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Abstract: Brucella virulence relies on its successful intracellular life cycle. Modulating host cell death is
a strategy for Brucella to survive and replicate intracellularly. Ferroptosis is a novel regulated cell death
characterized by iron-triggered excessive lipid peroxidation, which has been proven to be associated
with pathogenic bacteria infection. Thus, we attempted to explore if smooth-type Brucella infection
triggers host cell ferroptosis and what role it plays in Brucella infection. We assessed the effects of
Brucella infection on the lactate dehydrogenase release and lipid peroxidation levels of RAW264.7
macrophages; subsequently, we determined the effect of Brucella infection on the expressions of
ferroptosis defense pathways. Furthermore, we determined the role of host cell ferroptosis in the
intracellular replication and egress of Brucella. The results demonstrated that Brucella M5 could induce
ferroptosis of macrophages by inhibiting the GPX4-GSH axis at the late stage of infection but mitigated
ferroptosis by up-regulating the GCH1-BH4 axis at the early infection stage. Moreover, elevating
host cell ferroptosis decreased Brucella intracellular survival and suppressing host cell ferroptosis
increased Brucella intracellular replication and egress. Collectively, Brucella may manipulate host cell
ferroptosis to facilitate its intracellular replication and egress, extending our knowledge about the
underlying mechanism of how Brucella completes its intracellular life cycle.

Keywords: Brucella; ferroptosis; glutathione peroxidase 4 (GPX4); GTP cyclohydrolasel (GCH1);
intracellular replication; bacterial egress

1. Introduction

Brucellosis is a worldwide-distributed zoonosis that severely threatens human health
and animal husbandry [1-4]. It is estimated that there are approximately 1.6 to 2.1 mil-
lion cases of human brucellosis each year but the true incidence may be several times
higher [5-7]. Brucellosis remains a leading neglected zoonotic disease globally, especially
in the developing world [8].

Brucella spp., the etiological agents of brucellosis, are Gram-negative facultative intra-
cellular bacteria, which can infect a range of cell types, such as monocytes, macrophages,
dendritic cells, and trophoblast cells [9]. Evidence supports that the virulence of Brucella
is completely dependent on its ability to survive and replicate in host cells [9-11]. As a
stealthy pathogen, Brucella has evolved numerous strategies to defend host bactericidal
responses and then establish intracellular multiplication niches [12,13]. It has been re-
ported that Brucella infection induces the premature death of neutrophils to promote their
phagocytosis by macrophages [14,15]. Nevertheless, Brucella infection prevents the cell
death of monocytes, lymphocytes, macrophages, and lung epithelia cells as infected cells
show resistance to spontaneous and induced cell death, which is contrary to non-infected
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cells [16-21]. Strikingly, the non-infected cells adjacent to the Brucella-infected cells also
showed resistance to spontaneous and induced cell death [16]. These findings suggest that
modulating host cells” death may be an important strategy used by Brucella to benefit its
infection [17].

Ferroptosis is a specific form of regulated cell death triggered by iron-dependent
aberrant lipid peroxidation [22-24]. Dysregulated iron homeostasis triggers the accumula-
tion of labile iron pool, the intracellular nonprotein-bound redox-active iron, which feeds
iron-catalyzed reactive oxygen species (ROS) production [23]. Through the Fenton reaction,
ferrous iron is oxidized to ferric iron while catalyzing the formation of hydroxyl radicals,
which are particularly preferred to peroxide polyunsaturated fatty acids (PUFAs) [25,26].
PUFA-containing phospholipids are the main components of the cell membrane; therefore,
the cell membrane is easily peroxided by iron-catalyzed ROS, which leads to the accumula-
tion of toxic reactive aldehydes, such as malondialdehyde (MDA) and 4-Hydroxynonenal
(4-HNE), and subsequent causes membrane rupture [23,27]. Hence, the cellular surveil-
lance and defense systems for ferroptosis are essential for host cell homeostasis [24]. Up
to now, a few of these systems have been identified. Glutathione peroxidase 4 (GPX4) is
a selenocysteine-containing oxidoreductase and is the sole oxidoreductase that directly
reduces phospholipid hydroperoxides (PLOOH), the executor of lipid peroxidation, to
non-toxic lipid alcohols with the expense of glutathione (GSH) [26,28,29]. The biosynthesis
of GSH was dependent on the cystine imported from the extracellular environment by a
transmembrane heterodimer consisting of solute carrier family 7 member 11 (SLC7A11)
and solute carrier family 3 member 2 (SLC3A2) [22]. Given its indispensable activity in
defending against lipid hydroperoxides, the GPX4-GSH pathway is recognized as the most
central one of the ferroptosis regulation systems [24,29]. Ferroptosis suppressor protein
1 (FSP1), previously known as apoptosis-inducing factor mitochondrial 2 (AIFM2), is a
GPX4-independent ferroptosis suppressor. Research reported that FSP1 can block gpx4
depletion-induced ferroptosis by reducing coenzyme Q10 (CoQ10) to CoQH?2, a radical-
trapping antioxidant (RTA) that inhibits membrane lipid peroxidation through detoxifying
lipid peroxyl radicals [30,31]. Mao et al. identified a mitochondrial dihydroorotate dehydro-
genase (DHODH)-mediated ferroptosis defense system parallel to the SLC7A11-GPX4-GSH
axis [32]. In the mitochondrial inner membrane, DHODH reduces CoQ10 to CoQH2 to sup-
press lipid peroxidation. Using a genomic CRISPR screening method, GTP cyclohydrolasel
(GCH1) was identified as another GPX4-independent defender against ferroptosis [33,34].
GCHL1 is the rate-limiting enzyme of the biosynthesis of tetrahydrobiopterin (BH4), which
is an RTA that functions analogously to CoQ10 to scavenge lipid peroxyl radicals [35].

More and more evidence suggests a broad relationship between ferroptosis with dis-
eases, including bacterial infectious diseases [36-38]. For instance, Mycobacterium tuberculo-
sis (M. tuberculosis) infection induces host ferroptosis to facilitate its dissemination [39,40];
Pseudomonas aeruginosa (P. aeruginosa), Escherichia coli (E. coli), Salmonella enteritidis (S. enteri-
tidis), and Staphylococcus aureus (S. aureus) infections trigger host ferroptotic stress [41,42].
Our previous study showed that a Brucella rough mutant strain induced macrophage
ferroptosis at the early stage of infection [43]. However, the mechanism underlying the
Brucella—host ferroptosis interaction and the role of host ferroptosis in Brucella infection
remain unknown. The rough-type Brucella strains defect in intracellular replication and
most of the virulent Brucella strains, such as Brucella abortus (B. abortus), Brucella suis (B.
suis), and Brucella melitensis (B. melitensis), are smooth-type strains [44-46]. It will be much
more valuable to investigate the interplay between smooth-type Brucella and host cell
ferroptosis. Therefore, we attempted to use Brucella M5, a smooth-type vaccine strain
derived from virulent B. melitensis M28, to explore whether smooth-type Brucella strains
trigger the occurrence of ferroptosis in RAW264.7 mouse macrophages and what roles host
cell ferroptosis plays in Brucella infection.
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2. Materials and Methods
2.1. Reagents and Antibodies

Ferrostatin-1 (Fer-1, #HY-100579), Erastin (#HY-15763), and 2,4-Diamino-6-hydroxypyr
imidine (DAHP, #HY-100954) were purchased from MCE (Shanghai, China). A cell counting
kit-8 (#C0038), lipid peroxidation MDA assay kit (#50131), LDH cytotoxicity assay kit
(#C0017), and GSSG/GSH quantification kit (#50053) were purchased from Beyotime
(Shanghai, China). A mouse BH4 ELISA kit (#RD-RX28523) and Mouse 4-HNE ELISA
kit (#RD-RX21859) were purchased from Henghuibio (Beijing, China). A GPX4 antibody
(#ab125066) and a GCH1 antibody (#ab307507) were purchased from Abcam (Cambridge,
UK). A p53 antibody (#2524) was purchased from CST (Danvers, MA, USA). A 3-Tubulin
antibody (#10068-1-AP), GAPDH antibody (#10494-1-AP), AIFM2/FSP1 antibody (#20886-
1-AP), HRP-conjugated goat anti-rabbit IgG (#SA00001-2), and HRP-conjugated goat anti-
mouse IgG (#5A00001-1) were purchased from Proteintech (Wuhan, China). A DHODH
antibody (#A13295) and SLC7A11/xCT antibody (#A2413) were purchased from ABclonal
(Wuhan, China).

2.2. Bacterial Strains and Cell Lines

B. melitensis strain M5 (Brucella M5) was a gift from the Chinese Veterinary Culture Col-
lection Center (Beijing, China) and was cultured in tryptic soy broth (TSB; BD-Pharmingen,
Franklin Lakes, NJ, USA) or on tryptic soy agar (TSA; BD-Pharmingen) at 37 °C with 5%
CO,. RAW264.7 macrophages, a mouse leukemia macrophage line commonly used for
studying the virulence of Brucella, was purchased from American Type Culture Collec-
tion (ATCC; Manassas, VA, USA) and maintained in Dulbecco’s Modified Eagle Medium
(DMEM,; Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS;
Gibco) at 37 °C in a 5% CO, atmosphere.

2.3. Cell Counting Kit-8 Assay

To screen appropriate working concentrations of drugs, a cell counting-kit 8 (CCKS)
assay was used to determine the cytotoxicity of drugs to RAW264.7 macrophages. Cells
were seeded into 96-well plates (1 x 10* cells per well) and maintained for 24 h. Then, the
cells were treated with Fer-1, DAHP, or erastin at different concentrations, respectively,
for 24 h, 48 h, and 72 h. After incubation, the CCK8 reagent was added to each well and
incubated for 1 h at 37 °C in 5% CO;. Ultimately, the optical density (OD) values at 450 nm
were measured and the cell viability was calculated.

2.4. Cytotoxicity of Drugs to Brucella

Brucella M5 was cultured in TSB and grown in the exponential phase (ODgponm ~ 1.0).
The bacterial culture was then inoculated into 5 mL of fresh TSB at a ratio of 1:100 and
treated with Fer-1 (at a final concentration of 5 uM), DAHP (at a final concentration of
5 mM), erastin (at a final concentration of 1.25 uM), and vehicle mock, respectively. At 24-,
48-, and 72-h post-incubation, 100 pL of each culture was taken to measure the ODgponm
and the percentage of bacterial cell viability was then calculated.

2.5. Cell Infection Assay

For infections, RAW264.7 macrophages were seeded into 24-well platesat2 x 10° cells/well
or into 6-well plates at 1 x 10° cells/well and maintained for 24 h prior to infection. Paral-
lelly, Brucella M5 was inoculated in TSB and grown in the exponential phase. The bacterial
suspension was diluted in DMEM supplemented with 1% FBS and added to each well at a
multiplicity of infection (MOI) of 100. The infected cells were then centrifuged at 400x g for
5 min at room temperature and incubated for 1 h at 37 °C in a 5% CO, atmosphere. After
that, the cells were washed three times with phosphate-buffered saline (PBS; Gibco) and
treated with 50 pug/mL of gentamycin (#A100304; Sangon, Shanghai, China) for 1 h to kill
the uninternalized bacteria. Subsequently, the cells were washed three times with PBS and
incubated with a medium containing 25 pug/mL of gentamycin for the desired time points.
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2.6. Lactate Dehydrogenase Release Assay

The effect of Brucella infection on lactate dehydrogenase (LDH) release of RAW 264.7
macrophages was determined using an LDH cytotoxicity assay kit following the manufac-
turer’s instructions with some modifications. Cells were seeded into 24-well plates and
infected with Brucella M5 at a MOI of 100 as described above and cells infected without
Brucella were parallelly set as negative and maximum LDH release control. At 24-, 48-,
and 72-h post-infection (hpi), the cell supernatants were collected and reacted with the kit
reagents for 30 min and the absorbance at 490 nm was then measured. The percentage of
LDH release was calculated as [(OD of LDH Release — OD of Medium Background)/(OD
of Maximum LDH Release — OD of Medium Background)] x 100.

2.7. ELISA Assay

RAW264.7 macrophages were seeded into 6-well plates and infected with Brucella M5
at a MOI of 100 as described above. At 24-, 48-, and 72-h post-infection, the cells were
washed three times with PBS and lysed with lysis buffer (#P0013; Beyotime) on ice for
30 min. Then, the lysates were collected to measure the 4-HNE or BH4 levels using specific
ELISA Kkits according to the manufacturer’s instructions.

2.8. Measurement of MDA

RAW264.7 macrophages were seeded into 6-well plates and infected with Brucella M5
at a MOI of 100 as described above. At 24-, 48-, and 72-h post-infection, the cells were
washed three times with PBS and lysed with lysis buffer on ice for 30 min. Then, the lysates
were collected to measure the MDA levels using a specific lipid peroxidation MDA assay
kit according to the manufacturer’s instructions.

2.9. Western Blot Analysis

RAW264.7 macrophages were seeded into 6-well plates and infected with Brucella M5
at a MOI of 100 as described above. At 24-, 48-, and 72-h post-infection, the cells were
washed three times with PBS and lysed with lysis buffer on ice for 30 min. Then, the
proteins were separated on 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE; #PG113; Epizyme, Shanghai, China) and transferred onto nitrocellulose
(NC) membranes (#66485; Pall, Port Washington, NY, USA). The membranes were blocked
with 5% skim milk in PBST (PBS supplemented with 0.5% Tween-20) for 1 h at room
temperature and then incubated with primary antibodies overnight at 4 °C. Subsequently,
the membranes were washed 3 times with PBST and incubated with HRP-conjugated
secondary antibodies for 2 h at room temperature. After 3 washes, the membranes were
then developed using LumiQ HRP substrate solution (#SB-WB012; ShareBio, Shanghai,
China). The primary antibodies were diluted in universal antibody diluent (#WB500D;
NCM Biotech, Suzhou, China) at 1:1000 and the HRP-conjugated secondary antibodies
were diluted in universal antibody diluent at 1:5000.

2.10. Bacterial Intracellular Replication Assay

RAW264.7 macrophages were seeded into 24-well plates and infected with Brucella M5
ata MOI of 100. At 1-, 24-, 48-, and 72-h post-infection, the cells were washed three times
with PBS and lysed with 0.2% Triton X-100 (#5T1723, Beyotime) for 20 min at 37 °C. Then,
the lysates were serially diluted in PBS and plated on TSA. After 3 days of incubation, the
bacterial colony-forming units (CFUs) were determined.

2.11. Bacterial Egress Assay

To determine the role of host ferroptosis in Brucella egress, a 24-period bacterial egress
quantification procedure was conducted as reported previously [11,47,48]. RAW264.7
macrophages were seeded into 24-well plates and infected with Brucella M5 at a MOI of
100. Them, 24 h prior to the desired time points (24-, 48-, and 72-h post-infection), specific
cell wells were washed three times with PBS and replaced with an antibiotic-free medium.
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After a further 24 h incubation, the supernatants were collected and centrifuged at 200x g
for 5 min, 200x g for 5 min, and 310x g for 5 min in sequence at room temperature. Then,
the supernatants were serially diluted in PBS and plated on TSA. After 3 days of incubation,
the bacterial CFUs were determined.

2.12. Statistical Analysis

All experiments were independently repeated at least three times and the data are
expressed as the mean =+ standard deviation (SD). All data were analyzed with SPSS version
25 (SPSS, Inc., Cary, NC, USA). A Student’s t-test was used to analyze differences between
two data sets and a one-way analysis of variance (ANOVA) with Tukey’s post-test was
used to analyze differences between multiple groups. A p-value < 0.05 was considered
statistically significant.

3. Results
3.1. Brucella M5-Induced Ferroptosis of RAW264.7 Macrophages at the Late Stage of Infection

To determine whether smooth-type Brucella infection induces host cell ferroptosis, sev-
eral known hallmarks were measured here. First of all, we conducted an LDH release assay
to assess the effect of Brucella M5 infection on host cell death. After infection by Brucella M5,
the LDH release levels of RAW264.7 macrophages were significantly increased at 48- and
72-h post-infection but not at 24 hpi (Figure 1a). We further measured the expressions of
MDA and 4-HNE to assess the lipid peroxidation levels. After infection by Brucella M5, the
MDA levels in RAW264.7 macrophages were significantly increased at 72 hpi (Figure 1b).
Spectacularly, the increase in 4-HNE expression in macrophages occurred as early as 24 h
post-infection (Figure 1c). These results suggested that Brucella M5 may induce host cell
ferroptosis at the late stage of infection. We next treated RAW264.7 macrophages with Fer-1,
a specific ferroptosis inhibitor, at a final concentration of 5 pM to confirm our assumption
(Figure 1d). Under the condition of Fer-1 treatment, the LDH release induced by Brucella
was significantly suppressed compared with the mock group, indicating an inhibiting role
of Fer-1 in Brucella-induced host cell death (Figure 1e). Consistently, the treatment of Fer-1
also inhibited the expressions of MDA and 4-HNE in macrophages induced by Brucella
M5 (Figure 1f,g). These results indicated that smooth-type Brucella can induce host cell
ferroptosis, which occurred at the late stage of infection.

3.2. Effects of Brucella Infection on Ferroptosis Regulation Systems

Ferroptosis is tightly regulated by multiple regulation pathways. To date, there are
four ferroptosis defense pathways that have been characterized; they are the SLC7A11-
GPX4-GSH pathway, the FSP1-CoQ10 pathway, the DHODH-CoQ10 pathway, and the
GCH1-BH4 pathway. As Brucella infection induces the occurrence of host cell ferroptosis,
we thus determined the effect of Brucella infection on these ferroptosis defenders. The
Western blot results showed that the infection of Brucella M5 did not affect the expression
of FSP1 and DHODH in RAW264.7 macrophages (Figure 2a—c). The expression of SLC7A11
was also insensitive to Brucella infection, suggesting that Brucella infection did not influence
the import of cystine in RAW264.7 macrophages (Figure 2a,d). However, the expression of
GPX4 was significantly suppressed at 48- and 72-h post-infection, which was consistent
with the results of the LDH release assay (Figure 2a,e). Strikingly, the expression of GCH1
was significantly up-regulated as early as 24 h post-infection, which was inconsistent with
the LDH release assay (Figure 2a,f). Subsequently, we further detected the expressions of
GSH and BH4, the executors of the GPX4 and GCH1, respectively. The results showed that
the intracellular GSH level was significantly decreased under Brucella infection (Figure 2g).
Regarding BH4, the BH4 level of RAW264.7 macrophages was increased at 48- and 72-h
after Brucella infection, which was consistent with the Western blot result that GCH1 was up-
regulated by Brucella (Figure 2h). These results showed that Brucella plays a contradictory
role in the GPX4-GSH pathway and the GCH1-BH4 pathway. Cells with high expression of
GCHL1 are more resistant to ferroptosis [35]. We thus speculate that Brucella may increase
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Figure 1. Brucella M5 induced ferroptosis of RAW264.7 macrophages at the late stage of infection.
(a) RAW264.7 macrophages were infected with Brucella M5 with a MOI = 100, the LDH release levels
were then measured at 24-, 48-, and 72-h post infection; (b) RAW264.7 macrophages were infected
with Brucella M5 with a MOI = 100, the macrophages were then collected and lysed to measure the
MDA levels at 24-, 48-, and 72-h post infection; (c) RAW264.7 macrophages were infected with Brucella
M5 with a MOI = 100, the macrophages were then collected and lysed to measure the 4-HNE levels
at 24-, 48-, and 72-h post infection; (d) RAW264.7 macrophages were treated with Fer-1 at different
concentrations for specific times and the cell viability of macrophages were then measured using a
CCKS8 assay; (e) RAW264.7 macrophages were treated with Fer-1 at a final concentration of 5 uM and
then infected with Brucella M5 (MOI = 100), the LDH release levels were measured at 24-, 48-, and
72-h post infection; (f) RAW264.7 macrophages were treated with Fer-1 at a final concentration of
5 uM and then infected with Brucella M5 (MOI = 100), the MDA levels were measured at 24-, 48-, and
72-h post infection; (g) RAW264.7 macrophages were treated with Fer-1 at a final concentration of
5 uM and then infected with Brucella M5 (MOI = 100), the 4-HNE levels were measured at 24-, 48-,
and 72-h post infection. ns, no significance; * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 2. Effect of Brucella M5 infection on ferroptosis defense systems in RAW264.7 macrophages.
(a) RAW264.7 macrophages were infected with Brucella M5 with an MOI = 100 for 24, 48, and 72 h;
the cells were then collected and lysed to detect the expression of ferroptosis regulation proteins
via Western blot; (b—f) The relative expression levels of target proteins by analyzing the relative
intensity of specific protein bands; (g) RAW264.7 macrophages were infected with Brucella M5 with
an MOI = 100, the GSH levels were then measured at 24-, 48-, and 72-h post-infection; (h) RAW264.7
macrophages were infected with Brucella M5 with an MOI = 100, the BH4 levels were then measured
at 24-, 48-, and 72-h post-infection. ns, no significance; * p < 0.05, ** p < 0.01, *** p < 0.001.

3.3. Inhibiting the GCH1-BH4 Pathway Promoted Brucella-Induced Host Cell Ferroptosis

Here, we attempted to confirm our hypothesis that Brucella plays a ferroptosis-
inhibiting role at the early stage of infection by increasing the GCH1-BH4 axis. We thus used
DAHP, a specific inhibitor for GCHI, to suppress the expression of GCH1 at a concentration
of 5 mM (Figure 3a). As shown in Figure 3b, the treatment of 5 mM DAHP decreased the
expression of GCH1 at 48- and 72-h post Brucella infection. We further determined the effect
of DAHP administration on BH4 expression in Brucella-infected RAW264.7 macrophages.
Consistent with the decrease in GCH1 protein, the BH4 level was also significantly de-
creased under DAHP treatment (Figure 3c). Subsequently, we assessed the effect of DAHP
on Brucella-induced cell death of RAW264.7 macrophages. The result of the LDH release
assay showed that DAHP administration significantly promoted Brucella-induced host cell
death at as early as 24 hpi (Figure 3d). These results supported our speculation that Brucella
inhibits host cell ferroptosis through up-regulating the GCH1-BH4 pathway and that this
inhibition effect is mainly exhibited at the early stage of infection.
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trations for specific times and the cell viability of macrophages was then measured using a CCK8
assay; (b) RAW264.7 macrophages were treated with DAHP at a final concentration of 5 mM and
then infected with Brucella M5 (MOI = 100) for 24, 48, and 72 h, the cells were collected and lysed to
detect the protein expression of GCHI1 via Western blot; (c) RAW264.7 macrophages were treated
with DAHP at a final concentration of 5 mM and then infected with Brucella M5 (MOI = 100), the BH4
levels were measured at 24-, 48-, and 72-h post-infection; (d) RAW264.7 macrophages were treated
with DAHP at a final concentration of 5 mM and then infected with Brucella M5 (MOI = 100), the
LDH release levels were measured at 24-, 48-, and 72-h post-infection. ns, no significance; * p < 0.05,
**p <0.01, ** p < 0.001.

3.4. Inhibiting Host Cell Ferroptosis Promoted Brucella Intracellular Replication

Given that the Brucella M5 strain modulated host cell ferroptosis during infection,
we wonder whether host cell ferroptotic stress plays a role in Brucella intracellular repli-
cation. Therefore, we treated RAW264.7 macrophages with Fer-1 and then measured the
intracellular replication by plating colony-counting methods. As shown in Figure 4a, the ad-
ministration of Fer-1 significantly increased the intracellular survival of Brucella at 48- and
72-h post-infection, indicating that the suppression of host cell ferroptosis promotes Brucella
intracellular replication. On the other hand, we assessed the effect of elevating host cell
ferroptosis on Brucella intracellular survival. We first treated RAW264.7 macrophages with
a specific ferroptosis inducer, erastin, at a concentration of 1.25 uM to elevate the ferroptotic
stress (Figure 4b). The result showed that the administration of erastin decreased Brucella
intracellular survival at 24-, 48-, and 72-h post-infection, suggesting an inhibitory role of
elevated ferroptosis in Brucella intracellular survival (Figure 4c). To confirm the result, we
treated RAW264.7 macrophages with DAHP to promote ferroptosis by inhibiting the GCH1-
BH4 axis. The result showed that DAHP treatment also decreased the Brucella intracellular
survival at 24-, 48-, and 72-h post-infection (Figure 4d). Next, we assessed the cytotoxic of
Fer-1, DAHP, and erastin for Brucella M5 to eliminate the possibility of drugs affecting the
cell viability of Brucella M5. The result showed that the drugs did not affect the cell viability
of Brucella M5 at the specific concentrations used in this study (Figure 4e,f). These results
indicated that host cell ferroptosis is harmful to Brucella intracellular replication.
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Figure 4. Host cell ferroptosis was unfavorable for Brucella intracellular replication. (a) RAW264.7
macrophages were treated with Fer-1 at a final concentration of 5 uM and then infected with Brucella
M5 (MOI = 100), the cells were subsequently lysed to determine the intracellular number of Brucella
at 1, 24-, 48-, and 72-h post infection; (b) RAW264.7 macrophages were treated with erastin at
different concentrations for specific times, the cell viability of macrophages were then measured
using a CCK8 assay; (c) RAW264.7 macrophages were treated with erastin at a final concentration
of 1.25 uM and then infected with Brucella M5 (MOI = 100), the cells were subsequently lysed to
determine the intracellular number of Brucella at 1, 24-, 48-, and 72-h post infection; (d) RAW264.7
macrophages were treated with DAHP at a final concentration of 5 mM and then infected with
Brucella M5 (MOI = 100), the cells were subsequently lysed to determine the intracellular number
of Brucella at 1, 24-, 48-, and 72-h post infection; (e f) Brucelln M5 was treated with Fer-1, erastin,
and DAHP at a final concentration of 5 uM, 5 mM, and 1.25 uM, respectively. At 24-, 48-, and 72-h
post-treatment, the ODggonm of bacterial culture from each group was measured. ns, no significance;
*p<0.05,*p<0.01,**p <0.001.

3.5. Inhibiting Host Cell Ferroptosis Hampered Brucella EQress

In this part, we explored the role of host cell ferroptosis in the egress of intracellular
Brucella. Elevated ferroptosis inhibits Brucella intracellular replication, which will affect
the bacteria numbers egressed from host cells. Thus, here, we determined the effect of
Fer-1-mediated ferroptosis suppression on Brucella egress. As shown in Figure 5a, the
administration of 5 M Fer-1 significantly decreased the egress of intracellular Brucella as
early as 24-h post-infection. Moreover, similar to the intracellular survival assay mentioned
above, the treatment of Fer-1 did not affect the invasion of Brucella (Figure 5b). These results
indicated that host cell ferroptosis facilitates Brucella egress and dissemination.
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Figure 5. Inhibition of ferroptosis decreased Brucella egress from RAW264.7 macrophages. (a) RAW264.7
macrophages were treated with Fer-1 at a final concentration of 5 pM and infected with Brucella
M5 (MOI = 100); 24 h prior to the required time points, cells were washed and incubated with
antibiotic-free medium. After further 24 h incubation, the supernatants were collected to determine
the Brucella numbers; (b) RAW264.7 macrophages were treated with Fer-1 at a final concentration of
5 uM and then infected with Brucella M5 (MOI = 100), the cells were subsequently lysed to determine
the intracellular number of Brucella at 1 hpi. ns, no significance; ** p < 0.01, *** p < 0.001.

4. Discussion

Brucella is a facultative intracellular pathogenic bacteria; its virulence is considered
completely dependent on its capability to survive and replicate within host cells [11]. In the
in vitro model, the intracellular life cycle of Brucella consists of three stages: the arrested
stage (about the first 12 h post-infection), the replication stage (about 12~48 h post-infection),
and the egress stage (about 48~72 h post-infection) [4,13]. The last stage is the pivotal one
for the intracellular life of Brucella, which facilitates the pathogen’s dissemination and
reinfection. Celli and colleagues initiatively reported that the egress of Brucella relies on the
formation of an autophagic-like Brucella-containing-vacuole (aBCV), a membrane-bound
compartment containing autophagy markers such as ULK1 and Beclin1 [49]. Perturbating
or blocking the aBCV formation or maturation will decrease the egress of Brucella from host
cells [48,50,51]. Recent work indicated that, except for the aBCV-dependent egress path,
a subpopulation of the intracellular Brucella takes advantage of host cells” multivesicular
bodies to egress [11]. This report indicates that Brucella may have multiple strategies to
egress and spread. Noteworthily, it has been reported that host cell ferroptosis is involved in
intracellular pathogen dissemination. Amaral et al. found that M. tuberculosis induces host
ferroptosis both in and ex vivo [39]. Moreover, the induction of host ferroptosis facilitates
the dissemination of M. tuberculosis [39,40]. Similarly, our present results showed that
Brucella M5 induced macrophage ferroptosis at the late stage of infection by suppressing the
GPX4-GSH pathway. Furthermore, the pharmacological inhibition of host cell ferroptosis
decreased the egress of Brucella from macrophages, suggesting that host cell ferroptosis
may be an additional route for Brucella to egress and spread. This finding provides a novel
insight into the pathogenic mechanisms of Brucella.

Ferroptosis is a novel form of programmed cell death characterized by the aberrant
accumulation of lipid peroxides [22]. Programmed cell death is considered a defensive
strategy for the host to restrict certain pathogenic infections by eliminating their intracellular
inches [38,52]. Recent studies have reported that host cell ferroptosis is widely involved
in constraining bacteria intracellular survival [36-38]. Ehrlichia chaffeensis (E. chaffeensis) is
an intracellular pathogen and its intracellular proliferation needs iron. Inside host cells,
E. chaffeensis robs host iron from ferritin through secreting Ehrlichia translocated factor-3
(Etf-3) into a host cell to trigger ferritinophagy. Meanwhile, to prevent ferritinophagy-
induced ROS accumulation and subsequent cell damage, E. chaffeensis translocates another
effector, Ehrlichia translocated factor-1 (Etf-1), into host cell mitochondria and reduces
cellular ROS by stabilizing the mitochondrial matrix [53]. Ma et al. reported that S. aureus,
E. coli, and S. pullorum can trigger host ferroptotic stress at the early stage of infection
and this stress promotes the elimination of intracellular bacteria [42]. In the present study,
we showed that Brucella M5 promotes the GCH1-BH4 axis during infecting macrophages
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to exhibit a ferroptosis-inhibiting effect at the early infection phase. Our results further
indicated that drug treatments that induce ferroptosis inhibited the intracellular replication
of Brucella, while ferroptosis inhibitor promoted its intracellular replication, which was
consistent with previous reports that host cell ferroptosis restricts the intracellular survival
of bacterial pathogens. Given that the capability to survive and replicate in host cells is
the determinant of Brucella virulence [9,11] and numerous studies reported that Brucella
infection prevents the programmed cell death of monocyte, lymphocyte, macrophages, and
lung epithelial cells, even the non-infected neighbor cells are also protected from regulated
cell death [16,17,19,20], we raise an assumption that Brucella inhibits host cell ferroptosis at
the early stage of infection to facilitate its intracellular multiplication. Thus, modulating
host cell death, including ferroptosis, may be one of the strategies utilized by Brucella to
facilitate its intracellular replication.

Ferroptosis is dependent on numerous molecular bases and is tightly regulated by
multiple regulation pathways. Although our present study revealed a noticeable role
of host cell ferroptosis in Brucella intracellular replication and egress and demonstrated
the effect of Brucella on the GPX4-GSH and GCH1-BH4 pathways, the interplay between
Brucella infection and host cell ferroptosis still has many more gaps. As is evident from
the definition of ferroptosis, iron is essential for the initiation and propagation of lipid
peroxidation [23,54]. The peroxidation of membrane-anchored PUFA-containing lipids, the
precursor of lipid hydroperoxides, can be catalyzed enzymatically or non-enzymatically,
both of which require iron [22,27,54-56]. Hop et al. reported that Brucella secretes Dps, a
DNA-binding protein, into a host cell to trigger ferritinophagy, which elevates the intra-
cellular iron levels to promote Brucella growth [57]. However, the iron-catalyzed Fenton
reaction is highly toxic for host cells and the subsequent oxidative burst is the most pro-
nounced defense mechanism in Brucella-infected cells [58]. Moreover, the supplementation
of ferrous iron prevents Brucella from egressing [48]. These findings suggest a substantial
interplay between Brucella infection and host cell iron homeostasis. Dar et al. discovered
that P. aeruginosa can trigger ferroptosis in human bronchial epithelial cells by express-
ing a lipoxygenase to oxidize host arachidonic acid-phosphatidylethanolamines [41]. E.
chaffeensis translocate multiple effectors into host cells to balance ferritinophagy and ROS
generation, thereby robbing cellular iron to feed its intracellular growth [53]. M. tuberculosis
translocated an effector, PtpA, into the host to trigger ferroptosis by inhibiting GPX4 ex-
pression, which eventually promotes bacteria dissemination [40]. The virB operon encoded
type IV secretion system (T4SS), which functions by translocating effectors into host cells,
is essential for Brucella intracellular survival and contributes to the completion of bacterial
egress [4,10,50]. What if Brucella modulates host cell ferroptosis using an effector-dependent
manner? Collectively, there are many more issues that need to be explored in the future, for
example, whether and how Brucella modulates the molecular basis of host cell ferroptosis,
what is the molecular mechanism for Brucella manipulating specific ferroptosis pathways,
and whether and how Brucella-specific effectors or molecules participate in the interaction
between Brucella infection and host cell ferroptosis.

In this study, our findings were primarily obtained from Brucella-infected RAW264.7
cell line. This cell line originates from murine tumors induced with Abelson leukemia virus,
which exhibits the properties of macrophages, such as pinocytosis, phagocytosis, and
inflammatory and immunomodulatory responses to stimuli [59-61]. Compared to primary
macrophages, the RAW264.7 cell line has many advantages: wide availability, easy to
operate, homogeneous genetic background, and functional stability [62—64]. Therefore,
the RAW264.7 cell line is extensively used as a macrophage model for in vitro biology
studies [65,66]. Except for that, this cell line also gained popularity as an in vitro model
for investigating pathogens’ infection, including Brucella [62,63,67-69]. Further studies
demonstrated that the gene expression profiles and/or stimuli-induced specific pathways
of RAW264.7 cell line has both shared parts and different parts from that of primary
macrophages, primary bone marrow-derived macrophages, or human macrophage-like
cell line THP-1 [64,69-72]. Therefore, it should be aware of the fact that specific molecular
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mechanisms that underly the interplay between Brucella infection and host cell ferroptosis
may be variable in different cell environments. In the other hand, the in vivo infection of
Brucella involves multiple systems and cell populations and their synergistic or cascading
actions. Thus, the findings obtained from a single cell line-based in vitro model may not
fully recapitulate the complexity of Brucella infection in vivo, leading to the urgency of
a systemic investigation on the interaction between Brucella and the host. Even so, our
findings uncover an important role of host ferroptosis in Brucella infection. Currently, the
treatment of human brucellosis relies on the combinations of antibiotics but these antibiotics
have nonnegligible side effects [2]. Given the roles of host ferroptosis in the intracellular life
cycle of Brucella, drugs or molecules that target to ferroptosis may have the potential to aid
brucellosis treatment. In addition, considering the changes in specific ferroptosis pathways,
a clinical potential of host ferroptosis in brucellosis diagnosis could be forecasted.

In conclusion, our present study revealed that Brucella M5 suppresses macrophage
ferroptosis to benefit its intracellular replication at the early stage of infection through pro-
moting the GCH1-BH4 pathway but induces host cell ferroptosis to promote its egress from
macrophages at the late stage of infection by inhibiting the GPX4-GSH axis (Figure 6). These
findings provide insights into the role of host cell ferroptosis in Brucella infection, which

will extend our knowledge about the underlying mechanism of how Brucella completes its
intracellular life cycle.
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Figure 6. Schematic diagram of Brucella manipulates host cell ferroptosis to facilitate its intracellular

replication and egress. The red up arrows present up-regulation, the green down arrows present
down-regulation.
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