
Academic Editors: Matea Nikolac

Perkovic and David Lominadze

Received: 3 March 2026

Revised: 2 July 2026

Accepted: 4 July 2026

Published: 14 July 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Heme Oxygenase-1 Contributes to Dampening Proinflammatory
Activation in the Human Microglial Cell Line HMC3 and
Controls the Transcription Factor IRF5
Anna Lisa Furfaro 1 , Paola Mancini 1 , Mario Passalacqua 1 , Jasmin Ortolan 2 , Caterina Ivaldo 3,4,
Sara Tirendi 1 , Stefania Vernazza 1, Cristina d’Abramo 5,6, Luca Giliberto 5,6,7 and Mariapaola Nitti 1,4,*

1 Department of Experimental Medicine, University of Genoa, I-16132 Genova, Italy;
annalisa.furfaro@unige.it (A.L.F.); paola.mancini@edu.unige.it (P.M.); mario.passalacqua@unige.it (M.P.);
sara.tirendi@edu.unige.it (S.T.); stefania.vernazza@unige.it (S.V.)

2 Department of Pharmacy, University of Genoa, I-16132 Genova, Italy; jasmin.ortolan@edu.unige.it
3 Department of Surgical and Diagnostic Sciences, University of Genoa, I-16132 Genova, Italy;

caterina.ivaldo@unige.it
4 IRCCS Azienda Ospedaliera Metropolitana (IRCCS-AOM), I-16132 Genova, Italy
5 Litwin-Zucker Center for the Study of Alzheimer’s Disease, Institute of Molecular Medicine—The Feinstein

Institutes for Medical Research, Northwell, New Hyde Park, NY 11040, USA; cdabramo@northwell.edu (C.d.);
lgiliberto@northwell.edu (L.G.)

6 Zucker School of Medicine at Hofstra/Northwell, Hempstead, NY 11549, USA
7 Department of Neurology, Zucker School of Medicine at Hofstra/ Northwell, Hempstead, NY 11549, USA
* Correspondence: mariapaola.nitti@unige.it

Abstract

Neuroinflammation is recognized as a pivotal factor in promoting neurodegeneration.
However, the molecular mechanisms underlying the dysregulation of proinflammatory
signaling in microglial cells remain largely elusive. A prominent role has been ascribed
to the TLR4 receptor and its downstream targets, among which the transcription factor
IRF5 has recently gained attention. Furthermore, the enzyme HO-1 is known to play a
crucial role in mediating an anti-inflammatory phenotype in microglia. This study aims to
investigate whether IRF5 is a target of the anti-inflammatory activity of HO-1. Using the
human microglial cell line HMC3 and validating the results in RAW264.7 macrophage-like
cells, via RT-qPCR, Western blotting, and immunofluorescence, we demonstrated that HO-1
contributes to the resolution of LPS-induced proinflammatory activation. Notably, cell
exposure to a pharmacological inhibitor of HO-1 increases IRF5 mRNA expression, while
treatment with Hemin, able to increase HO-1 expression, significantly reduces IRF5 phos-
phorylation. This work suggests a possible crosstalk between HO-1 and IRF5, proposing
new druggable molecular targets to counteract neuroinflammation.

Keywords: neuroinflammation; neurodegeneration; oxidative stress; HO-1; NRF2;
interferon regulatory factor 5; microglia; TLR4; LPS

1. Introduction
The enzyme heme oxygenase 1 (HO-1) is a crucial player among the molecular mech-

anisms of cell defense against stressors [1]. HO-1 gene transcription, indeed, is induced
in response to oxidative stress, radiation exposure or infections and belongs to the mecha-
nisms of cell survival and adaptation [2,3]. It carries out the degradation of heme groups
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and generates carbon monoxide (CO); biliverdin, further metabolized by biliverdin reduc-
tase (BVR) into bilirubin; and iron, whose toxicity is generally prevented by the parallel
induction of ferritin [4,5].

The anti-inflammatory role of HO-1 has been largely studied in vasculature, where the
induction of HO-1 promotes the anti-inflammatory phenotype in endothelial cells, counter-
acting cardiovascular diseases [6–9]. Furthermore, the activity of HO-1 has been extensively
investigated in macrophages, proving that its induction reduces proinflammatory profiles
and promotes a resolving phenotype [2,10]. This has been demonstrated in degenerative
conditions associated with inflammation, where the lack of HO-1 is detrimental such as in
acute radiation injury [11], ischemic-reperfusion injury [12] or intestinal inflammation [13],
as well as in the tumor microenvironment, where the overexpression of HO-1 shapes a
pro-tumor microenvironment [14,15]. In this context, most of the protective and defensive
activities of HO-1 are attributed to the generation of CO [16,17] and bilirubin [18,19].

Even though the expression of HO-1 has a protective biological meaning in cells, its
use as biomarker of diseases has also been proposed. Indeed, the induction of HO-1 also
represents a stress condition in cells and can be used in monitoring the progression of
diseases, as hypothesized in malignant cancers or in atherosclerosis [20–22].

In the nervous system the effect of HO-1 induction in terms of protection or damage of
neuronal cells has been debated [23,24], but it is now largely recognized that the expression
of HO-1 in innate immune cells and in particular in microglia cells is linked to a reduction
in neuroinflammation and the prevention of neuronal loss [25–27].

The activation of microglial cells in the central nervous system (CNS) has beneficial
roles, enabling the resolution of tissue damage in response to a variety of stressors. Nonethe-
less, quenching the proinflammatory activation and acquiring a resolving phenotype is
pivotal to completing the defensive program against inflammation [28,29]. In fact, the
dysregulation of regulatory mechanisms and the chronic activation of microglia promote
tissue damage and are pivotal in the onset and progression of different neurodegenerative
pathologies [29–31]. However, the molecular mechanisms underlying the loss of control of
inflammatory response are largely unknown.

Among the proinflammatory signals, the stimulation of Toll-like receptor 4 (TLR4)
plays a key role in response to infections, hypoxia, toxins and proteotoxic stress. The
dysregulation of TLR4-dependent pathways has been proven to be involved in different
neurodegenerative pathologies [32–35], and the role played by the downstream transcrip-
tion factor interferon regulatory factor 5 (IRF5) has been highlighted [36,37]. IRF5 is known
as one of the prominent genetic risk factors for autoimmune diseases [38,39] and inflamma-
tory bowel diseases [40,41]. Notably, growing evidence shows the role of IRF5 in favoring
a hyperinflammatory phenotype in macrophages, increasing, for instance, vulnerability of
atherosclerotic plaques [20,42], and it has been proposed as a molecular target to counteract
inflammatory diseases [43]. Furthermore, IRF5 has been identified as a crucial mechanism
leading to microglial dysregulation in a mouse model of multiple sclerosis [44] or in tissue
damage in ischemic stroke [45].

In this work we investigated the role of HO-1 in the regulation of TLR4-dependent
proinflammatory activation in microglia cells and the possible crosstalk with IRF5.

Our work provides new insights into the molecular mechanisms that could be modu-
lated to counteract neuronal loss associated with neuroinflammation.

2. Materials and Methods
2.1. Cell Culture and Treatments

The human HMC3 microglia cell line from ATTC (CRL-3304) was cultured in EMEM
(Sigma-Aldrich, Milan, Italy) supplemented with 10% Fetal Bovine Serum (FBS) (Euroclone,
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Milan, Italy), 1% penicillin/streptomycin (Sigma-Aldrich) and 1% MEM (Sigma-Aldrich),
subcultured twice a week, and maintained in a humidified incubator at 37 ◦C with 5% CO2.
Before treatments, cells were starved for 2 h in EMEM without FBS and MEM and then
treated for 1–24 h with 100 ng/mL LPS and cotreated with 10 µM tin mesoporphyrin IX
(SnMP) or 5 µM Hemin, at specific time points. All the treatments did not show toxicity, as
verified by the MTT test (Supplementary Figure S1a).

The murine RAW264.7 macrophage-like cell line from ATCC (TIB-71) was cul-
tured in Low-Glucose DMEM (Euroclone) supplemented with 10% FBS (Euroclone),
1% penicillin/streptomycin (Sigma-Aldrich), 4 mM glutamine (Sigma-Aldrich), main-
tained in 5% CO2 humid atmosphere and subcultured every 2 days at 1:5. Before
treatments, cells were starved for 2 h in Low-Glucose DMEM without FBS and then
treated for 1–24 h with 100 ng/mL LPS and cotreated with 10 µM SnMP and 10 µM
Hemin at specific time points. The treatments did not show toxicity, as verified by the
MTT test (Supplementary Figure S1b). All reagents for the treatments were purchased
from Sigma-Aldrich.

2.2. Small Interfering RNA

Small interfering RNA silencing was performed by using specifics pool of oligonu-
cleotides against human HO-1 (On-Target Plus SMART pool human HO-1; Dharmacon,
Horizon Discovery, UK) as already described [14]. Briefly, HMC3 cells were transfected
with 100 nmol of siRNA (siHO-1) for 24 h by using Lipofectamine 2000 (Invitrogen—Life
Technologies, Carlsbad, CA, USA). Cells were exposed to 100 ng/mL LPS for 3, 6 or 24 h.
The level of mRNA expression of HO-1 was monitored to verify the efficiency of silencing.
Specificity was proved by using a non-targeting silencing pool of oligonucleotides (ON-
TARGETplus Non-targeting Control siRNAs pool, Dharmacon). mRNA extraction was
performed as described later.

2.3. Immunoblotting

At the end of treatments, cells were washed with PBS, and total protein extraction was
performed by using RIPA buffer [50 mM Trizma hydrochloride, pH 7.4 (SigmaAldrich),
150 mM NaCl (Carlo Erba Reagents, Milan, Italy), 1% Igepal CA-630 (Sigma-Aldrich), 0.1%
sodium dodecyl sulphate (Sigma-Aldrich), supplemented with 1 mM phenyl-methane-
sulfonyl fluoride (Sigma-Aldrich), 1% Phosphatase Inhibitor Cocktail 3 (Sigma-Aldrich)
and with 1X Protease Inhibitors (Roche Diagnostics, Milan, Italy)] following standard
protocol, as previously described [46].

Protein concentration was determined by a bicinchoninic acid assay (BCA, Pierce,
ThermoScientific, Rockford, IL, USA), following the manufacturer’s instructions.

SDS-PAGE was performed following standard protocol, as previously described [47].
Blotting membranes were incubated with primary antibody (rabbit anti-HO-1, 1:1000,
Abcam ab189491, Cambridge, UK) overnight at 4 ◦C.

After the incubation of specific secondary antibody conjugated with horseradish
peroxidases (anti-rabbit 1:5000, Cell Signaling, Danvers, MA, USA), the bands were detected
by means of an enhanced chemiluminescence system (ECL-PLUS system, ThermoScientific).
The expression of target proteins was determined relative to the expression of tubulin used
as a housekeeping protein (mouse anti-tubulin, Abcam, 1:10,000; secondary antibody anti-
mouse 1:10,000, Invitrogen, ThermoScientific). The developed films were analyzed using
specific software (GelDoc; Quntity One v. 4.2.0. BIO-RAD, Milan, Italy).

2.4. Immunofluorescence

Cells were seeded and treated in 8-well CultureSlides (Falcon, Corning, Tewksbury,
MA, USA). At the end of treatments, cells were fixed and permeabilized with ice-cold
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methanol for 15 min. After blocking with 5% normal goat serum (NGS)/0.1% Triton/PBS,
cells were incubated with rabbit polyclonal anti-HO-1 (1:100, Abcam, ab189491) or rabbit
polyclonal anti p-IRF5 (Ser437, 1:500, Invitrogen, ThermoScientific, PA5-106093) in a hu-
midified chamber overnight at 4 ◦C. After 3 washes with PBS, the cells were incubated with
secondary anti-rabbit 568 (1:500, ThermoScientific) in PBS at room temperature for 1 h. The
nuclei were stained with DAPI (1:1000) for 10 min at room temperature.

The slide was mounted using Mowiol (Polysciences, Inc., Hirschberg an der Bergstrasse,
Germany), and the images were acquired using a Nikon AX R Laser-Scanning Confocal Mi-
croscope (Nikon Europe, The Netherlands). The quantification of HO-1 and p-IRF5 signals
was performed by using Fiji software by measuring the corrected total cell fluorescence
(CTCF). At least 4 fields per sample were quantified in each experiment, and at least 3
experiments were performed. To confirm HO-1 and p-IRF5 signal specificity, some samples
were incubated with normal rabbit IgG (1:1000, Millipore, Sigma-Aldrich, 12–370) instead
of specific antibodies and revealed minimal signals (see Supplementary Figures S2 and S3).

2.5. RT-qPCR

Total RNA extraction was performed by using the TRIzol reagent (Invitrogen) follow-
ing the manufacturer’s instructions.

RNA concentration and purity were measured by using a NanoDrop DN-100 spec-
trophotometer machine (NanoDrop Thermo Fischer Technologies, ThermoScientific).
Specifically, 2 µL/sample was utilized. The RNA purity was evaluated by the ratio of
absorbance 260/280. A ratio between 1.8 and 2.0 is considered pure, without contamination
from free nucleotides, ssDNA and dsDNA.

RNA (600 ng) was reverse-transcribed by using SuperScriptTM II Reverse Transcrip-
tase (Invitrogen) and random hexamer primers following the manufacturer’s instruction,
and the obtained cDNA was amplified via polymerase chain reaction (PCR).

For quantitative PCR (qPCR), diluted cDNA was amplified with a PCR Applied
Biosystems QuantStudio (Applied Biosystem, Thermo Scientific, Milan, Italy) by using
1X Syber Green Master Mix (Luna Universal qPCR Master Mix, Euroclone) and 0.25 µM
of specific primers provided by Sigma-Aldrich and listed in Table 1. Samples were pre-
incubated at 50 ◦C for 2 min, 95 ◦C for 10 min, followed by 40 amplification cycles of
95 ◦C for 15 s and 60 ◦C for 1 min. Comparisons of gene expression were performed
using QuantStudioTM Software v1.5.2 (Applied biosystems, Thermo Fisher Scientific) by
the 2−△△Ct method using human HPRT1 or mouse ubiquitin (UBQ) as internal control—
selected as the two most stable genes per cell line in our experimental conditions. The
dissociation curve for each amplification reaction (melting curve) was analyzed to confirm
the absence of non-specific PCR products.

Table 1. List of primers.

Gene Forward Primer Reverse Primer

mTNFα 5′ATGA GCA CAG AAA GCA TGA3′ 5′ AGT AGA CAG AAG AGC GTG GT 3′

mIRF5 5′ CCT ACA GAA CCA CTC TTG CC 3’ 5’ CCT TGT GGG TTG CTG ATG GT 3’

mMYD88 5′ CAT GTT CTC CAT ACC CTT GGT 3′ 5′ CAA ACT GCG AGT GGG GTC AG 3′

mTNFR1 5′ CCG GGA GAA GAG GGA TAG CTT 3′ 5′ TCG GAC AGT CAC TCA CCA AGT 3′

mUBQ 5′ GAC AGG CAA GAC CAT CAC 3′ 5′ TCT GAG GCG AAG GAC TAA G 3′

hTNFα 5′ CTC TTC TGC CTG CTG CAC TTT 3′ 5′ ATG GGC TAC AGG CTT GTC ACT 3′

hHO−1 5′ TCC TGG CTC AGC CTC AAA TG 3′ 5′ CGT TAA ACA CCT CCC TCC CC 3′

hIRF5 5′ GGG CTT CAA TGG GTC AAC G 3′ 5′ GCC TTC GGT GTA TTT CCC TG 3′

hHPRT1 5′ CCT GGC GTC GTG ATT AGT GA 3′ 5′ CGA GCA AGA CGT TCA GTC CT 3′
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2.6. Bilirubin Measurement

Intracellular bilirubin generation was analyzed by transfecting RAW264.7 cells with
a plasmid coding for the UnaG protein [48]. pUNAG was from by RIKEN BioResource
Center, DNA Bank, Tsukuba Ibaraki, Japan.

For our experiments, cells were plated at a density of 30,000 cells/well in a 96-well
plate and transfected with pUNAG plasmid by using Lipofectamine 2000 (Invitrogen—
Life technologies) according to the manufacturer’s instruction. After 24 h of transfection,
cells were treated as needed. At the end of treatments, the cell medium was discarded,
and 50 µL/well of DMSO was added to solubilize the cells. Fluorescence was recorded
in a multiwell-plate reader (CLARIOstar BMG LabTech, Germany) (ex 485-em 520) and
normalized on protein cellular content.

2.7. Statistical Analysis

Data were analyzed by using Graph Pad Prism software (Version Prism 10, San
Diego, CA, USA). The mean value ± SEM resulting from at least three experiments was
calculated. One-way analysis of variance (ANOVA) and Tukey’s multiple comparison tests
were applied when comparing more than three groups. A p-value < 0.05 was considered
significant.

3. Results
3.1. HO-1 Induction Limits the Expression of TNFα in HMC3 Cells Treated with LPS

To identify the time point of maximal TNFα expression in HMC3 cells exposed to
100 ng/mL LPS, a time-course analysis was carried out by RT-qPCR. The results revealed
a peak in increase after 3 h (55-fold induction), followed by a progressive decline back to
baseline levels by 24 h (Figure 1a). Under the same experimental conditions, RT-qPCR anal-
ysis of HO-1 mRNA expression showed no significant modifications over time (Figure 1b).
HO-1 silencing was then used to evaluate the impact of HO-1 on the maximal expression of
TNFα, and RT-qPCR analysis revealed no effect on the peak of TNFα expression after 3 h
of LPS exposure (Figure 1c). HO-1 mRNA expression was analyzed to confirm the efficacy
of the silencing technique (Supplementary Figure S4).

Figure 1. LPS-induced TNFα mRNA expression at 3 h is independent of HO-1 protein expression.
(a,b) RT-qPCR time-course analysis (1–24 h) of TNFα (a) and HO-1 (b) mRNA expression in HMC3
cells exposed to 100 ng/mL LPS. The dashed line indicates baseline control levels. (c) RT-qPCR
analysis of TNFα mRNA levels in HO-1-silenced HMC3 cells following a 3 h exposure to 100 ng/mL
LPS. Statistically significant differences are indicated: #—vs. all the others time points indicated;
§—vs. 24 h; *—vs. internal controls; n = 3.
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To further investigate the role of HO-1 in modulating LPS-induced TNFα expression in
HMC3 cells, we examined the 24 h time point, when TNFα levels had returned to baseline.
At this time-point, immunofluorescence (IF) analysis revealed a marked increase in HO-1
protein levels (Figure 2a), which was confirmed by quantification of fluorescence intensity
(Figure 2b). To assess the impact of HO-1 on TNFα expression at this late stage, TNFα
mRNA levels were analyzed following HO-1 inhibition. Since siRNA transient transfection
failed to maintain HO-1 silencing up to 24 h of LPS treatment (Supplementary Figure S5),
we utilized the pharmacological inhibitor tin mesoporphyrin IX (SnMP, 10 µM). As shown
in Figure 2c, HO-1 inhibition markedly increased TNFα mRNA expression (approximately
9-fold) in LPS-treated cells compared with that in those treated with LPS alone. Notably,
while HO-1 inhibition prevented TNFα expression from returning to baseline levels after
24 h of LPS treatment, it did not restore the peak expression observed at 3 h of LPS exposure
(~55-fold); instead, it resulted in expression levels comparable with those recorded at 6, 10,
and 18 h.

Figure 2. HO-1 enzymatic activity regulates LPS-induced TNFα mRNA expression at 24 h in HMC3
cells. (a) Confocal analysis of HO-1 protein expression in HMC3 cells exposed to 100 ng/mL LPS for
24 h. Nuclei were counterstained with DAPI. Bar = 30 µm. Images are representative of 3 independent
experiments. (b) Quantification of fluorescence. Each value represents the average of at least 4 random
fields per experimental condition. The dashed line indicates the background fluorescence intensity
recorded in samples incubated with isotype-matched control antibody (rabbit normal IgG). (c) RT-
qPCR analysis of TNFα mRNA levels in HMC3 cells exposed to 100 ng/mL LPS and/or 10 µM SnMP
for 24 h. The dashed line indicates baseline control levels. Statistically significant differences are
indicated: #—vs. NT; §—vs. LPS or SnMP; n = 3.
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3.2. HO-1 Activity Limits the Expression of TNFα in RAW264.7 Cells Treated 24 h with LPS

To further confirm our observations, we evaluated cell response to LPS in RAW264.7
macrophage-like cells. Similar to our findings in HMC3, time-course analysis of RAW264.7
cells exposed to LPS showed maximal TNFα mRNA induction at 3 h (about 40-fold vs.
untreated cells) followed by a progressive decline to a 3-fold induction at 24 h (Figure 3a).
HO-1 mRNA expression exhibited a modest, progressive induction over time (Figure 3b),
also confirmed by Western blot (WB) analysis of HO-1 protein level after 24 h of LPS
exposure (Figure 3c). Consistently, pharmacological inhibition of HO-1 via SnMP treatment
in LPS-exposed cells significantly increased TNFα mRNA expression compared with that
in cells stimulated with LPS alone (Figure 3d), even though it did not restore the maximal
expression observed at 3 h LPS exposure.

Figure 3. HO-1 activity regulates TNFα mRNA expression in RAW264.7 cells. (a,b) RT-qPCR time-
course analysis (1–24 h) of TNFα (a) and HO-1 (b) mRNA expression in RAW264.7 cells exposed to
100 ng/mL LPS. The dashed line indicates baseline control levels. (c) WB analysis of HO-1 protein
expression in RAW264.7 cells following a 24 h exposure to 100 ng/mL LPS. The bands show a
representative blot out of 4. (d) RT-qPCR analysis of TNFα mRNA levels in RAW264.7 cells exposed
to 100 ng/mL LPS and/or 10µM SnMP for 24 h. The dashed line indicates baseline control levels.
Statistically significant differences are indicated: #—vs. all the others time points indicated; §—vs.
24 h; *—NT; †—vs. LPS or SnMP; n = 3 (a,b) or 4 (c,d). The original western blot images can be found
in Supplementary Materials.
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Also, MYD88 and TNFR1 showed similar regulation in RAW264.7 cells (Supplemen-
tary Figure S6).

Our results highlight the endogenous role of HO-1 activity in promoting the complete
resolution of LPS-induced TNFα upregulation.

3.3. HO-1 Limits the Expression of IRF5 in HMC3 and RAW264.7 Cells Treated with LPS

Then, we evaluated whether IRF5 could be a target for HO-1 regulation in LPS-treated
cells.

IRF5 was barely modified in terms of mRNA expression in HMC3 cells exposed to
LPS for 3 or 6 h, and HO-1 silencing did not exert any modifications. However, HO-1
inhibition with SnMP increased IRF5 mRNA expression after 24 h of LPS exposure in both
cell lines. This increase approached statistical significance in HMC3 cells (p = 0.06 vs. LPS
alone, Figure 4a) and was evident in RAW264.7 cells (Figure 4b). Notably, the activity
of HO-1 was measured in terms of bilirubin generation using a biomolecular approach,
by overexpressing in RAW264.7 cells the fluorescent probe UnaG. As shown in Figure 4c,
LPS treatment increased intracellular generation of bilirubin that was prevented by cell
exposure to HO-1 inhibitor SnMP. Hemin, being a classical activator of HO-1, was used as
a positive control for bilirubin generation.

Figure 4. HO-1 activity regulates IRF5 mRNA expression in HMC3 and RAW264.7 cells. (a) RT-qPCR
analysis of IRF5 mRNA in HMC3 cells exposed to 100 ng/mL LPS and/or 10 µM SnMP for 24 h.
(b) RT-qPCR analysis of IRF5 mRNA in RAW264.7 cells treated for 24 h with 100 ng/mL LPS and/or
10 µM SnMP. (c) Analysis of intracellular generation of bilirubin in RAW264.7 cells exposed for 24 h
to 100 ng/mL LPS and/or 10 µM SnMP. Hemin was used as a positive control. Statistically significant
differences are indicated: §—vs. LPS; #—vs. NT; n = 3 (a,b) or 4 (c). Dashed lines represent the
expression levels of control samples.

3.4. HO-1 Inductor Hemin Reduces the Level of p-IRF5 in HMC3 Cells Treated with LPS

To confirm that IRF5 was activated upon LPS exposure, its phosphorylation state was
analyzed via immunofluorescence (IF). While p-IRF5 was barely detectable in untreated
cells, its levels significantly increased following 1, 3, and 6 h of LPS treatment (Figure 5). To
corroborate these findings and investigate IRF5 as a potential molecular target of HO-1,
cells were exposed to the HO-1 activator Hemin. As shown in Figure 5, Hemin treatment
markedly reduced the LPS-induced p-IRF5 signal compared with LPS alone. Fluorescence
quantification confirmed that this reduction was statistically significant.
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Figure 5. The HO-1 inducer Hemin counteracts p-IRF5 expression in HMC3 cells exposed to LPS.
(a) Confocal immunofluorescence analysis of p-IRF5 expression in HMC3 cells treated with 5 µM
Hemin and/or 100 ng/mL LPS for 1, 3, and 6 h. Nuclei were counterstained with DAPI. Scale
bar = 30 µm. Images are representative of three independent experiments. (b) Quantification of fluo-
rescence intensity. Each value represents the average of at least four random fields per experimental
condition. The dashed line indicates the background fluorescence intensity recorded in samples
incubated with non-specific normal rabbit IgG. Statistically significant differences are indicated:
#—vs. NT: § vs. LPS alone; n = 3.

4. Discussion
In this study, we provide evidence that HO-1 activity modulates LPS-induced proin-

flammatory activation of microglia cells acting on TNFα and IRF5. Indeed, we demonstrate
that HO-1 activity endogenously promotes the complete resolution of TNFα induction
after stimulation of TLR4 and is involved in the regulation of IRF5 expression. Moreover,
microglia exposure to the HO-1 inducer Hemin reduces IRF5 phosphorylation, further
supporting the hypothesis of a functional interplay between these pathways.

Despite increasing evidence linking the dysregulation of microglial activity to neu-
ropathology [49–52], the molecular mechanisms underlying the loss of control of inflamma-
tory response in CNS are far from being understood. In particular, the dysregulation of
TLR-dependent signaling has been associated with neurodegenerative diseases and protein
aggregation [53,54], but the molecular mechanisms are largely unknown.

In our experimental setting, we used an immortalized human microglial cell line
(HMC3) that seems to overcome some limitations observed with other microglial cell
lines [55] and shows some advantages compared with primary cultures from neonatal mice,
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which often present an immature phenotype. Consistent findings were obtained in mouse
RAW264.7 cells, indicating that the results are not cell-type- or species-specific.

The two cell lines responded similarly to LPS stimulation, increasing TNFα mRNA in
the short run (3 h) and progressively returning to baseline at 24 h.

Consistently with previous reports [56] we observed an increase in HO-1 protein levels
in both cell lines after 24 h of LPS exposure. Interestingly, HMC3 microglial cells exhibited
no alterations in HO-1 mRNA levels despite a significant upregulation of the protein,
suggesting the involvement of post-transcriptional regulatory mechanisms. Conversely,
in RAW264.7 macrophage-like cells, both mRNA and protein levels increased, indicating
regulation at the transcriptional level. However, regardless of the specific molecular mecha-
nisms driving the increase in HO-1 protein expression, which are not investigated in this
work, our results confirm that the increased expression of HO-1 exerts a protective function.
Indeed, we found that HO-1 pharmacological inhibition in both cell lines prevented TNFα
transcription from coming back to the control level, maintaining a partial induction. In
particular, we demonstrated that peak TNFα induction subsequent to LPS treatment was
achieved at 3 h, followed by a progressive decline to control levels by 24 h. HO-1 inhibition
was found not to influence peak TNFα expression but rather to modulate its complete
downregulation. Our findings are in agreement with others and underline the role of HO-1
in preventing damage due to the inability both in macrophages and microglia to com-
pletely switch off the TNFα induction [56,57]. This points to the involvement of HO-1 in a
mechanism whose dysregulation favors the persistence of low-grade chronic inflammation,
which, while widely documented at the systemic level, could also be relevant within the
framework of chronic degenerative diseases associated with neuroinflammation.

HO-1 exerts its anti-inflammatory activity through the generation of both CO [17]
and bilirubin [2,7,9]. The potent anti-inflammatory activity of bilirubin [58–61] has been
widely proved by studies of modest hyperbilirubinemia, which exerts strong protective
activity on the cardiovascular system [19]. However, the difficulty in quantifying low-
level intracellular bilirubin production remains a limiting factor in elucidating its cellular
functions. Here, we used a biomolecular approach to measure HO-1-derived bilirubin [48].
Cells were transfected with a plasmid coding for a protein that becomes fluorescent when
bound to bilirubin. Fluorescence quantification at the end of the experiment allows us to
measure bilirubin production. Thus, we were able to verify that LPS increased intracellular
generation of bilirubin similarly to Hemin and that the inhibition of HO-1 activity prevented
it. However, we did not investigate its functional role in our experimental model, and the
role played by CO also needs to be take into consideration to understand the molecular
mechanisms underlying the anti-inflammatory effect of HO-1, and this aspect deserves
future investigation.

Furthermore, we analyzed the involvement of IRF5 in our experimental model, to find
a new, potentially druggable, molecular target to reduce or contain neuroinflammation.

IRF5 is a pivotal factor involved in macrophage polarization toward an M1 phe-
notype [62,63], and it has been found to be involved in multifactorial diseases linked
to dysregulation of inflammation, including cancer progression [64,65], cardiovascular
diseases [66,67] and neurological diseases [68,69].

Notably, in our experimental model, HO-1 inhibition at the latest time point of LPS
treatment not only prevented TNFα from returning to baseline but also increased the mRNA
expression of IRF5. Based on these findings, we cannot determine whether the effect of
HO-1 on IRF5 is mediated through direct targeting or reflects a general amplification of
the downstream TLR4 signaling pathway; therefore, both possibilities warrant further
investigation.
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Thereafter, we focused on the earliest time window to analyze whether the exogenous
induction of HO-1 could modulate IRF5. We demonstrated that IRF5 is activated down-
stream of LPS-dependent TLR4 activation in the human microglia cell line by analyzing the
expression of p-IRF5. Phosphorylation of IRF5 is, indeed, an early signal needed for IRF5
to dimerize in the cytosol and move into the nucleus, starting the transcription of target
genes, and we provided evidence of IRF5 phosphorylation at 1, 3 and 6 h of LPS exposure.

Next, we demonstrated that HO-1 induction obtained by exposing cells to Hemin,
can efficiently counteract p-IRF5 expression induced by LPS. Hemin is a strong inducer
of HO-1 [70]; we used it at a relatively low dose, verifying the absence of toxicity due to
iron exposure and the induction of HO-1. We also had confirmation in RAW264.7 cells that
Hemin efficiently increased intracellular generation of bilirubin.

Notably, HO-1 and IRF5 exhibit opposing associations with aging and degenerative
diseases; while HO-1 undergoes a loss of function, IRF5 becomes activated, thereby increas-
ing susceptibility to damage and hyperinflammation [45,71–73]. Their role in microglial
dysfunction and neuronal loss is well-recognized. While the underlying molecular mech-
anisms remain to be fully elucidated, our findings suggest a possible crosstalk between
these molecules.

In Figure 6 the main results and conclusions are presented.

Figure 6. Schematic representation of the proposed mechanism and main conclusions. The diagram il-
lustrates the time-dependent modulation of TNFα mRNA, HO-1 protein levels, and p-IRF5 expression
following LPS exposure. The annotations highlight the interactions among the analyzed pathways.

5. Limitations of the Study
It is important to note that this work was performed on established cell lines. While

this model was instrumental in uncovering a possible crosstalk among the investigated
pathways and significantly facilitates an experimental approach that can often be technically
challenging in more-advanced systems, such as hIPSc-derived cells, confirming these data
in models that more closely recapitulate normal human physiology is essential to bolster
their clinical relevance and applicability to humans.

Furthermore, the role of IRF5 in our context needs to be further validated by techniques
other than immune fluorescence, for instance, by using cell fractioning to prove nuclear
translocation or analyzing its DNA binding. Also, future studies should explore how HO-1
and IRF5 interact, analyzing the role of bilirubin or CO as molecular mediators of the
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observed effects and determining whether the interaction is direct or occurs via shared
upstream regulators.

6. Conclusions
This work provides new insights into the role of HO-1 in endogenous regulation of

TLR4-dependent responses and the possible interaction with IRF5. Our data suggests
new molecular pathways to be investigated to understand and counteract microglial
dysregulation.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/biom16071028/s1: Figure S1. MTT assays of HMC3 (a) and RAW264.7
cells (b) exposed to indicated treatments for 24 h. Dashed line represents untreated cells. No
statistically significant differences observed. n = 3. Figure S2. Confocal immunofluorescence of
HO-1 in HMC3 cells to prove signal specificity. (a) The images showed HMC3 cells untreated or
exposed to 5 µM Hemin, 5 µM Sulforaphane (SFN) and 100 µM diethyl maleate (DEM) for 24 h
analyzed following the IF protocol described in Materials and Methods. To confirm signal specificity
some samples were incubated with normal rabbit IgG (1:1000, Millipore, 12-370) instead of specific
antibody and revealed minimal signals. Nuclei were counterstained with DAPI. Scale bar = 30 µm.
Images are representative of 3 independent experiments. (b) Quantification of fluorescence intensity.
Each value represents the average of at least four random fields per experimental condition. The
dashed line indicates the background fluorescence intensity recorded in samples incubated with
non-specific normal rabbit IgG. Statistically significant differences are indicated: #—vs. NT; n = 3.
Figure S3. Confocal immunofluorescence of p-IRF5 in HMC3 cells to prove signal specificity. (a) The
images showed HMC3 cells untreated or exposed to 100 ng/mL LPS for 2 h analyzed following
the IF protocol described in Materials and Methods. To confirm signal specificity some samples
were incubated with normal rabbit IgG (1:1000, Millipore, 12-370) instead of specific antibody and
revealed minimal signals. Nuclei were counterstained with DAPI. Scale bar = 30 µm. Images are
representative of 3 independent experiments. (b) Quantification of fluorescence intensity. Each value
represents the average of at least four random fields per experimental condition. The dashed line
indicates the background fluorescence intensity recorded in samples incubated with non-specific
normal rabbit IgG. Statistically significant differences are indicated: #—vs. NT; n = 3. Figure S4.
RT-qPCR analysis of HO-1 mRNA in cells silenced for HO-1 and exposed to 100 ng/mL LPS for 3 h.
Statistically significant differences are indicated: #—vs. Lipofect; n = 3. Figure S5. RT-qPCR analysis
of HO-1 mRNA in cells silenced for HO-1 and exposed to 100 ng/mL LPS for 24 h. No statistically
significant differences observed. n = 3. Figure S6. RT-qPCR analysis of MYD88 (a) and TNFR1 (b)
mRNA in cells exposed to 100 ng/mL LPS and/or 10 µM SnMP for 24 h. Statistically significant
differences are indicated: §—vs. LPS; n = 5 (a) and 4 (b). Supplementary Materials S2: The original
western blot images.
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Bach 1 BTB domain and CNC homolog 1
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BVR Biliverdin reductase
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DNA Deoxyribonucleic acid
HO-1 Heme oxygenase-1
IRF5 Interferon regulator factor 5
LPS Lipopolysaccharide
MyD88 Myeloid differentiation primary response protein 88
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NRF2 Nuclear factor erythroid 2-related factor
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RNA Ribonucleic acid
SnMP Tin mesoporphyrin IX
Th1 and 2 T helper 1 and 2
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