donors 
treated with either heme or LPS (Fig. S1 “Data processing”). Unbiased 
principal component analysis (PCA) revealed that heme and LPS caused 
differential transcriptional expression patterns in these cells (Fig. S2A). 
The distinct regulatory patterns based on hierarchical clustering are 
shown as heatmap (Fig. 1A). Unsurprisingly, genes up-regulated by LPS 
stimulation were predominantly associated with ‘cytokine-mediated 
signaling’ and ‘cellular response to cytokine stimuli’, as determined by 
gene ontology analysis (Fig. 1B–S2B). Furthermore, LPS induced the 

specific expression of pro-inflammatory genes such as IL-1β, IL-6 and 
cyclooxygenase-2 (COX-2), synonymous with prostaglandin- 
endoperoxide synthase-2 (PTGS2), in hMDMs (Fig. 1C). By contrast, 
exposure to heme did not alter expression of pro-inflammatory genes, 
but led to an up-regulation of the inducible heme-degrading enzyme 
HO-1 and various NF-E2-related factor-2 (Nrf2)-inducible antioxidant 
genes such as glutamate-cysteine ligase modifier subunit (GCLM) and 
NAD(P)H dehydrogenase quinone 1 (NQO1) (Fig. 1C and D) indicating 
that heme and LPS cause markedly different profiles of gene expression 
in hMDMs. Interestingly, we also observed differential effects of heme 
and LPS on glycolysis-related genes including Slc2a1, Pfkfb3, Hif1α and 
ACOD1 (Fig. 1C). Genes that were significantly up- or down-regulated 
by heme are shown with the highest adjusted p-value in heme-treated 
hMDMs relative to LPS (Fig. 1E). Collectively, these data indicate that 
heme does not activate classical TLR4-mediated cytokine signaling, but 
causes an increased expression of distinct anti-inflammatory genes in 
human macrophages. 

2.2. Opposing effects of heme on inflammation in human and mouse 
macrophages 

To evaluate the effects of heme in inflammatory human macro
phages, mRNA expression levels of TNF-α, IL-6 and COX-2 were deter
mined in hMDMs treated with heme, LPS alone or the combination of 
heme + LPS. In contrast to LPS, heme alone did not appreciably affect 
the expression of TNF-α, IL-6 and COX-2, confirming our transcriptomics 
data in Fig. 1C. However, heme counter-acted the LPS-dependent in
duction of these pro-inflammatory genes in a concentration-dependent 
manner (Fig. 2A). In addition, heme led to an up-regulation of HO-1 
expression (Fig. 2B), a decrease of the M1 cell surface marker CD64 
and an increase of the M2 marker CD206 (Fig. 2C). Notably, the inhib
itory effects of heme-on LPS-dependent cytokine up-regulation varied 
considerably in individual donors. Because regulation by heme is 
dependent on its interactions with serum proteins [32,33], we also 
examined the effects of increasing serum concentrations on responses to 
heme and LPS. Serum enhanced mRNA expression levels of TNF-α and 
IL-6 induced by LPS or heme + LPS, but decreased HO-1 in heme-treated 
hMDMs dose-dependently (Figs. S3A and S3B), indicating an association 
with lower HO-1 levels and increased inflammation. Serum proteins 
such as albumin are known to block the activity and uptake of heme [31, 
32]. Accordingly, our data indicate that the anti-inflammatory effects of 
heme are critically dependent on its interactions with heme-binding 
proteins. In contrast to these findings in human macrophages, previ
ous reports showed that heme exerts opposing pro-inflammatory effects 
in mouse macrophages [17,31]. Therefore, we also determined the 
levels of TNF-α and IL-6 in response to heme, LPS or heme + LPS in 
mBMDMs. While heme alone had no effect in mBMDMs (Fig. 3A), we 
confirmed that it markedly enhanced the expression of 
pro-inflammatory genes and HO-1 in the presence of LPS (Fig. 3A and B). 
Collectively, the data demonstrate that heme has opposing effects in 
macrophages depending on the species considered: in LPS-activated 
hMDMs heme attenuates the pro-inflammatory response while exacer
bating inflammation in mBMDMs. 

2.3. Human and mouse macrophages exhibit distinct profiles of 
mitochondrial bioenergetics when treated with heme and LPS 

Activation of macrophages is associated with alterations in mito
chondrial metabolism [25,34]. Because human and mouse macrophages 
exhibit differential metabolic responses to LPS [27], the regulatory ef
fects of heme and LPS on cellular bioenergetics were compared in 
hMDMs and mBMDMs. By means of extracellular flux analysis, using 
oxygen consumption rate (OCR) as a marker of mitochondrial function, 
a Mito Stress assay revealed no impairment of mitochondrial respiratory 
parameters in LPS- or heme-treated hMDMs (Fig. 4A). By contrast, in 
mBMDMs, LPS significantly reduced mitochondrial respiration while 
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Fig. 1. Differential effect of heme and LPS on the gene expression profile of human macrophages. hMDMs were treated with heme (10 μM) and LPS (1 μg/ml) 
alone for 6 h and the bulk transcriptome was compared (n = 4). (A) Heatmap from differentially expressed genes (DEGs) in heme- vs LPS-treated cells. (B) Gene 
ontology cellular compartments (GOCC) analysis of differentially expressed genes in heme vs LPS. Gene Set Enrichment Analysis was performed using EnrichR. 
Significant GOCC database were defined as those having an adjusted p-value smaller than 0.05. (C) Heatmap representation of DEGs. The heatmap was scaled across 
genes and generated based on R package pheatmap v1.0.12. (D) Volcano plots for the DEGs of heme vs LPS. The x-axis represents the log2-fold change values, and the 
y-axis represents -log10 adjusted p-values. DESeq2 was used to calculate the normalized reads from raw counts. (E) Boxplots for the top 10 up-regulated and down- 
regulated DEGs of heme vs LPS. See also Figs. S1 and S2. 
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Fig. 2. Heme is anti-inflammatory in LPS-stimulated human macrophages. hMDMs were treated with various concentrations of heme and with LPS (1 μg/ml) 
alone or in combination for 16 h, as indicated. (A) Gene expression of TNF-α, IL-6, COX-2 were measured by real-time RT-PCR and cell culture supernatants were 
collected for ELISA to detect TNF-α and IL-6. (B) Gene expression of HO-1: values were normalized to the expression of HPRT and the respective ΔΔCT values are 
shown. (C) hMDMs were stimulated with IFN-γ (10 ng/ml), IL-4 (20 ng/ml), LPS or heme for 24 h. Expression of the M1 marker CD64 and the M2 marker CD206 
were analyzed by flow cytometry and the fold induction of mean fluorescence intensity relative to unstimulated control macrophages is shown (n = 3). The values 
represent mean ± SEM of three independent experiments. Statistical analysis was performed using one-way ANOVA with Tukey’s test; *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001. See also Fig. S3. 

P. Pradhan et al.                                                                                                                                                                                                                                



Redox Biology 73 (2024) 103191

5

heme had no effect (Fig. 4B). Remarkably, exposure of hMDMs to heme 
significantly reduced basal glycolysis, as indicated by a decreased 
extracellular acidification rate (ECAR) (Fig. 4C). Consistent with this 
observation, heme-treated hMDMs exhibited lower levels of 
glycolysis-related genes (Fig. 1C). In contrast, heme stimulation in 
mBMDMs led to a minor increase in basal glycolysis that was markedly 
lower compared to the effect by LPS (Fig. 4C). These bioenergetic al
terations were associated with changes in intracellular ATP levels, 
which were increased by heme in human, but not mouse macrophages 
(Fig. 4D). Taken together, these findings indicate that heme alone does 
not differentially affect OxPhos in human and mouse macrophages. 

We also examined the influence of heme on LPS-activated macro
phages. In hMDMs, we found that simultaneous treatment with heme +
LPS did not affect the mitochondrial respiratory parameters and 
glycolysis (Fig. 5A and B). By contrast, in mBMDMs heme + LPS caused 
mitochondrial dysfunction and increased glycolysis (Fig. 5C and D). 
These findings suggest that heme causes species-specific regulatory 
differences in bioenergetics of LPS-activated human and mouse 
macrophages. 

2.4. Availability of NO is critical for the pro-inflammatory effects of heme 
in LPS-activated mouse macrophages 

A key difference between LPS-activated human and murine macro
phages is the increased expression of inducible nitric oxide synthase 
(iNOS) and consequent NO production that only occurs in mouse cells 
[30,35,36]. Accordingly, a number of metabolic changes in mouse 
macrophages, including impairment of mitochondrial respiration and 
mitochondrial function due to inflammatory activation, have been 
attributed to NO [37,38]. Hence, we examined whether pharmacolog
ical inhibition of iNOS enzyme activity by treatment with 1400W may 
affect the secretion of pro-inflammatory cytokines elicited by heme +
LPS in mBMDMs (Fig. 6A). As expected, exposure to 1400W decreased 
nitrite to levels measured in control cells (Fig. 6B). Importantly, 1400W 
also decreased the mRNA expression and secretion of TNF-α and IL-6 in 
mBMDMs stimulated with LPS and heme + LPS (Fig. 6C and D). To 
further prove that NO plays a role in enhancing the pro-inflammatory 
response human macrophages were pre-treated with the NO donor 
DETA-NONOate (DETA) to compensate for their lack of iNOS before the 
inflammatory challenge. As shown in Fig. 6E, the presence of NO 
exacerbated LPS-induced TNF-α, IL-6 and COX-2 expression. More 
interestingly, under these conditions heme lost its anti-inflammatory 
effect in human cells and acquired a pro-inflammatory nature. Indeed, 

Fig. 3. Heme is pro-inflammatory in LPS stimulated mouse macrophages. mBMDMs were treated with heme (5 or 10 μM) and LPS (1 μg/ml) for 16 h. (A) Gene 
expression of TNF-α, IL-6, COX-2 were measured by real-time RT-PCR and culture supernatants were collected for ELISA to detect TNF-α and IL-6. (B) Gene 
expression of HO-1: values were normalized to the expression of HPRT and the respective ΔΔCT values are shown. The values represent mean ± SEM of three 
independent experiments. Statistical analysis was performed using one-way ANOVA with Tukey’s test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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combined treatment with DETA + heme + LPS led to an enhanced 
expression of inflammatory markers in LPS-activated hMDMs (Fig. 6E). 
These data clearly indicate that the absence of NO production in acti
vated human macrophages precludes the manifestation of the 
pro-inflammatory activity of heme upon LPS challenge. To address 
whether mitochondrial dysfunction is associated with the 
pro-inflammatory effects of heme in LPS-activated macrophages, 
hMDMs were pre-treated with the OxPhos inhibitor oligomycin. We 
observed that oligomycin reversed the anti-inflammatory effects 
induced by heme in hMDMs, enhancing the LPS-mediated expression of 
TNF-α and IL-6 (Fig. S4). Thus, when mitochondrial function is pre
served in LPS-treated hMDMs, heme mediates anti-inflammatory activ
ities. In contrast, if mitochondrial function is compromised, heme also 
becomes pro-inflammatory in human cells. Collectively, these data 
indicate that NO plays a crucial role in mediating the pro-inflammatory 
effects of heme in activated macrophages. 

3. Discussion 

The major findings of the current study are that 1) heme possesses a 
pro-inflammatory nature in LPS-activated murine macrophages; 2) 
heme exerts anti-inflammatory effects in LPS-activated human macro
phages that are independent of TLR4 signaling; 3) availability of NO is 
critical for determining the immunomodulatory effects of heme. 

3.1. Anti-inflammatory effects of heme in human macrophages 

Heme is a damage-associated molecular pattern (DAMP) that has 
been proposed to activate TLR4 signaling [6,31,39]. The current find
ings in primary human macrophages clearly show that only a portion of 
the heme-mediated effects occur via TLR4 signaling, demonstrating that 
the regulatory effects of heme are distinct from those elicited by the 
prototypical TLR4 activator LPS [19]. Specifically, RNA sequencing data 
from hMDMs indicated that heme did not affect the classical 
MyD88/NF-κB pathway that is normally engaged by LPS [40], but rather 
the Kelch-like ECH-associated protein 1 (Keap1)/Nrf2 cascade [41]. 
These findings are consistent with previous reports showing that heme 
counteracts the pro-inflammatory activation of hMDMs [12,16] via the 
Nrf2 pathway [16,42]. Nrf2 may mediate the anti-inflammatory effects 
of heme via HO-1-dependent and/or -independent mechanisms [16]. 
For example, Nrf2 inhibits LPS-dependent up-regulation of IL-6 and 
IL-1β in macrophages via a transcriptional mechanism that involves the 
proximal promoter region of these pro-inflammatory cytokine genes 
[43]. Independently, BACH1, a heme-regulated nuclear repressor, has 
previously been demonstrated to affect mitochondrial function and in
flammatory responses in macrophages [44]. Therefore, BACH1 likely 
plays a critical role for the heme-dependent immunomodulation of these 
cells. 

Fig. 4. Heme differentially affects bioenergetics in human and mouse macrophages. (A–B) hMDMs and mBMDMs were treated with heme (5 or 10 μM) or LPS 
(1 μg/ml) alone for 16 h and subjected to a Mito Stress test consisting of the sequential addition of oligomycin (1 mg/ml), FCCP (0.7 μM), and rotenone (1 μM) plus 
antimycin A (1 μM). The Mito Stress profile and the values of the calculated respiratory parameters are shown as mean ± SEM of three independent experiments. (C) 
Extracellular acidification rate (ECAR), an index of glycolysis, is shown. (D) ATP levels were assessed in hMDMs and mBMDMs by an ATP assay 16 h after heme or 
LPS treatment. Statistical analysis was performed using one-way ANOVA with Tukey’s test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Con, control; FCCP, 
carbonyl cyanide p-trifluoro methoxyphenylhydrazone. 
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Fig. 5. Heme differentially affects mitochondrial bioenergetics in LPS-activated human and mouse macrophages. hMDMs and mBMDMs were treated with 
heme (5 or 10 μM) or LPS (1 μg/ml) alone for 16 h and subjected to a Mito Stress test after the sequential addition of oligomycin (1 mg/ml), FCCP (0.7 μM), and 
rotenone (1 μM) plus antimycin A (1 μM). (A) Mito-stress profile in hMDMs and respiratory parameters. (B) Extracellular acidification rate (ECAR), an index of 
glycolysis, is shown. (C) The Mito-Stress profile in mBMDMs and the values of the calculated respiratory parameters are shown as mean ± SEM of three independent 
experiments. (D) ECAR: statistical analysis was performed using one-way ANOVA with Tukey’s test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Con, 
control; FCCP, carbonyl cyanide p-trifluoro methoxyphenylhydrazone. See also Fig. S4. 
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Fig. 6. Inhibition of NO activity reduces pro-inflammatory cytokine production in mouse macrophages. (A) mBMDMs were pre-treated with 1400W for 30 
min followed by exposure to heme (10 μM) and LPS (1 μg/ml) alone or in combination for 16 h (B) Nitrite production was measured by the Griess assay. (C) Culture 
supernatants were collected for ELISA to detect TNF-α and IL-6. (D) Gene expression of TNF-α and IL-6 was measured by real-time RT-PCR. The values were 
normalized to the expression of HPRT and the respective ΔΔCT values are shown. (E) hMDMs were pre-treated with DETA (1 mM) for 1 h followed by stimulation 
with heme (10 μM) and LPS (1 μg/ml) for 16 h. Gene expression of TNF-α, IL-6 and COX-2 were measured by real-time RT-PCR. The values were normalized to the 
expression of HPRT and the respective ΔΔCT values are shown. The values are shown as mean of ±SEM of at least three independent experiments. Statistical analysis 
was performed using one-way ANOVA with Tukey’s test or unpaired t-test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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3.2. NO availability is critical for the distinct regulatory effects of heme in 
inflammatory human and mouse macrophages 

Our findings indicate that species-specific differences of iNOS gene 
expression [35,36] are critical for the opposing immunomodulatory 
effects of heme in human and mouse macrophages. The 
pro-inflammatory effects of heme are directly dependent on the avail
ability of NO, which has previously been shown to cause mitochondrial 
dysfunction in mouse macrophages [28,29]. Accordingly, inhibition of 
iNOS activity decreased heme-induced TNF-α and IL-6 secretion in our 
model of LPS-activated mouse macrophages. In line with our current 
data, a previous study demonstrated that the NO donor DETA inhibits 
mitochondrial function in LPS + IFN-γ-activated human macrophages 
and enhances the secretion of pro-inflammatory cytokines [29]. This 
effect is possibly due to abrogation of mitochondrial respiration by NO. 
NO is known to affect OxPhos [28] through inhibition of the mito
chondrial complexes I and IV [28,45]. Crucially, NO has also been 
shown to regulate enzymes of the tricarboxylic acid cycle and their 
metabolites, all of which are linked with a switch into a 
pro-inflammatory phenotype [38,46]. Of note, different nitrate con
centrations in the cell culture media for human (RPMI 1640: nitrate 
0.69 mM) and mouse macrophages (DMEM: nitrate 0.247 μM) do not 
appear to have an effect on the cellular availability of NO. In particular, 
higher nitrate levels in RPMI 1640 media do not affect the inflammatory 
response in human macrophages without addition of the NO donor 
DETA. Moreover, our current findings reveal that blocking of mito
chondrial respiration in human cells by treatment with the OxPhos in
hibitor oligomycin reversed the anti-inflammatory effects of heme. The 
effect of oligomycin in human cells is similar to the NO-dependent in
hibition of respiration in mouse macrophages that contributes to an 
enhanced pro-inflammatory phenotype, as indicated by an increased 
TNFα and IL-6 production. From these data, we conclude that inhibition 
of mitochondrial respiration is responsible for the pro-inflammatory 
effects of heme in LPS-activated macrophages irrespective of the species. 

Notably, the species-specific effects of heme on cellular bioenergetics 
in inflammatory human and mouse macrophages seem to agree with our 
previous report showing that LPS causes distinct cellular bioenergetics 
profiles in human and mouse macrophages [27]. The observation that 
mBMDMs respond to heme with a minor increase in glycolysis without 
affecting OxPhos is similar to findings reported by Pfefferle and col
leagues [16], but in conflict to those of another study [26]. This could be 
due to variations in experimental conditions such as concentrations of 
heme and/or the presence of serum. Because heme alone did not affect 
mitochondrial respiration in our experimental setting, the dysfunction 
caused by combined treatment with heme + LPS appears to be primarily 
mediated by NO in mouse macrophages. The presence or absence of NO 
production is not the only difference between LPS-activated human and 
mouse macrophages. For example, the basal mitochondrial membrane 
potential is markedly higher in hMDMs compared to mBMDMs [27]. 
Thus, it might be worthwhile to investigate whether and how mito
chondrial membrane potential regulates NO-dependent metabolic 
adaptation and inflammatory polarization in macrophages. 

3.3. Heme and its interactions with NO 

NO mediates LPS-dependent induction of the heme-degrading 
enzyme HO-1 in macrophages [47]. In the endothelium, NO enhances 
cellular uptake of heme resulting in increased HO-1 upregulation [48]. 
These findings could explain how an interaction of heme with NO may 
modulate inflammatory responses. Stuehr and colleagues have previ
ously demonstrated that NO influences heme insertion into target 
apo-proteins and how this process may ultimately affect downstream 
events [49,50]. In particular, NO has been suggested to be a regulator of 
heme distribution within the cell and to be important for modulating 
various biological functions of hemoproteins [51]. Given the role of 
redox signaling in the regulation of mitochondrial function, it is 

conceivable that heme-NO complexes may enhance superoxide pro
duction [52]. Furthermore, in the presence of NO and superoxide 
(observed during inflammation), heme is known to facilitate the pro
duction of the damaging species peroxynitrite [53]. How the effects of 
heme and NO may differ in various cell types and/or species remains to 
be investigated in more detail. 

3.4. Translation into the clinic 

Beneficial immunomodulatory effects of heme have been demon
strated in various preclinical animal models. For example, heme treat
ment exerted salutary anti-inflammatory effects in acute lung injury, 
diabetes-induced nephropathy and colitis [15,54–56]. More recently, 
albumin-bound heme and liposomal encapsulated heme have been 
shown to induce an anti-inflammatory phenotype in macrophages, 
suggesting that the pharmacological actions of heme may be critically 
dependent on the formulation of this compound [16,57]. It is also 
noteworthy that administration of heme arginate, a pharmacological 
compound consisting of heme and arginine, has been approved for the 
treatment of acute intermittent porphyria in the clinic [58,59]. In 
addition, heme arginate has also been successfully applied in a clinical 
phase IIB trial as an inducer of HO-1 in renal transplantation [60]. 

3.5. Conclusion 

In summary, the current study demonstrates that heme has opposing 
pro- and anti-inflammatory effects in mouse and human macrophages 
depending on the availability of NO and/or mitochondrial function. 
Notably, findings from pro-inflammatory activated mouse macrophages 
treated with heme cannot be necessarily translated to human cells. A 
better understanding of these complex regulatory events may lead to 
novel therapeutic approaches in the treatment of various inflammatory 
and hemolytic diseases with high levels of circulating heme. 

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). 1400W was purchased from Cayman solutions (Michigan, 
USA). DETA was from Fisher Scientific (Schwerte, Germany) and all 
other reagents were purchased from Sigma-Aldrich (St. Louis, MO, 
USA), unless indicated otherwise. 

4.2. Mice 

Wild type C57BL/6J mice were used at 6–14 weeks of age. Mice were 
kept on a standard laboratory diet and were housed in cages under 
standardized 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. Cell cultures 

Human peripheral mononuclear blood cells were isolated from 
healthy donors by density centrifugation using lymphosep (c.c. pro 
GmbH, Thuringia, Germany). Adherent monocytes were then cultured 
and differentiated in RPMI 1640 medium (nitrate concentration: 0.69 
mM) containing 5 % AB-serum, 100 U/ml penicillin, and 10 mg/ml 
streptomycin and 25 ng/ml recombinant human macrophage-colony 
stimulating factor (M-CSF). Mouse bone marrow cells were flushed 
from the tibia and femur of male C57BL6/J mice and cells were cultured 
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for 7 days in DMEM high glucose media (nitrate concentration: 0.247 
μM) 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 x 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. Analysis of mRNA expression 

Total RNA isolation was performed using an RNeasy Mini Kit (Qia
gen, Hilden, Germany). cDNA synthesis was carried out using high Ca
pacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, 
CA, USA). Primers for quantification of mRNA levels of HO-1, COX-2, IL- 
6, TNF-α and hypoxanthine phosphoribosyltransferase (HPRT) were 
from Applied Biosystems. Amplification was performed with TaqMan 
Gene Expression Master Mix on a StepOnePlus™ Real-Time PCR System 
(Applied Biosystems, Carlsbad, CA, USA). Thermal cycling was per
formed 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. 

4.5. RNA sequencing 

RNA isolation was performed with an RNeasy Mini Kit according to 
the manufacturer’s recommendations. RNA concentration was 
measured with Nanodrop (Thermo Fisher Scientific, Waltham, MA, 
USA) and the quality of total RNA was assessed by 1 % agarose gels or by 
utilizing Agilent 2100 bioanalyzer and Agilent RNA 6000 Nano Kit 
(Agilent Technologies, Boeblingen, Germany). TruSeq Stranded mRNA 
Kit (Illumina) was used for library preparation based on the recom
mendations from the manufacturer. The sequencing was performed on a 
NextSeq 500 sequencer using75 base read lengths in paired-end mode. 

4.6. Bioinformatics analysis of transcriptomic data 

High-quality reads were aligned against Hg38 human genome using 
STAR v2.4.0.1 [61] (See Data Processing in supplemental section). The 
quality control was performed using RseQC v2.6.4 [62]. The uniquely 
mapped reads were counted by HT-seq [63] v0.11.1 using Hg38 RefSeq 
as the reference genome to quantify the gene/isoform levels in raw 
counts. Normalization and differential expression analysis were per
formed on the raw counts using the R package DESeq2 v1.32.0.33 [64]. 
Low-expressed genes with the sum of normalized expression levels lower 
than ten across all samples of interest were removed. The multiple 
testing corrections were processed with the default Benjamin-Hochberg 
correction [65] method in DESeq2. The differentially expressed genes 
(DEGs) were defined as those with an adjusted p-value smaller than 
0.05. A gene set enrichment analysis was applied to the DEGs using the R 
package Enrichr v3.0.34 [66]. Significant gene ontology cellular com
partments (GOCC) terms were similarly defined as those with an 
adjusted p-value smaller than 0.05. The normalized gene expression 
levels and DEG results were visualized using R and the related packages, 
including ggplot2 v3.3.5 [67], pheatmap v1.0.12.3 [68], and ggrepel 
v0.9.1 [69]. 

4.7. Seahorse analysis 

OCR and ECAR were measured using a Seahorse XF24 extracellular 
flux analyzer (Agilent, USA). Mito stress assay was performed as previ
ously described [27]. Basal respiration was calculated by subtracting 
oxygen consumption rate (OCR) values after rotenone/antimycin addi
tion from basal OCR values. Maximal OCR was calculated by subtracting 
OCR values after FCCP addition from OCR values after rotenone/anti
mycin addition. Basal glycolysis was measured before the addition of 
mitochondrial inhibitors. 

4.8. 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). 

4.9. Other biochemical assays 

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

4.10. Statistical analysis 

All statistical data analysis was performed using one-way ANOVA 
with Tukey’s test or unpaired t-test as indicated in the figure legends 
using GraphPad Prism Version 8 (GraphPad Prism Software Inc.) 
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Française de Cardiologie (RF and RM) and Fondation Recherche 
Médicale (RF and RM). 

CRediT authorship contribution statement 

Pooja Pradhan: Writing – original draft, Validation, Methodology, 
Investigation, Conceptualization. Vijith Vijayan: Methodology, Inves
tigation, Formal analysis, Conceptualization. Bin Liu: Validation, 
Methodology, Formal analysis, Data curation. Beatriz Martinez-Del
gado: Supervision, Methodology, Investigation, Data curation. Nerea 
Matamala: Investigation, Formal analysis. Christoph Nikolin: Meth
odology, Investigation. Robert Greite: Resources, Investigation. David 
S. DeLuca: Resources, Investigation. Sabina Janciauskiene: Writing – 
review & editing, Methodology, Investigation. Roberto Motterlini: 
Writing – original draft, Validation, Resources, Methodology, Investi
gation. Roberta Foresti: Writing – original draft, Supervision, Meth
odology, Conceptualization. Stephan Immenschuh: Writing – original 
draft, Project administration, Methodology, Funding acquisition, Formal 
analysis, Conceptualization. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

The accession number of the human bulk transcriptomics data is 
GEO:GSE255234 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi? 
acc=GSE255234). All other data will be made available on request. 

Acknowledgement 

We would like to thank Anette Sarti for her excellent technical 
assistance. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.redox.2024.103191. 

P. Pradhan et al.                                                                                                                                                                                                                                

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE255234
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE255234
https://doi.org/10.1016/j.redox.2024.103191
https://doi.org/10.1016/j.redox.2024.103191


Redox Biology 73 (2024) 103191

11

References 

[1] P. Ponka, Cell biology of heme, Am. J. Med. Sci. 318 (1999) 241–256. 
[2] I. Hamza, H.A. Dailey, One ring to rule them all: trafficking of heme and heme 

synthesis intermediates in the metazoans, Biochim. Biophys. Acta 1823 (2012) 
1617–1632. 

[3] V.A. Voltarelli, R.W. Alves de Souza, K. Miyauchi, C.J. Hauser, L.E. Otterbein, 
Heme: the lord of the iron ring, Antioxidants 12 (2023). 

[4] S.M. Mense, L. Zhang, Heme: a versatile signaling molecule controlling the 
activities of diverse regulators ranging from transcription factors to MAP kinases, 
Cell Res. 16 (2006) 681–692. 

[5] 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. 

[6] N. Wijayanti, N. Katz, S. Immenschuh, Biology of heme in health and disease, Curr. 
Med. Chem. 11 (2004) 981–986. 

[7] S. Kumar, U. Bandyopadhyay, Free heme toxicity and its detoxification systems in 
human, Toxicol. Lett. 157 (2005) 175–188. 

[8] L.T. Roumenina, J. Rayes, S. Lacroix-Desmazes, J.D. Dimitrov, Heme: modulator of 
plasma systems in hemolytic diseases, Trends Mol. Med. 22 (2016) 200–213. 

[9] R. Sharma, A. Antypiuk, S.Z. Vance, D. Manwani, Q. Pearce, J.E. Cox, X. An, 
K. Yazdanbakhsh, F. Vinchi, Macrophage metabolic rewiring improves heme- 
suppressed efferocytosis and tissue damage in sickle cell disease, Blood 141 (2023) 
3091–3108. 

[10] K. Van Avondt, E. Nur, S. Zeerleder, Mechanisms of haemolysis-induced kidney 
injury, Nat. Rev. Nephrol. 15 (2019) 671–692. 

[11] R. Larsen, R. Gozzelino, V. Jeney, L. Tokaji, F.A. Bozza, A.M. Japiassu, 
D. Bonaparte, M.M. Cavalcante, A. Chora, A. Ferreira, I. Marguti, S. Cardoso, 
N. Sepulveda, A. Smith, M.P. Soares, A central role for free heme in the 
pathogenesis of severe sepsis, Sci. Transl. Med. 2 (2010) 51ra71. 

[12] J.J. Boyle, M. Johns, T. Kampfer, A.T. Nguyen, L. Game, D.J. Schaer, J.C. Mason, D. 
O. Haskard, Activating transcription factor 1 directs Mhem atheroprotective 
macrophages through coordinated iron handling and foam cell protection, Circ. 
Res. 110 (2012) 20–33. 

[13] F.F. Dutra, M.T. Bozza, Heme on innate immunity and inflammation, Front. 
Pharmacol. 5 (2014) 115. 

[14] I. Nakamichi, A. Habtezion, B. Zhong, C.H. Contag, E.C. Butcher, M.B. Omary, 
Hemin-activated macrophages home to the pancreas and protect from acute 
pancreatitis via heme oxygenase-1 induction, J. Clin. Invest. 115 (2005) 
3007–3014. 

[15] H. Kayama, M. Kohyama, D. Okuzaki, D. Motooka, S. Barman, R. Okumura, 
M. Muneta, K. Hoshino, I. Sasaki, W. Ise, H. Matsuno, J. Nishimura, T. Kurosaki, 
S. Nakamura, H. Arase, T. Kaisho, K. Takeda, Heme ameliorates dextran sodium 
sulfate-induced colitis through providing intestinal macrophages with 
noninflammatory profiles, Proc. Natl. Acad. Sci. U. S. A. 115 (2018) 8418–8423. 

[16] M. Pfefferle, G. Ingoglia, C.A. Schaer, A. Yalamanoglu, R. Buzzi, I.L. Dubach, 
G. Tan, E.Y. Lopez-Cano, N. Schulthess, K. Hansen, R. Humar, D.J. Schaer, 
F. Vallelian, Hemolysis transforms liver macrophages into antiinflammatory 
erythrophagocytes, J. Clin. Invest. 130 (2020) 5576–5590. 

[17] F.F. Dutra, L.S. Alves, D. Rodrigues, P.L. Fernandez, R.B. de Oliveira, D. 
T. Golenbock, D.S. Zamboni, M.T. Bozza, Hemolysis-induced lethality involves 
inflammasome activation by heme, Proc. Natl. Acad. Sci. U. S. A. 111 (2014) 
E4110–E4118. 

[18] R.T. Figueiredo, P.L. Fernandez, D.S. Mourao-Sa, B.N. Porto, F.F. Dutra, L.S. Alves, 
M.F. Oliveira, P.L. Oliveira, A.V. Graca-Souza, M.T. Bozza, Characterization of 
heme as activator of Toll-like receptor 4, J. Biol. Chem. 282 (2007) 20221–20229. 

[19] K.A. Nath, J.D. Belcher, M.C. Nath, J.P. Grande, A.J. Croatt, A.W. Ackerman, Z. 
S. Katusic, G.M. Vercellotti, Role of TLR4 signaling in the nephrotoxicity of heme 
and heme proteins, Am. J. Physiol. Ren. Physiol. 314 (2018) F906–F914. 

[20] B. Sundaram, N. Pandian, R. Mall, Y. Wang, R. Sarkar, H.J. Kim, R.K.S. Malireddi, 
R. Karki, L.J. Janke, P. Vogel, T.D. Kanneganti, NLRP12-PANoptosome activates 
PANoptosis and pathology in response to heme and PAMPs, Cell 186 (2023) 
2783–2801 e2720. 

[21] R. Tenhunen, H.S. Marver, R. Schmid, The enzymatic conversion of heme to 
bilirubin by microsomal heme oxygenase, Proc. Natl. Acad. Sci. U. S. A. 61 (1968) 
748–755. 

[22] 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. 

[23] R. Motterlini, R. Foresti, Heme oxygenase-1 as a target for drug discovery, 
Antioxidants Redox Signal. 20 (2014) 1810–1826. 

[24] X. Wan, Y. Huo, M. Johns, E. Piper, J.C. Mason, D. Carling, D.O. Haskard, J. 
J. Boyle, 5’-AMP-activated protein kinase-activating transcription factor 1 cascade 
modulates human monocyte-derived macrophages to atheroprotective functions in 
response to heme or metformin, Arterioscler. Thromb. Vasc. Biol. 33 (2013) 
2470–2480. 

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

[26] G.F.P. Bories, S. Yeudall, V. Serbulea, T.E. Fox, B.E. Isakson, N. Leitinger, 
Macrophage metabolic adaptation to heme detoxification involves CO-dependent 
activation of the pentose phosphate pathway, Blood 136 (2020) 1535–1548. 

[27] 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. 

[28] J. Van den Bossche, J. Baardman, N.A. Otto, S. van der Velden, A.E. Neele, S. 
M. van den Berg, R. Luque-Martin, H.J. Chen, M.C. Boshuizen, M. Ahmed, M. 
A. Hoeksema, A.F. de Vos, M.P. de Winther, Mitochondrial dysfunction prevents 
repolarization of inflammatory macrophages, Cell Rep. 17 (2016) 684–696. 

[29] D. Drehmer, J.P. Mesquita Luiz, C.A.S. Hernandez, J.C. Alves-Filho, T. Hussell, P. 
A. Townsend, S. Moncada, Nitric oxide favours tumour-promoting inflammation 
through mitochondria-dependent and -independent actions on macrophages, 
Redox Biol. 54 (2022) 102350. 

[30] T.J. Gross, K. Kremens, L.S. Powers, B. Brink, T. Knutson, F.E. Domann, R. 
A. Philibert, M.M. Milhem, M.M. Monick, Epigenetic silencing of the human NOS2 
gene: rethinking the role of nitric oxide in human macrophage inflammatory 
responses, J. Immunol. 192 (2014) 2326–2338. 

[31] R.T. Figueiredo, P.L. Fernandez, D.S. Mourao-Sa, B.N. Porto, F.F. Dutra, L.S. Alves, 
M.F. Oliveira, P.L. Oliveira, A.V. Graca-Souza, M.T. Bozza, Characterization of 
heme as activator of Toll-like receptor 4, J. Biol. Chem. 282 (2007) 20221–20229. 

[32] F. Vallelian, C.A. Schaer, J.W. Deuel, G. Ingoglia, R. Humar, P.W. Buehler, D. 
J. Schaer, Revisiting the putative role of heme as a trigger of inflammation, 
Pharmacol Res Perspect 6 (2018) e00392. 

[33] S. Janciauskiene, V. Vijayan, S. Immenschuh, TLR4 signaling by heme and the role 
of heme-binding blood proteins, Front. Immunol. 11 (2020) 1964. 

[34] D.G. Ryan, L.A.J. O’Neill, Krebs cycle reborn in macrophage immunometabolism, 
Annu. Rev. Immunol. 38 (2020) 289–313. 

[35] M. Schneemann, G. Schoedon, S. Hofer, N. Blau, L. Guerrero, A. Schaffner, Nitric 
oxide synthase is not a constituent of the antimicrobial armature of human 
mononuclear phagocytes, J. Infect. Dis. 167 (1993) 1358–1363. 

[36] J.B. Weinberg, M.A. Misukonis, P.J. Shami, S.N. Mason, D.L. Sauls, W.A. Dittman, 
E.R. Wood, G.K. Smith, B. McDonald, K.E. Bachus, et al., Human mononuclear 
phagocyte inducible nitric oxide synthase (iNOS): analysis of iNOS mRNA, iNOS 
protein, biopterin, and nitric oxide production by blood monocytes and peritoneal 
macrophages, Blood 86 (1995) 1184–1195. 

[37] E.M. Palmieri, C. McGinity, D.A. Wink, D.W. McVicar, Nitric oxide in macrophage 
immunometabolism: hiding in plain sight, Metabolites 10 (2020). 

[38] J.D. Bailey, M. Diotallevi, T. Nicol, E. McNeill, A. Shaw, S. Chuaiphichai, A. Hale, 
A. Starr, M. Nandi, E. Stylianou, H. McShane, S. Davis, R. Fischer, B.M. Kessler, 
J. McCullagh, K.M. Channon, M.J. Crabtree, Nitric oxide modulates metabolic 
remodeling in inflammatory macrophages through TCA cycle regulation and 
itaconate accumulation, Cell Rep. 28 (2019) 218–230 e217. 

[39] M.Z. Alam, S. Devalaraja, M. Haldar, The heme connection: linking erythrocytes 
and macrophage biology, Front. Immunol. 8 (2017) 33. 

[40] Y.C. Lu, W.C. Yeh, P.S. Ohashi, LPS/TLR4 signal transduction pathway, Cytokine 
42 (2008) 145–151. 

[41] M. Yamamoto, T.W. Kensler, H. Motohashi, The KEAP1-NRF2 System: a thiol-based 
sensor-effector apparatus for maintaining redox homeostasis, Physiol. Rev. 98 
(2018) 1169–1203. 

[42] J.J. Boyle, M. Johns, J. Lo, A. Chiodini, N. Ambrose, P.C. Evans, J.C. Mason, D. 
O. Haskard, Heme induces heme oxygenase 1 via Nrf2: role in the homeostatic 
macrophage response to intraplaque hemorrhage, Arterioscler. Thromb. Vasc. Biol. 
31 (2011) 2685–2691. 

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

[44] P. Pradhan, V. Vijayan, K. Cirksena, F.F.R. Buettner, K. Igarashi, R. Motterlini, 
R. Foresti, S. Immenschuh, Genetic BACH1 deficiency alters mitochondrial 
function and increases NLRP3 inflammasome activation in mouse macrophages, 
Redox Biol. 51 (2022) 102265. 

[45] E.T. Chouchani, C. Methner, S.M. Nadtochiy, A. Logan, V.R. Pell, S. Ding, A. 
M. James, H.M. Cocheme, J. Reinhold, K.S. Lilley, L. Partridge, I.M. Fearnley, A. 
J. Robinson, R.C. Hartley, R.A. Smith, T. Krieg, P.S. Brookes, M.P. Murphy, 
Cardioprotection by S-nitrosation of a cysteine switch on mitochondrial complex I, 
Nat. Med. 19 (2013) 753–759. 

[46] E.M. Palmieri, M. Gonzalez-Cotto, W.A. Baseler, L.C. Davies, B. Ghesquiere, 
N. Maio, C.M. Rice, T.A. Rouault, T. Cassel, R.M. Higashi, A.N. Lane, T.W. Fan, D. 
A. Wink, D.W. McVicar, Nitric oxide orchestrates metabolic rewiring in M1 
macrophages by targeting aconitase 2 and pyruvate dehydrogenase, Nat. Commun. 
11 (2020) 698. 

[47] 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. 

[48] R. Foresti, M. Hoque, S. Bains, C.J. Green, R. Motterlini, Haem and nitric oxide: 
synergism in the modulation of the endothelial haem oxygenase-1 pathway, 
Biochem. J. 372 (2003) 381–390. 

[49] S.M. Waheed, A. Ghosh, R. Chakravarti, A. Biswas, M.M. Haque, K. Panda, D. 
J. Stuehr, Nitric oxide blocks cellular heme insertion into a broad range of heme 
proteins, Free Radic. Biol. Med. 48 (2010) 1548–1558. 

[50] Y. Dai, E.M. Faul, A. Ghosh, D.J. Stuehr, NO rapidly mobilizes cellular heme to 
trigger assembly of its own receptor, Proc. Natl. Acad. Sci. U. S. A. 119 (2022). 

[51] D.J. Stuehr, P. Biswas, Y. Dai, A. Ghosh, S. Islam, D.T. Jayaram, A natural heme 
deficiency exists in biology that allows nitric oxide to control heme protein 
functions by regulating cellular heme distribution, Bioessays 45 (2023) e2300055. 

[52] E.A. Sweeny, A.P. Hunt, A.E. Batka, S. Schlanger, N. Lehnert, D.J. Stuehr, Nitric 
oxide and heme-NO stimulate superoxide production by NADPH oxidase 5, Free 
Radic. Biol. Med. 172 (2021) 252–263. 

[53] D.D. Thomas, M.G. Espey, M.P. Vitek, K.M. Miranda, D.A. Wink, Protein nitration 
is mediated by heme and free metals through Fenton-type chemistry: an alternative 
to the NO/O2- reaction, Proc. Natl. Acad. Sci. U.S.A. 99 (2002) 12691–12696. 

P. Pradhan et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S2213-2317(24)00169-1/sref1
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref2
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref2
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref2
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref3
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref3
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref4
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref4
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref4
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref5
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref5
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref5
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref5
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref5
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref6
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref6
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref7
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref7
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref8
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref8
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref9
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref9
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref9
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref9
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref10
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref10
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref11
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref11
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref11
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref11
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref12
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref12
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref12
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref12
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref13
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref13
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref14
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref14
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref14
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref14
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref15
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref15
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref15
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref15
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref15
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref16
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref16
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref16
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref16
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref17
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref17
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref17
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref17
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref18
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref18
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref18
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref19
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref19
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref19
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref20
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref20
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref20
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref20
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref21
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref21
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref21
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref22
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref22
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref23
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref23
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref24
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref24
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref24
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref24
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref24
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref25
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref25
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref26
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref26
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref26
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref27
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref27
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref27
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref27
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref28
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref28
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref28
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref28
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref29
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref29
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref29
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref29
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref30
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref30
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref30
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref30
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref31
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref31
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref31
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref32
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref32
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref32
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref33
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref33
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref34
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref34
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref35
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref35
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref35
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref36
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref36
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref36
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref36
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref36
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref37
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref37
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref38
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref38
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref38
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref38
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref38
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref39
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref39
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref40
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref40
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref41
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref41
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref41
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref42
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref42
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref42
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref42
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref43
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref43
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref43
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref43
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref44
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref44
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref44
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref44
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref45
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref45
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref45
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref45
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref45
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref46
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref46
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref46
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref46
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref46
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref47
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref47
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref47
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref48
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref48
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref48
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref49
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref49
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref49
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref50
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref50
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref51
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref51
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref51
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref52
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref52
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref52
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref53
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref53
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref53


Redox Biology 73 (2024) 103191

12

[54] X. Chi, N. Guo, W. Yao, Y. Jin, W. Gao, J. Cai, Z. Hei, Induction of heme oxygenase- 
1 by hemin protects lung against orthotopic autologous liver transplantation- 
induced acute lung injury in rats, J. Transl. Med. 14 (2016) 35. 

[55] J.F. Ndisang, A. Jadhav, Hemin therapy improves kidney function in male 
streptozotocin-induced diabetic rats: role of the heme oxygenase/atrial natriuretic 
peptide/adiponectin axis, Endocrinology 155 (2014) 215–229. 

[56] V. Mateus, J. Rocha, H. Mota-Filipe, B. Sepodes, R. Pinto, Hemin reduces 
inflammation associated with TNBS-induced colitis, Clin. Exp. Gastroenterol. 11 
(2018) 325–334. 

[57] T. Ben-Mordechai, D. Kain, R. Holbova, N. Landa, L.P. Levin, I. Elron-Gross, 
Y. Glucksam-Galnoy, M.S. Feinberg, R. Margalit, J. Leor, Targeting and modulating 
infarct macrophages with hemin formulated in designed lipid-based particles 
improves cardiac remodeling and function, J. Contr. Release 257 (2017) 21–31. 

[58] S. Immenschuh, V. Vijayan, S. Janciauskiene, F. Gueler, Heme as a target for 
therapeutic interventions, Front. Pharmacol. 8 (2017) 146. 

[59] D.M. Bissell, K.E. Anderson, H.L. Bonkovsky, Porphyria, N. Engl. J. Med. 377 
(2017) 862–872. 

[60] R.A. Thomas, A. Czopek, C.O. Bellamy, S.J. McNally, D.C. Kluth, L.P. Marson, 
Hemin preconditioning upregulates heme oxygenase-1 in deceased donor renal 
transplant recipients: a randomized, controlled, phase IIB trial, Transplantation 
100 (2016) 176–183. 

[61] A. Dobin, C.A. Davis, F. Schlesinger, J. Drenkow, C. Zaleski, S. Jha, P. Batut, 
M. Chaisson, T.R. Gingeras, STAR: ultrafast universal RNA-seq aligner, 
Bioinformatics 29 (2013) 15–21. 

[62] L. Wang, S. Wang, W. Li, RSeQC: quality control of RNA-seq experiments, 
Bioinformatics 28 (2012) 2184–2185. 

[63] S. Anders, P.T. Pyl, W. Huber, HTSeq-a Python framework to work with high- 
throughput sequencing data, Bioinformatics 31 (2015) 166–169. 

[64] M.I. Love, W. Huber, S. Anders, Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2, Genome Biol. 15 (2014) 550. 

[65] Y. Benjamini, Y. Hochberg, Controlling the false discovery rate: a practical and 
powerful approach to multiple testing, J. Roy. Stat. Soc. B 57 (1995) 289–300. 

[66] Z. Xie, A. Bailey, M.V. Kuleshov, D.J.B. Clarke, J.E. Evangelista, S.L. Jenkins, 
A. Lachmann, M.L. Wojciechowicz, E. Kropiwnicki, K.M. Jagodnik, M. Jeon, 
A. Ma’ayan, Gene set knowledge discovery with Enrichr, Curr Protoc 1 (2021) e90. 

[67] H. Wickham, H. Wickham, Data analysis. ggplot2: Elegant Graphics for Data 
Analysis, 2016, pp. 189–201. 

[68] R. Kolde, M.R. Kolde, Package ‘pheatmap’, R package 1 (2018). 
[69] K. Slowikowski, A. Schep, S. Hughes, S. Lukauskas, J.-O. Irisson, Z.N. Kamvar, 

T. Ryan, D. Christophe, Y. Hiroaki, P. Gramme, Package ggrepel. Automatically 
Position Non-overlapping Text Labels with ‘ggplot2, 2018. 

P. Pradhan et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S2213-2317(24)00169-1/sref54
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref54
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref54
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref55
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref55
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref55
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref56
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref56
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref56
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref57
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref57
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref57
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref57
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref58
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref58
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref59
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref59
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref60
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref60
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref60
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref60
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref61
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref61
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref61
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref62
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref62
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref63
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref63
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref64
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref64
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref65
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref65
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref66
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref66
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref66
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref67
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref67
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref68
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref69
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref69
http://refhub.elsevier.com/S2213-2317(24)00169-1/sref69

	Distinct metabolic responses to heme in inflammatory human and mouse macrophages – Role of nitric oxide
	1 Introduction
	2 Results
	2.1 Differential transcriptomics patterns in heme- and LPS-treated human macrophages
	2.2 Opposing effects of heme on inflammation in human and mouse macrophages
	2.3 Human and mouse macrophages exhibit distinct profiles of mitochondrial bioenergetics when treated with heme and LPS
	2.4 Availability of NO is critical for the pro-inflammatory effects of heme in LPS-activated mouse macrophages

	3 Discussion
	3.1 Anti-inflammatory effects of heme in human macrophages
	3.2 NO availability is critical for the distinct regulatory effects of heme in inflammatory human and mouse macrophages
	3.3 Heme and its interactions with NO
	3.4 Translation into the clinic
	3.5 Conclusion

	4 Materials and methods
	4.1 Reagents
	4.2 Mice
	4.3 Cell cultures
	4.4 Analysis of mRNA expression
	4.5 RNA sequencing
	4.6 Bioinformatics analysis of transcriptomic data
	4.7 Seahorse analysis
	4.8 Flow cytometry
	4.9 Other biochemical assays
	4.10 Statistical analysis

	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgement
	Appendix A Supplementary data
	References


