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ABSTRACT

Heme oxygenase-1 (HO-1) is an inducible enzyme known for its anti-inflammatory, antioxidant and neuro-
protective effects. However, increased expression of HO-1 during aging and age-related neurodegenerative
diseases have been associated to neurotoxic ferric iron deposits. Being microglia responsible for the brain’s
innate immune response, the aim of this study was to understand the role of microglial HO-1 under inflammatory
conditions in aged mice. For this purpose, aged wild type (WT) and LysMCreHmoxlAA (HMOXlM'KO) mice that
lack HO-1 in microglial cells, were used. Aged WT mice showed higher basal expression levels of microglial HO-1
in the brain than adult mice. This increase was even higher when exposed to an inflammatory stimulus (LPS via i.
p.) and was accompanied by alterations in different iron-related metabolism proteins, resulting in an increase of
iron deposits, oxidative stress, ferroptosis and cognitive decline. Furthermore, microglia exhibited a primed
phenotype and increased levels of inflammatory markers such as iNOS, p65, IL-1f, TNF-a, Caspase-1 and NLRP3.
Interestingly, all these alterations were prevented in aged HMOX1MX© and WT mice treated with the HO-1
inhibitor ZnPPIX. In order to determine the effects of microglial HO-1-dependent iron overload, aged WT
mice were treated with the iron chelator deferoxamine (DFX). DFX caused major improvements in iron, in-
flammatory and behavioral alterations found in aged mice exposed to LPS. In conclusion, this study highlights
how microglial HO-1 overexpression contributes to neurotoxic iron accumulation providing deleterious effects in
aged mice exposed to an inflammatory insult.

1. Introduction

characteristic of aging, such as a low-grade inflammation, oxidative
stress (OS), mitochondrial dysfunction, or protein aggregation [4-6].

Aging is one of the main risk factors for the development of neuro-
degenerative diseases (NDDs). As life expectancy expands, the incidence
of NDDs in the population increases, leading to an important socio-
economic impact [1-3]. Therefore, a deeper understanding of the
pathogenesis of NDDs is required to identify new therapeutic targets.
NDDs share common pathological mechanisms, which are also

Related to inflammation, it has been reported that inflammatory chal-
lenges in the periphery of the elder population are linked to inflamma-
tion in the brain, activation of microglia, synaptic dysfunction, neuronal
death and cognitive decline; thus, prompting the development of NDDs
[3,7-9].

Microglia comprise approximately 6-12% of all the cells found in the
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brain, they constitute the resident immune cells of the central nervous
system (CNS) and play pivotal roles in development, plasticity and
controlling neuroinflammation. Under physiological conditions, micro-
glia are in a “surveying” state, in which they acquire a specific pheno-
type with a ramified morphology [10]. Upon an acute insult, they
acquire an “activated” state and experience a phenotypic change into an
amoeboid morphology; they produce and release different inflammatory
molecules, such as cytokines (IL-1f8, TNF-a) or oxidant species, as nitric
oxide (NO), which may be toxic, but are also required to confront the
insult [11-13]. However, with aging, microglial cells experience a shift
in their phenotype to a constant activated state, known as “primed”
microglia, creating a feedforward loop and promoting tissue atrophy,
neurotoxicity and cognitive decline [10,14,15].

Heme oxygenase-1 (HO-1) is an inducible enzyme that catabolizes
the heme group into carbon monoxide (CO) and biliverdin, which
rapidly converts to bilirubin, and labile iron (Fe?!). Under physiological
conditions, HO-1 expression is found at very low levels in the CNS.
However, the Hmox1 promoter presents different response elements
that can rapidly induce its expression, mainly in glial cells in the brain,
by products such as heavy metals, inflammatory mediators (TNF-a,
B-amyloid) or molecules (lipopolysaccharide (LPS). A tight regulation of
HO-1 is crucial as an unbalance in its activity is linked with the patho-
genesis and progression of neuroinflammation, aging and NDDs [16,17].
On one hand, HO-1 induction in the brain has been reported to confer
neuroprotection against OS and inflammation (LPS, p-amyloid) in
models of aging, Alzheimer’s disease (AD) [18-20], Parkinson’s disease
(PD) [21,22], experimental autoimmune encephalomyelitis (EAE) [23],
subarachnoid hemorrhage [24] or brain ischemia [25]. On the other
hand, systemic inflammation in the elderly can increase the expression
of HO-1, but rather than having neuroprotective effects, it can cause
cognitive impairment [8,9]. Furthermore, human HO-1 overexpression
in astrocytes replicates parkinsonian features [26-28], and salivary
upregulated levels of HO-1 have been proposed as a PD marker [29]. In
addition, long-term induction of HO-1 impairs the recovery of mice
subjected to intracerebral hemorrhage [30]. In AD-like mouse models,
up-regulation of HO-1 causes cognitive decline and worseness tauopathy
progression [31]. Therefore, induction of HO-1 has shown to provide
opposed effects in aging and NDDs.

The negative outcomes reported above for HO-1 overexpression may
be related to the accumulation of iron derived from HO-1 catabolism.
Related to this, in aging or in situations where HO-1 is up-regulated,
there is an increase in the iron content alongside with alterations of
different iron-related metabolism transporters and proteins in the brain
[32-371, where microglial cells play a major role [38-40]. Furthermore,
these alterations are linked with cognitive impairment, protein aggre-
gation and OS and, ultimately, to neuronal death [41,42]. In this respect,
ferroptosis is a specific type of regulated cell death related to
iron-dependent  accumulation of lipid hydroperoxides of
poly-unsaturated fatty acids (PUFA). Glutathione peroxidase 4 (GPX4) is
a ferroptotic marker as it converts toxic lipid hydroperoxides to
non-toxic alcohols. In iron-related toxic environments, GPX4 protein is
found to be decreased, leading to the accumulation of toxic lipid hy-
droperoxides and cell death [43-45].

With this background in mind, this study was designed to understand
the role of microglial HO-1 in aging under pro-inflammatory conditions.
Our results evidence that microglial HO-1 overexpression in aged mice
exposed to an acute inflammatory insult favors iron accumulation, fer-
roptosis and memory impairment, all conditions relevant to neuro-
degeneration. Therefore, strategies aimed to modulate microglial HO-1
or reduce iron accumulation could be of interest to treat age-dependent
NDDs.
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2. Materials and methods
2.1. Materials

Lipopolysaccharide (LPS, serotype 0127:B8), deferoxamine (DFX)
and propidium iodide (PI) were purchased from Sigma-Aldrich (Madrid,
Spain). Zinc protoporphyrin (ZnPP) was obtained from Frontier Scien-
tific (Madrid, Spain). 2',7'-dichlorodihydrofluorescein diacetate probe
(H2DCFDA), dihydroethidium probe (DHE) and Hoechst were acquired
from Thermo Fisher (Madrid, Spain).

2.2. Animals

All animals were housed on a 12 h light/12 h dark cycle, with food
and water ad libitum in a conventional animal facility. All efforts were
made to minimize animal suffering and to reduce the number of animals
used. All experimental procedures were performed following the Guide
for the Care and Use of Laboratory Animals and were previously
approved by the institutional Ethics Committee of the Universidad
Auténoma de Madrid and the Comunidad Auténoma of Madrid, Spain,
(PROEX 252/16) following the European Guidelines for the use and care
of animals for research in accordance with the European Union Directive
of September 22, 2010 (2010/63/UE) and with the Spanish Royal De-
cree of February 1, 2013 (53/2013).

2.3. Generation of LyzMCreHMOX1 mice

Cell-specific knockout (KO) mice in HMOX1 (LszcreHMOX1f/ f,
HMOX1MX0) were generated using the cre/LoxP system at the Uni-
versidad Auténoma de Madrid. For that purpose, LyzMc (The Jackson
Laboratory: B6.129P2-Lyz2tm1(cre)Ifo/J, stock.: 004781) mice, which
carry the cre recombinase under the control of a myeloid promoter; and
HMOX1;oxp (RIKEN BioResource Center, stock.: RBRC03163) mice were
crossed resulting in a heterozygous offspring for both the cre recombi-
nase and the LoxP site. The heterozygous mice were crossed and the
homozygous offspring for the LoxP site carrying the cre recombinase
were used for the experiments (HMOX1MX0) In these mice, the cre
recombinase mediates a specific deletion of LoxP-flanked HMOX1 gene
in myeloid cells, therefore in microglial cells in the brain. Adult (3-4
months-old) and aged mice (15-18 months-old) were used for these
experiments. Age-matched littermates (WT), which are mice carrying
the LoxP sites but not the cre recombinase were used as controls.

The polymerase chain reaction (PCR) was used to genotype mice
(Fig. S1) using genomic DNA from ear notches and the following
primers: LoxP site (5'-3'): 1) Forward Hmox1 wild type: CTC ACT ATG
CAA CTC TGT TGG AGG, 2) Reverse Hmox1 wild type: GTC TGT AAT
CCT AGC ACT CGA A, 3) Reverse Hmox1 LoxP: GGA AGG ACA GCT TCT
TGT AGT CG. LyzM allele (5'-3'): 1) Mutant: CCA GAA ATG CCA GAT
TAC G, 2) Common: CTT GGG CTG CCA GAA TTT CTC, 3) Wild type:
TTA CAG TCG GCC AGG CTG AC. As shown in Fig. S1, in the presence of
the recombinase, HO-1 is only depleted in microglial cells in the brain
[24].

2.4. LPS in vivo model

Aged (15-18 months) HMOX1YXO and WT male mice were intra-
peritoneally injected (i.p.) with 0.5 mg/kg of LPS or saline. Weight and
sickness-related behavioral tests were recorded before the LPS treatment
and 4, 8 and 24 (final point) hours after the injection. At the final point,
mice were sacrificed and the brain collected for further analysis.

2.5. Pharmacological treatments
Inhibition of HO-1 was achieved using Zinc Protoporphyrin (ZnPP).

For that purpose, 2 h before the LPS injection, ZnPP at 25 mg/kg was
administered i.p. to aged WT mice. ZnPP was prepared just before the
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injection and dissolved in saline with 5% DMSO.

Deferoxamine (DFX) at 100 mg/kg was dissolved in saline and
administered i.p. once a day for 6 consecutive days before the LPS in-
jection. The last dose of DFX was given on the same day of the LPS
treatment.

2.6. Sickness behavioral tests: locomotor activity and social interaction

-Locomotor activity. Animals were maintained in their home cages
with a size of 26 cm x 20 cm and were videotaped during 5 min. For
analysis, cages were virtually divided into 8 identical squares and the
number of crossings was analyzed during the last 3 min. Results were
normalized with respect to the number of crossings of the same an-
imal before the LPS injection, which was considered as 100%.

- Social interaction. Social exploratory behavior was determined as a
measure of sickness behavior, as previously described [46]. For these
experiments, a juvenile novel mouse (4 weeks of age) was introduced
in the cage during 10 min and the exploratory activity was video-
taped. The total amount of time that the experimental mice was
engaged in social investigation of the juvenile (e.g., anogenital
sniffing, trailing) was monitored. Results were normalized with those
obtained for the same animal at basal conditions before LPS injec-
tion, which was considered as 100%.

A Saline
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2.7. Cognitive behavioral test: novel object recognition test (NOR)

The novel object recognition test (NOR), was used to assess the
cognitive status (recognition memory) of the experimental mice and was
performed as previously described [47]. This test is divided into 3
consecutive days (Fig. 3G); on the first day (T0), the experimental mice
are placed in a 40 cm x 40 cm x 40 cm cage for 10 min. The next day
(T1), the mice are placed in the same cage but with two identical objects
in shape and color. The test itself (T2) is performed 48 h after the
habituation test. In order to asses if the animals have cognitive decline,
one of the objects is changed for a different one, both in shape and color.
The amount of time spent exploring the novel (TN) or familiar (TF)
object was recorded and the differences were represented as Discrimi-
nation Index (DI). Mice have an innate preference for novelty, thus mice
without cognitive impairment will recognize the familiar object and will
spend most of the time at the novel object. DI allows discrimination
between the novel and familiar objects and it is calculated as follows DI
= (TN-TF)/(TN + TF). For this test, the LPS administration was given
just after T1 (second day).

2.8. Oxidative stress and cell death measurements

1 M-KO

After a given treatment, HMOX and WT mice were sacrificed,
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Fig. 1. Microglial HO-1 is overexpressed in aged vs adult mice and when peripherally stimulated with LPS. (A) Representative images for Ibal+ microglia
(green) and HO-1 (magenta) in adult and aged mice. Quantification (B) and representative blot images (D) of HO-1 protein expression and mRNA levels (C) in brain.
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the hippocampi dissected in ice-cold Krebs’s dissection buffer (120 mM
NaCl; 2 mM KCl; 26 mM NaHCOs3; 1.18 mM KHPO4; 10 mM MgSQOy; 0.5
mM CaCly; 11 mM glucose and 200 mM sucrose at pH 7.4) and cut into
250 pm thick slices to measure OS and cell death. The slices were sta-
bilized in pre-incubation solution (120 mM NaCl; 2 mM KCI; 26 mM
NaHCOs; 1.18 mM KHPO4; 10 mM MgSOg4; 0.5 mM CaCl, and 11 mM
glucose) and oxygenated for 45 min in a water bath at 34 °C. Thereafter,
hippocampi slices were incubated in control solution (120 mM NaCl; 2
mM KCl; 26 mM NaHCOs; 1.18 mM KHyPOy4; 10 mM MgSOy4; 2 mM
CaCly and 11 mM glucose) at 37 °C for 40 min with the fluorescent dye
propidium iodide (PL: 1 pg/mL) to measure cell death and H,DCFDA (10
pM) and DHE (2,3 pM) to determine OS. Fluorescence was measured
with an inverted Nikon eclipse T2000-U microscope (Nikon In-
struments) under a 2X objective. Wavelengths of excitation and emission
for PI, HoDCFDA and DHE were 530, 495, 500 and 580, 520, 600,
respectively. The mean intensity was analyzed with Fiji software.

2.9. RNA extraction and Real Time quantitative polymerase chain
reaction (RT-qPCR)

Total RNA was extracted using Trizol reagent (Sigma-Aldrich, Spain)
and quantified using a Nanodrop Spectrophotometer (Nanodrop 2000,
Thermo Scientific). 1 pg of RNA was reversely transcribed using Pri-
meScript RT Reagent Kit (perfect Real Time) (Takara, Japan) and the
quantitative RT-qPCR was performed using qPCRBIO SyGreen Mix Lo-
Rox polymerase (Cultek) and a 7500 Fast Real-Time PCR System
(Applied Biosystems by Life Technologies). Thermal cycling for RT-
qPCR was carried out according to the manufacturer’s recommenda-
tions, and the relative expression levels were calculated using the
comparative AACt method. The primer’s sequences (5’ — 3') were as
follows (from Sigma-Aldrich, Madrid, Spain): p2-microglobulin as
house-keeping gene (FWD: ACC GTG ATC TTT CTG GTG CTT G; RVS:
TAG CAG TTG AGG AAG TTG GGC T), IL-1p (FWD: GAA GAG CCC ATC
CTC TGT GA; RVS: TTC ATC TCG GAG CCT GTA GTG) and TNF-a (FWD:
CAT CTT CTC AAA ATT CGA GTG ACA A; RVS: TGG GAG TAG ACA AGG
TAC AAC CQ).
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2.10. Western blot (WB)

Hippocampi from mice were lysed in ice-cold AKT lysis buffer (137
mM NaCl, 20 mM NaF, 10% glycerol, 20 mM Tris-HCl, 1% Nonidet P-
40, 1 pg/mL leupeptin, 1 mM phenylmethylsulfonylfluoride, 1 mM so-
dium pyrophosphate, and 1 mM Na3VOy, pH 7.5). Protein quantification
was performed using the Pierce BCA Protein Assay Kit (ThermoFisher)
and 10 pg of protein was resolved by sodium dodecyl sulfate-
polyacrylamide (SDS-PAGE) gel and transferred to Immobilon-P PVDF
membranes (Millipore Corp.). For the antibody incubation, membranes
were activated with methanol and blocked with 4% bovine serum al-
bumin (BSA) in Tris-buffered saline-Tween (TTBS: 10 mM Tris, 150 mM
NaCl; 0.2% Tween-20, pH 7.4) for 2 h. Afterwards, membranes were
incubated overnight at 4 °C with the primary antibodies: anti-iNOS
(1:1000, 610432, BD Transduction Laboratories), anti-p65 (1:1000, sc-
372, Santa Cruz Biotechnology), anti-HO-1 (1:1000, ab68477,
Abcam), anti-DMT1 (1:1000, sc-166884, Santa Cruz Biotechnology),
anti-L-ferritin (1:500, sc-390558, Santa Cruz Biotechnology), anti-CD68
(1:500, MCA1957GA, Bio-Rad Laboratories), anti-FPN1 (1:1000, NBP1-
21502, Novus Biologicals), anti-GPX4 (1:1000, ab125066, Abcam), anti-
Caspase-1 (1:1000, AG-20B-0042-C100, AdipoGen Life Science), anti-
NLRP3 (1:1000, AG-20B-0014-C100, Adipogen Life Science), anti-IL-
1B (1:50, sc-12742, Santa Cruz Biotechnology), anti-B-actin (1:50000,
A3854, Sigma-Aldrich). Thereafter, the membranes were washed with
TTBS and incubated for 2 h with the appropriate peroxidase-conjugated
secondary antibodies (1:10 000, Santa Cruz Biotechnology). Membranes
were washed and then incubated with ECL Advance Western-blotting
Detection Kit (GE Healthcare, Amersham). Finally, they were exposed
using the ChemiDoc MP System (Bio-Rad Laboratories) and the specific
bands were analyzed with Fiji software.

2.11. Tissue immunofluorescence

Mice were deeply anesthetized by an intraperitoneal injection of
sodium pentobarbital, perfused with saline and fixed with 4% para-
formaldehyde (PFA). Brains were removed and kept overnight at 4 °C in
4% PFA. Then, the tissue was cryoprotected for 2 days in 30% sucrose
and 40 pm thick coronal slices were cut using a sliding microtome and
collected in phosphate buffer (PB) 0.1 M. For the immunofluorescence
assay, sections were blocked with 5% goat or donkey serum for 2 h.
Afterwards, sections were incubated at 4 °C with the primary antibodies:
anti-Ibal (1:400, two days incubation, ab5076, Abcam), anti-HO-1
(1:500, overnight, Abcam), anti-GPX4 (1:500, overnight, Abcam) or
anti-CD68 (1:500, overnight, Bio-Rad Laboratories). Sections were
washed three times and then incubated with the secondary fluorescent
antibody (1:200, Alexa Fluor 488 or 546, ThermoFisher) for 1 h. After
three washes, sections and cells were mounted and the images taken in a
SP-5 confocal microscope (TCS SPE; Leica). Image analysis was per-
formed using Fiji software.

2.12. Perl’s solution

Brain sections (40 pm) were washed for 30 min in PB 0.1 M and then
incubated in Perl’s solution (5% potassium ferrocyanide: 5% HCI, 1:1, v:
v) for another 30 min at room temperature (RT). Sections were washed
with PB 0.1 M for 30 min and then incubated in diaminobenzidine (DAB,
0.05% DAB in PB 0.1 M) for 20 min. In order to start the reaction,
sections were exposed to hydrogen peroxide (0.003% in PB 0.1 M) for
20 min. Then, to stop the reaction, sections were washed three times
with PB 0.1 M. Sections were mounted in 1:3 diluted PB 0.1 M and dried
overnight at RT. Afterwards, sections were briefly washed in water and
counterstained for 15 s with 0.1% Cressyl Violet at RT. Sections were
washed in distilled water, dehydrated following a gradient of alcohols
and degreased in xylene for 30 min and, finally, covered with Depex.
Sections were examined and photographed under transmitted light mi-
croscopy in an OlympusBX61 microscope using an oil-immersion 40x
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objective, and a DP71 video-camera (Olympus-Europa, Hamburg,
Germany).

2.13. Non-heme iron determination

Brain samples were weighted before the procedure and then incu-
bated with 2 mL of 10% trichloroacetic acid and 3 M HCl (acid solution)
for 20 h at 65 °C. Samples (80 pL) were mixed with the reaction buffer
(10% thioglycolic acid in 1 M sodium acetate solution) followed by a
mixture of the colorimetric solution (1% bathophenanthroline disul-
fonic acid) in a 1:1 vol ratio. To quantify the non-heme iron content, a
calibration curve was performed using serial dilutions of an iron stan-
dard solution (VWR) presented in ppm (parts per million: pg of non-
heme iron per grams of wet tissue). Optical density was measured at
535 nm in a microplate reader (SPECTROstar NANO, BMG Labtech).

2.14. Statistics

Data are represented as the mean + S.E.M and were analyzed using
GraphPad Prism 8.02 version software. Two-groups were compared
with the Student’s t-test, while multiple groups were compared using
one-way analysis of variance test (ANOVA followed by the Tukey post
hoc test). Data from sickness behavioral tests with repetitive measure-
ments on individual animals (different time points) were analyzed using
two-way ANOVA (followed by the Tukey post-hoc test). Statistical sig-
nificance was set at *p < 0.05, **p < 0.01 and ***p < 0.001. Statistical
trends were considered when p < 0.10.

3. Results

3.1. HO-1 is up-regulated in microglial cells in the brain of mice
stimulated with LPS and in aging

HO-1 is a well-known anti-oxidant and anti-inflammatory enzyme,
thus its induction has been proposed as a therapeutic target for the
treatment of different neuroinflammatory and aged-related NDDs.
However, there is still controversy on whether HO-1 is down or up-
regulated in these diseases [16,17,20,48-50]. In this study, HO-1 was
found up-regulated in the brain of aged mice in comparison to adult
mice (Fig. 1A-D). This agrees with our recent finding where HO-1
overexpression with aging occurred mainly in the microglial compart-
ment in comparison to other cell types from the CNS [51].

Inflammation is one of the main pathological hallmarks in aging and
other related NDDs, where microglial HO-1 is found up-regulated.
Therefore, we aimed to study the impact of an acute inflammatory
insult in HO-1 expression under these circumstances. The levels of this
enzyme in Ibal+ microglial cells was significantly induced in aged mice
treated with LPS in comparison to age-matched controls, treated with
both saline or LPS (Fig. 1A and E). These results indicate that with aging
microglial HO-1 is upregulated and its overexpression is further
increased under an acute inflammatory insult. In order to further un-
derstand the role of microglial HO-1 up-regulation in our model, and
whether it could be acting as a mechanism of compensation or creating a
feedforward loop favoring disease progression, we have generated a cell
specific knock-out mouse (HMOXlM’KO), which lacks HO-1 in the
myeloid cells, and therefore in microglia (Fig. S1). These mice are born
at Mendelian ratios, develop normally, do not develop microcytic ane-
mia (Table S1), exhibit normal white cell counts (WBC) (Fig. S2) and
have a life span similar to that of WT mice [52,53].

3.2. Depletion of microglial HO-1 in aged mice restores the iron
metabolism alterations observed under an inflammatory environment

In spite of the anti-oxidant and anti-inflammatory properties
described for HO-1, the catabolism of the heme group by this enzyme
also generates labile iron, which can accumulate leading to cytotoxic
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Fig. 3. Aged WT mice treated with LPS showed increased oxidative stress, ferroptosis and cognitive decline, but these alterations were prevented in
HMOX1X% mice. (A) Representative images in whole hippocampal slices of reactive oxygen species (ROS) measured with the fluorescent probes H,DCFDA,
dihydroethidium (DHE) and hippocampal cell death, measured with the fluorescent dye propidium iodide (IP). (B) Quantification of H,DCFDA mean intensity, (C)
DHE mean intensity and (D) propidium iodide mean intensity in whole hippocampal slices. Representative images (E) and quantification (F) of GPX4 (red), a
ferroptotic marker. (G) Schematic representation of the novel objet recognition test (NOR). LPS (0.5 mg/kg) was injected just before day 2 (T1) and 24 h after, the
test (T2) was performed. (H) Discrimination index (DI) in control and LPS treated mice. WT mice treated with LPS showed an increase in cognitive decline, measured
as a reduction in the DI, which was restored in HMOX1™*° mice treated with LPS. Data represent mean + S.E.M. (N = 3-12, one-way ANOVA followed by Tukey
post-hoc test). Significant differences were considered when: *p < 0.05 and **p < 0.01 compared to aged WT saline mice or ##p < 0.01 compared to aged WT LPS
injected mice. Scale bar = 1000 pm (A) and 10 pm (E). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

effects when HO-1 is overexpressed [41,42]. Therefore, we aimed to
study the consequences of microglial HO-1 overexpression and its
depletion during aging in an inflammatory in vivo model. For that pur-
pose, WT and HMOX1MXO aged mice were treated with saline or LPS
(0.5 mg/kg i.p.) for 24 h (Fig. 2A). Firstly, we wanted to know if the
up-regulation of HO-1 induced by LPS led to an increase in iron deposits
in the brain. A significant increase in non-heme iron was found in the
brain of aged WT mice injected with LPS, but this increase was not
observed in the HMOX1M¥C mice challenged with LPS (Fig. 2B).
Furthermore, Perl’s solution staining indicated that iron was accumu-
lating in LPS injected WT mice in hippocampus and cortex (Fig. 2C and
D) and also in thalamus and amygdala (figs. S3A and B) in comparison to
WT saline mice. Interestingly, these deposits were lower in HMOX1M¥0
mice treated with LPS (Fig. 2C and D), thus suggesting that
LPS-dependent microglial HO-1 up-regulation in aging could play a
pivotal role in the formation of iron deposits.

The iron deposits observed in the brain of WT mice treated with LPS
were linked to alterations in different iron metabolism markers (Fig. 2E).
While there was an increase in the iron importer DMT1 (Fig. 2E and F)
and in the storage protein L-ferritin (Fn) (Fig. 2E and G), there was a
decrease in the iron exporter protein FPN1 (Fig. 2E and H). However,
these alterations were reverted in HMOX1™™° mice treated with LPS,
meaning that in aged WT mice, LPS caused a higher iron influx and
storage and a lower efflux in cells leading to iron accumulation. Of note
is that in aged HMOX1M*C, the previous alterations in the iron flux
within the cells were not observed, suggesting that iron was not
accumulating.

3.3. An inflammatory stimulus causes brain oxidative stress, ferroptosis
and cognitive decline in aged WT mice, but not in aged HO-1 microglial
knock-out mice

Iron overload generates oxidative stress through the Fenton reaction
leading to a specific type of cell death, known as ferroptosis [43-45]. To
elucidate whether iron accumulation mediated by LPS-induced micro-
glial HO-1 overexpression could be causing OS, cell death, and ferrop-
tosis, different markers were evaluated. The fluorescent dyes HoDCFDA
(Fig. 3A and B) and DHE (Fig. 3A and C) were used to assess ROS pro-
duction in the hippocampi of WT and HMOX1™¥0 mice treated with
saline or LPS. Both markers were significantly increased in aged WT
mice in comparison to WT saline mice (Fig. 3B and C). However, in
HMOX1MX° mjce challenged with LPS, there was a significant decrease
in ROS production, represented as a significant reduction in HoDCFDA
intensity and a statistical trend (p = 0.06) in DHE fluorescence. More-
over, LPS injection in WT mice led to an increase in hippocampal cell
death, measured by PI dye. However, HMOX1"C mice treated with LPS
showed a tendency to reduction in cell death (Fig. 3A and D). Further-
more, to specifically evaluate ferroptosis, glutathione peroxidase 4
(GPX4) was analyzed. This antioxidant enzyme catalyzes the reduction
of hydrogen peroxide and lipid peroxides to protect the cells against OS.
Therefore, a decrease in this marker is indicative of ferroptosis. LPS
decreased the expression of GPX4 in WT mice, but not in HMOX1M¥0
(Fig. 3E and F). As ferroptosis leads to neuronal death, we aimed to study
if LPS could also result in cognitive decline, assessed with the NOR task,
which is a measurement of recognition memory (Fig. 3G). Indeed, LPS

induced cognitive decline in WT mice, measured as a decrease in the DI,
but not in HMOX1MXO, which performed similar to WT mice treated
with saline (Fig. 3H). Therefore, these results indicate that iron accu-
mulation observed in aged WT mice, possibly via LPS-induced upregu-
lation of microglial HO-1, could be responsible for OS, ferroptosis and,
ultimately, cognitive decline as in HMOX1M*© mice treated with LPS all
these hallmarks were significantly attenuated and partially restored.

3.4. Microglial HO-1 depletion improves LPS-induced inflammatory
profile and sickness behavior in aged mice

A tight regulation between iron deposits and neuroinflammation has
been reported [36,54]. Therefore, we aimed to study whether
LPS-dependent microglial HO-1 overexpression, apart from leading to
iron metabolism alterations, could be related to pro-inflammatory
changes in the brain, in spite of its anti-inflammatory properties. For
that purpose, different inflammatory markers were analyzed in the
hippocampus 24 h after LPS injection (Fig. 4A). In this context, proin-
flammatory proteins such as inducible nitric oxide synthase (iNOS) and
p65 (Fig. 4B and C), alongside to inflammasome-related proteins: NLR
Family Pyrin Domain Containing 3 (NLRP3), caspase-1 and interleukin 1
beta (IL-1B) (Fig. 4B and D) were measured, in addition to different
cytokines such as tumor necrosis factor alpha (TNF-a) and IL-1f
(Fig. 4E). WT mice injected with LPS showed a significant increase in the
expression of these proteins or cytokines in comparison to WT saline
mice. However, HMOX1M*C mice challenged with LPS presented a
significant decrease of these parameters. Moreover, all these
pro-inflammatory changes in WT mice treated with LPS were accom-
panied by behavioral alterations, measured by the LPS-related sickness
behavior [12] social interaction (Fig. 4F) and locomotion (Fig. 4G) tests,
which were performed at 4, 8 and 24 h after LPS injection. Interestingly,
whereas HMOX1"0 mice injected with LPS showed a partial recovery
24 h after the treatment, WT mice were not able to recover and per-
formed significantly worse than HMOX1MXO mice (Fig. 4F and G). The
improvements observed at the behavioral and biochemical levels in LPS
treated HMOX1™X 0 mice were accompanied by an improvement in
survival (statistical trend) and with a significant lower reduction in
weight loss 24 h after LPS injection (figs. S4A and B). Therefore,
LPS-related labile iron brain accumulation was accompanied by an in-
crease in inflammatory markers in the hippocampus and sickness
behavior, which were greatly prevented in aged HMOX1"*° mice.

3.5. LPS induced higher levels of CD68 immunoreactivity in Ibal+
microglial cells in aged WT mice, but not in HMOX1"¥0

Our next step was to study if the inflammatory alterations previously
described were accompanied by changes in the microglial phenotypic
and activated profile. For this purpose, we analyzed CD68, a trans-
membrane glycoprotein located in the lysosomal compartment, used to
specifically identify activated microglia in the brain [55]. Compared to
WT saline treated mice, WT LPS injected mice showed increased hip-
pocampal CD68 expression (Fig. 5A) and also increased levels of
microglial CD68, measured as CD68 mean intensity per microglial cell
(Ibal+) (Fig. 5B and C). However, these increases were not observed in
HMOX1MXO mice challenged with LPS. To further characterize
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Fig. 4. Genetic depletion of microglial HO-1 improves brain inflammatory markers and LPS-induced sickness behavior in aged mice. (A) Scheme of the
experimental protocol. LPS (0.5 mg/kg) was injected i.p. on day 0 and sickness behavioral tests were performed 4, 8 and 24 h after its administration. As shown in the
representative densitometries (B), LPS injection in WT mice led to a significant increase in hippocampal iNOS and p65 (C) and in inflammasome-related proteins,
such as NLRP3, caspase-1 and mature IL-1f (D). Moreover, LPS induced the upregulation of the pro-inflammatory cytokines TNF-« and IL-1p (E). Interestingly, none
of the above-mentioned inflammatory alterations were observed in HMOX1™X° mice challenged with LPS. LPS-related inflammatory changes led to sickness

behavior, measured as social interaction (F) and locomotion (number of crossings) (G). These functional alterations were significantly restored in HMOX

1MKO mice.

Data represent mean + S.E.M. (N = 5-25, one-way ANOVA followed by Tukey post-hoc test). Significant differences were considered when: *p < 0.05, **p < 0.01
and ***p < 0.001 compared to aged WT saline mice or #p < 0.05, ##p < 0.01 and ###p < 0.001 compared to aged WT LPS injected mice (C-E). Data represent

mean + S.E.M. (N = 4-10, two-way ANOVA followed by Tukey post-hoc test). Significant differences were considered when: ***p < 0.001 compared to aged WT

saline mice or #p < 0.05 compared to aged WT LPS injected mice (F-G).

microglial phenotypic profile, we performed another analysis focusing
on CD68 occupancy within Ibal+ microglia as well as microglial
morphology [55]. Thus, CD68 levels were evaluated on a scale ranging
from 0 (low CD68 occupancy) to 3 (high CD68 occupancy), where the
higher the given score, the higher the microglial activation (Fig. 5D). As
shown in Fig. 5E, in WT mice treated with LPS there was a significant
decrease in score 1 and an increase in score 2 and 3, suggesting a higher
activated state of microglia in comparison to WT saline mice. However,
in HMOX1MX0 mice treated with LPS, the percentage of total microglial
cells with score 3 was significantly lower than in WT mice, and showed
an increase in score 1, thus implying that microglia from HMOX1M¥O
mice presented a less activated state than those from WT mice.
Furthermore, morphological microglial analysis (Fig. 5F), represented
with a scale, ranking from 0 (more ramified phenotype) to 3 (more
amoeboid phenotype) was performed. The activated state induced by

LPS in the WT mice, represented as a significantly increase in score 3 and
a decrease in score 1, was reverted in HMOX1MXC mice (Fig. 5G). These
results reinforce that microglial HO-1 depletion under an inflammatory
stimulus is linked to a less activated microglia in aged mice.

3.6. Pharmacological inhibition of HO-1 with zinc protoporphyrin (ZnPP)
restores the inflammatory, oxidative and iron alterations induced by LPS

To corroborate the results obtained with the genetic mouse model,
we also performed a pharmacological approximation. For that purpose,
ZnPP was used as a HO-1 inhibitor, following the protocol in Fig. 6A.
ZnPP reduced non-heme iron accumulation induced by LPS (Fig. 6B),
and as shown in the representative blot images (Fig. 6C) it was able to
restore, at least partially, the LPS-induced iron metabolism alterations
(Fig. 6D). In addition, ZnPP treatment decreased the LPS-induced
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increase of iNOS, p65 and CD68 (Fig. 6E and F), the expression of the
inflammasome-related proteins, mature IL-18, NLRP3 and caspase-1
(Fig. 6G and H) and the cytokines TNF-a and IL-1p (Fig. 6I). More-
over, ZnPP improved mice performance in the sickness behavioral tasks
(Fig. 6J and K) and was able to decrease mice weight loss (Fig. S4C).
Taken together, these results support the role of HO-1 in the alterations
related to iron metabolism, inflammation and behavior in aged mice
challenged with an inflammatory stimulus.

3.7. Deferoxamine treatment improves iron metabolism alterations,
inflammation and sickness behavior in aged mice treated with LPS

We have shown that microglial HO-1 increases with age and, under
these conditions, a proinflammatory stimulus (LPS) results in an even
higher up-regulation of this enzyme, leading to iron accumulation, brain
inflammation, OS, cell death and cognitive decline. To corroborate that
iron accumulation is linked to the pathological changes observed in WT
mice subjected to LPS, mice were treated with the iron chelator, defer-
oxamine (DFX). As shown in Fig. 7A, DFX (100 mg/kg) was adminis-
tered i.p. once a day for 6 consecutive days. On the last day, LPS was also
administered and different sickness-related behavioral tests were
assessed, alongside with different biochemical analysis. DFX was able to
reduce labile iron (Fig. 7B) and restore the iron metabolism alterations

induced by LPS (Fig. 7C and D). Furthermore, DFX decreased the
expression of pro-inflammatory markers such as iNOS and p65, though
not CD68 (Fig. 7E and F) and the inflammasome-related markers NLRP3,
caspase-1 and mature IL-1f (Fig. 7G and H). In addition, DFX also
reduced the production of TNF-a and IL-1f cytokines (Fig. 7I). More-
over, DFX improved mice performance in the sickness behavioral tasks
(Fig. 7J and K) and was able to decrease mice weight loss (Fig. S4D). The
fact that DFX was able to restore most of the alterations observed in aged
mice treated with LPS indicates that iron overload, possibly as a
consequence of LPS-dependent microglial HO-1 overexpression, is
related to the inflammation, oxidative stress and cognitive impairments
observed in aged WT mice.

4. Discussion

This study demonstrates that microglial HO-1 depletion in aged mice
exposed to an inflammatory challenge has positive effects by a mecha-
nism that implicates the reduction of iron deposits in the brain. This
finding contraposes the general idea that HO-1 induction could provide
beneficial effects due to its antioxidant and anti-inflammatory proper-
ties, and highlights the importance of establishing a tight regulation of
this enzyme.

The induction of HO-1 has been proposed as a potential strategy to



C. Fernandez-Mendivil et al.

A

W

Redox Biology 38 (2021) 101789

ZnPP Behavior
25mg/Kg i.p.l ! ,
_2h _Oh __4h _ _8h __ _24h
T LPS 0.5 mg/Kg Sacrifice
i.p.
%k %k #Ht
1 1 C Q D * # L3 3 3 #
87 & T | (— \
€ 5 > & gq & T o
S 6 i 3
- T :
§ 62 KDa ; 400 R o
N U e
£ ) g s
§ NN M Y
£ 27 : £ 0,0 0o 0o
o B-Actin 42 KDa ]
2 I Tl |
0- & 9 | |
Sal LPS Sal LPS DMT1 Ferritin
ZnPP
1 wtsaline Il WTLPS [ znPP [l LPS+ZnPP &
A
Q x
F G &S

(.

=0h)

Social interaction (% vs t

e P B Y ey —T-re
[ | [ I 1

g pron ]
1]
-8. 400 - O . 45 KDa
7] o
>
& 300
c 8 Caspase-1
E 200 o 98 o
S %
< A e e e | 20 KDa
® 100 ﬁ
e -1 | 17 kD
. 2 P - | 17

com i mmm—]

[1 wrtsaline Il WTLPS [_] ZnPP Il LPS+ZnPP

%k %k # *k # * #
[ | 1 [ I 1 [ I 1
= 400—
©
&
a &
; 300
s 8
=3 5
£ 200 o @
k5 s ° o
; . Q ‘ ::z ° o)
S 100 ﬁ . 8 . &
2 ﬁ.
<] o
o 9

1000 B

50+

* %k %k

0 4 8 12
Time (h)

16

10

kxkk  HH * % it

0o 1 |

o
o

o o

o %
o
JElEE pBea
TNF-o IL-1p
ZnPP —¥— LPS+ZnPP K

(Fold increase)
i

Relative mRNA expression

1009
80+
60+

%k %k %k

40+

204

Locomotion (% vs t=0h)

Time (h)

(caption on next page)



C. Fernandez-Mendivil et al.

Redox Biology 38 (2021) 101789

Fig. 6. Pharmacological inhibition of HO-1 activity with zinc protoporphyrin (ZnPP) reproduces a similar pattern to that observed in microglial HO-1
knock-out mice. (A) Scheme of the protocol followed. Mice were treated with ZnPP (25 mg/kg) 2 h prior the LPS (0.5 mg/kg) injection. ZnPP restored the iron
metabolism alterations induced by LPS evidenced by a decrease in non-heme iron accumulation in the brain (B) and in the expression of DMT1 and L-ferritin in
hippocampus (C and D). In a similar pattern to the genetic microglial depletion of HO-1, pharmacological inhibition reduced the inflammatory markers iNOS, p65
and CD68 in hippocampus (E and F), and was also able to revert the LPS-related increased expression of inflammasome-related proteins such as NLRP3, caspase-1 and
mature IL-1 B, (G and H). LPS-related increase in the pro-inflammatory cytokines TNF-a and IL-1p (I) was restored in WT mice treated with ZnPP. Treatment with
ZnPP partially improved social interaction (J) and a statistical trend was observed for locomotion (K). Data represent mean + S.E.M. (N = 4-20, one-way ANOVA
followed by Tukey post-hoc test). Significant differences were considered when: *p < 0.05, **p < 0.01 and ***p < 0.001 compared to aged WT saline mice or #p <
0.05, ##p < 0.01 and ###p < 0.001 compared to aged WT LPS injected mice (B-I). Data represent mean + S.E.M. (N = 5-15, 2-way ANOVA followed by Tukey
post-hoc test). Significant differences were considered when: ***p < 0.001 compared to aged WT saline mice or ###p < 0.001 compared to aged WT LPS injected

mice (J-K).

treat various NDDs [16,18,56,57]. However, there is still controversy
regarding the role of HO-1 in aging and NDDs. In this study, we
demonstrate that HO-1 is overexpressed in old mice (Fig. 1), but such
increase is further enhanced when mice are peripherally challenged
with a pro-inflammatory stimulus (LPS). This agrees with the finding
that inflammatory insults in the periphery of the elder population cause
low-grade neuroinflammation and induce brain HO-1 expression [8,9].

HO-1 catabolizes the heme group into CO, biliverdin/bilirubin and
iron. On one hand, CO and bilirubin have anti-inflammatory, anti-
oxidant and neuroprotective properties [16,17] while iron is an essential
nutrient for the correct functioning of the brain as it is involved in
neuronal respiration, myelin synthesis, production of neurotransmitters,
synaptic plasticity and metabolic activities. In fact, HMOX1 ™~ mice
(lack HO-1 in all cell types) exhibit microcytic anemia and iron redis-
tribution and accumulation due to the inability of HO-1 deficient
CD163+ phagocytes to degrade heme released from phagocyted eryth-
rocytes and, consequently, this population of macrophages die [58].
CD163 is a scavenger receptor for the hemoglobin (Hb)-haptoglobin
complex present in macrophages and microglia, which is critical for Hb
clearance and heme catabolism [59]. In order to elucidate if
HMOX1MX are devoid of CD163+ macrophage/microglia populations
and develop microcytic anemia, different hematological parameters and
CD163 levels were measured (Table S1 and figs. S2 and S5). In accor-
dance to the literature [52], HMOX1MX0 mice did not develop micro-
cytic anemia and had normal white blood cell counts (WBC) (Table S1
and Fig. S2). Furthermore, CD163 levels in HMOX1*© brain and spleen
remained unchanged in comparison to WT (Fig. S5). These results sug-
gest that under physiological conditions, HMOX1MX° mice do not
develop any of the iron-related abnormalities present in the total
HMOX1 ™/~ mice.

On the other hand, accumulation of labile iron is noxious as it par-
ticipates in the Fenton Reaction generating oxygen radicals, promoting
OS and leading to neuronal death [35-37]. It can therefore be hypoth-
esized that if HO-1 is found chronically overexpressed, as it occurs with
aging, and if it is further induced by an inflammatory challenge, rather
than being beneficial it could be deleterious. Our results demonstrate
that an inflammatory environment in aged mice increases the levels of
non-heme iron in the brain by a mechanism related to augmented
expression of iron import proteins (DMT1) and decreased expression of
proteins related to iron export (FPN1), leading to iron accumulation.
These results are in concordance with those that found that increases in
labile iron in the aged brain were linked to a dysregulation in the
expression of DMT1 and L-Ferritin [35,41]. Furthermore, in NDDs such
as AD and PD, iron overload found in glial cells was related to an in-
crease in DMT1 and hepcidin expression, a decrease in FPN1 and
up-regulation of HO-1 [36,60,61]. Our results show that brain iron
overload and iron metabolism alterations are linked to HO-1, specif-
ically in microglia, as these alterations were significantly reverted in the
HMOX1MXC mice (Fig. 2). This is in line with other studies in which,
under inflammatory conditions, iron accumulation was mostly found in
microglia and, to a lesser extent, in astrocytes [34]. Moreover, micro-
glial HO-1 is increased close by Ap plaques and neurofibrillary tangles
(NFT) in human AD samples, where Fe?t deposits are found [62,63].

Iron accumulation causes a specific type of cell death known as

11

ferroptosis, which is related to accumulation of lipid hydroperoxides
and reduced levels of GPX4 [43-45,64]. In NDDs it has been hypothe-
sized that iron deposits and thus, ferroptosis, are mainly regulated by the
nuclear factor (erythroid-derived 2)-like 2 (NRF2)/HO-1 signaling
pathway as NRF2 regulates GPX4 and HO-1 to induce iron intracellular
accumulation [65]. In this line, our results evidence that an inflamma-
tory stimulus in aged mice can cause ferroptosis as it generates iron
overload, increases OS, and reduces GPX4 expression, leading to
cognitive decline. Interestingly, these alterations were dependent on
microglial HO-1, as in HMOX1"*C mice we observed a decrease in iron
deposits and in ferroptosis, as GPX4 levels were restored to saline levels.
Moreover, this could explain the improvement in the recognition
memory (Fig. 3H), which correlates with the report that links GPX4
depletion in neurons to cognitive impairment and neurodegeneration
[64].

Our results indicate that LPS-dependent up-regulation of HO-1 leads
to iron accumulation. In fact, after an endotoxic shock, the increase in
labile iron coincides with the increase in HO-1 expression, rather than
with the expression of iron metabolism-related proteins, such as ferro-
portin [66]. Therefore, iron released from microglia overexpressing
HO-1 could be involved not only in the generation of OS, cell death and
cognitive decline, but also favoring the proinflammatory response. This
is in line with our results, where LPS prompted a shift in the microglial
phenotype into a “primed” one [67], characterized by a higher release of
proinflammatory cytokines (Fig. 4E) and induced sickness behavior in
control aged mice (Fig. 4F and G) [12,14]. Interestingly, all these al-
terations were restored in HMOX1™™X® mice treated with LPS which
relates HO-1 overexpression with neuroinflammation. Therefore, neu-
roinflammation and iron seem to be tightly regulated, as an inflamma-
tory environment is related to iron accumulation and iron accumulation
is linked to NDDs and neuroinflammation [36,54]. However, as previ-
ously mentioned, neuroinflammation leads to a reduction in ferroportin
and an increase in hepcidin and DMT1 in the hippocampus, resulting in
increased uptake and reduced export of iron [34]. Therefore, the
observed effects could be independent of microglial HO-1-derived labile
iron accumulation and microglial HO-1 might be acting indirectly,
through inhibition of the inflammatory response. This idea is supported
by the fact that HO-1 loss in macrophages is able to reduce systemic
metainflammation by a mechanism that involves blunted NF-«xB
signaling. This agrees with our results, where HMOX1MXO exhibit a
reduction in p65, a subunit of NF-kB, iNOS, and the cytokines IL-1p and
TNF-a, which are regulated by NF-kB signaling pathway. Moreover,
HO-1 is required for metabolic programming, which may influence
macrophage/microglial phenotype switch and thus systemic inflam-
mation [52]. In fact, CD68, a marker of microglial switch into a more
active state, was decreased in HMOX1MX® mice treated with LPS.
Therefore, microglial HO-1 loss could be acting by a mechanism that
involves a reduction in neuroinflammation resulting in the restoration of
LPS-dependent iron metabolism alterations in the brain.

Interestingly, total HO-1 pharmacological inhibition with ZnPP
provided a similar outcome as with specific microglial HO-1 depletion in
the HMOX1™™X© mice, which stresses the pivotal role of microglial HO-1
in regulating iron metabolism in the brain. Taken together, these results
suggest that compounds able to inhibit HO-1 activity could be of interest
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Fig. 7. Deferoxamine treatment improves the iron, inflammatory and behavioral alterations observed in aged mice challenged with LPS. (A) Schematic
representation of the protocol. Mice were treated i.p. with DFX (100 mg/kg) once a day for 6 consecutive days. On the last day, DFX was administered followed by
LPS (0.5 mg/kg) injection. DFX, was able to reduce the LPS-dependent non-heme iron accumulation in the brain (B) and to restore to basal levels the iron-related
metabolism alterations, measured as changes in DMT1, L-ferritin and FPN1 in the hippocampus (C and D). DFX also decreased the expression of pro-inflammatory
proteins, such as iNOS and p65 although it was not able to restore CD68 levels (E and F). Moreover, DFX was able to decrease the expression of inflammasome-related
markers: NLRP3, caspase-1 and mature IL-18 (G and H) and reduced the mRNA levels of the pro-inflammatory cytokines TNF-a and IL-1p (I) in hippocampus. In
addition, DFX treatment was able to partially restore sickness-behavioral alterations induced by LPS, measured as social interaction (J) and locomotion (K). Data
represent mean + S.E.M. (N = 3-15, one-way ANOVA followed by Tukey post-hoc test). Significant differences were considered when: *p < 0.05 and **p < 0.01
compared to aged WT saline mice or #p < 0.05 and ##p < 0.01 compared to aged WT LPS injected mice (B-I). Data represent mean + S.E.M. (N = 4-11, two-way
ANOVA followed by Tukey post-hoc test). Significant differences were considered when: ***p < 0.001 compared to aged WT saline mice or #p < 0.05 compared to

aged WT LPS injected mice (J-K).

in NDDs as they potentially avoid iron overload, inflammation, neuro-
degeneration and cognitive decline. Related to this assumption, novel
HO-1 inhibitors have provided neurotherapeutic effects in an AD animal
model [68].

Finally, to support that LPS-dependent HO-1 upregulation was
causing iron accumulation we used the iron chelator DFX. Iron chelators
such as DFX or deferiprone have been tested in several NDDs mouse
models such as PD, traumatic brain injury, intracerebral hemorrhage or
Huntington’s disease, with promising results [69,70]. In addition, there
are several clinical trials, in which DFX or similar iron-chelators, as
deferiprone, have been evaluated for different neurological diseases
[71-73]. In relation to animal models of endotoxemia, DFX has also
showed to exert neuroprotective and anti-neuroinflammatory properties
[54,74]. The mechanism of action of DFX is related to its capacity to
chelate iron and to decrease the expression of iron importers (DMT1),
iron storage proteins (Fn) and to increase the levels of the iron exporter
FPN1 [54,74]. Our results showed that DFX treatment prevented neu-
roinflammation (Fig. 7E-I) and restored iron metabolism alterations
(Fig. 7B-D), which translated into behavioral improvements (Fig. 7J and
K). Altogether, these results clearly indicate that microglial HO-1
overexpression was causing toxic accumulation of iron.

Our results support the idea that unregulated microglial HO-1
overexpression in the brain leads to iron accumulation, neuro-
inflammation and neurodegeneration. Therefore, a tight and controlled
modulation of microglial HO-1 is needed in order to achieve beneficial
outcomes from its activity. As HMOX1M*C mice also lack HO-1 in
macrophages and monocytes, and taking into account that ZnPP and
DFX do not readily cross the blood brain barrier (BBB), a systemic
regulation of the observed effects cannot be discarded [75]. In this
scenario, myeloid HO-1 depletion, HO-1 inhibition by ZnPP and
DFX-dependent iron chelation, could be linked to a reduction in labile
iron in the periphery, a diminution in its leakage through the BBB, a
lower recruitment of inflammatory cells and microglial activation.
Although that is a possibility, direct effects of HO-1 loss or activity in-
hibition in the brain need to be considered as HMOX1M*C mice do
efficiently lack HO-1 in microglia (Fig. S1). Moreover, it has been re-
ported that LPS and aging induce BBB hyperpermeability, favoring ZnPP
to reach the brain and be locally inhibiting HO-1 activity. In fact, sys-
temic ZnPP administration has been reported to improve brain injury in
ICH and ischemia mouse models, where the BBB is disrupted [30,
76-78]. In addition, there is evidence showing that after repeated sys-
temic injections, DFX can penetrate the BBB and is found in significant
quantities in different brain regions [79-82].

5. Conclusions

With aging, HO-1 is predominantly overexpressed in microglial cells
and is further augmented under inflammatory conditions leading to iron
accumulation, ferroptosis and behavioral deficits. However, genetic
microglial HO-1 depletion, pharmacological inhibition of HO-1 activity
or iron chelators provide beneficial effects on all the above-mentioned
parameters, suggesting the role of microglial HO-1 in the iron-related
pathological alterations and progression of inflammatory-related dis-
eases. Therefore, strategies aiming to block HO-1 activity or moderate
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iron chelators could be interesting therapeutic approaches to reduce
age-related pathological hallmarks and retard neurodegenerative dis-
ease progression.
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