Bae et al. Molecular Brain (2024) 17:73
https://doi.org/10.1186/s13041-024-01147-w

Molecular Brain

Proteasome inhibition suppresses the

Check for
updates

induction of lipocalin-2 upon systemic
lipopolysaccharide challenge in mice

Jin-Sil Bae', Ji-Eun Heo' and Kwon-Yul Ryu'"

Abstract

Lipocalin-2 (Lcn2), a protein secreted by immune-activated cells, including reactive astrocytes, is detrimental to
the brain and induces neurodegeneration. We previously showed that Lcn2 levels are reduced in primary mouse
astrocytes after treatment with the proteasome inhibitor bortezomib (BTZ). However, it remains unknown whether
a decrease in Lcn2 levels after BTZ treatment can also be observed in vivo and whether it reduces neurotoxicity
during lipopolysaccharide (LPS)-induced systemic inflammation in vivo. To answer these questions, we performed
LPS challenge experiments by intraperitoneal injection in mice and found that Lcn2 levels were significantly
increased in the brain, recapitulating in vitro experiments using astrocytes. Co-administration of LPS and BTZ
reduced the Lcn2 levels compared to the levels in LPS-treated controls. Upon LPS challenge, the expression levels
of glial marker genes were upregulated in the mouse brain. Of note, this upregulation was hampered by the co-
administration of BTZ. Taken together, our results suggested that BTZ can reduce LPS-induced Lcn2 levels and may
alleviate LPS-induced neuroinflammation and neurotoxicity in mice.
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Neuroinflammation is associated with aging and neu-
rodegenerative diseases [1]. Hyperactivated neuroin-
flammation is harmful and can cause synaptic loss [2].
Neuroinflammation is believed to begin with microglia
[3]. Secreted factors, such as cytokines, from activated
microglia induce astrocyte activation [4]. Activated astro-
cytes can affect neuronal fate [5]. Although there are some
disputes, activated astrocytes can be classified into Al
and A2 subtypes, according to traditional dichotomous
concepts [6-9]. Pro-inflammatory cytokines activate
astrocytes to the Al subtype, secreting neurotoxins, such
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as lipocalin-2 (Lcn2). Anti-inflammatory cytokines acti-
vate astrocytes to the A2 subtype, secreting neurotrophic
factors, such as brain-derived neurotrophic factor. These
activated astrocytes have different transcriptome profiles.
Al astrocytes are neurotoxic, while A2 astrocytes are neu-
roprotective [7]. In this study, we used lipopolysaccharide
(LPS) to recapitulate the neuroinflammation observed in
neurodegenerative diseases. In mice, peripheral LPS chal-
lenge by intraperitoneal injection induces inflammation
in the central nervous system, likely because the activated
immune response in the blood circulates and stimulates
microglia near the blood-brain barrier [10]. We dem-
onstrated that an acute LPS challenge was sufficient to
induce neuroinflammation in mice.

Len2, originally identified as a secretory protein in
neutrophils, protects the innate immune system against
bacterial infections by limiting bacterial growth and is
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Fig. 1 (See legend on next page.)
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Fig. 1 Bortezomib co-treatment inhibited Lcn2 production and upregulation of Lcn2 during systemic LPS challenge in mice. (A) Immunoblotting detec-
tion of Lcn2 was performed using mouse brain lysates (cortical region). Ten-week-old mice were treated with lipopolysaccharide (LPS; 0 or 5 mg/kg body
weight) by intraperitoneal injection. One day later, mice were sacrificed, and brains were dissected. (B) Lcn2 detection in mouse serum was performed by
immunoblotting after 1 d of LPS treatment (0 or 5 mg/kg). (C, D) Immunoblotting detection of Lcn2 in the mouse brain (cortical region) and serum was
performed after treatment with LPS (0 or 5 mg/kg) and/or bortezomib (BTZ; 0 or 2 mg/kg) for 4, 8, or 24 h. (E) Schematic representation of experiments.
The arrowheads indicate the delayed time points when BTZ treatment began.'BTZ #1,'BTZ #2, and '‘BTZ #3'refer to BTZ treatment for the last 18, 12, or
6 h, respectively, during the 24-h LPS treatment.'BTZ #4'indicates that BTZ was not administered during the 24-h LPS treatment. (F) Lcn2 detection in the
mouse brain (cortical region) was performed after LPS (0 or 5 mg/kg) and/or BTZ (0 or 2 mg/kg) treatment according to the scheme shown in (E). (G, H)
Ten-week-old mice were treated with LPS (0 or 5 mg/kg) and/or BTZ (0 or 2 mg/kg) by intraperitoneal injection. One day later, brains (cortical region) were
dissected for RNA isolation and subjected to gRT-PCR analysis. The expression levels of Lcn2, Tnfa, Gfap, Ibal, pan-astrocyte markers (Serpina3n, Osmr),
AT astrocyte markers (H2-T23, Serping1), and A2 astrocyte markers (5700a10, ClcfT) were determined, normalized against Gapdh levels, and expressed as
the fold change relative to the control (—LPS, —BTZ; n=3). Data are expressed as means +standard error of the mean (SEM) from the indicated number
of samples. *p<0.05, **p <0.01; ***p<0.001 vs. the negative control (—LPS, —BTZ) or between two groups as indicated by the horizontal bars. NS, not
significant. For immunoblotting analysis, B-actin (3-Actin), Ponceau staining, or Coomassie blue staining was used as a loading control. Representative

images of immunoblots are shown from duplicate experiments

involved in various pathophysiological processes [11].
In the brain, Lcn2 is involved the innate immune sys-
tem. Under neuroinflammatory conditions, activated
microglia and astrocytes change their characteristics and
secrete toxic proteins, such as Lcn2, related to reactive
gliosis. Previous studies showed that Lcn2 secreted from
activated astrocytes is neurotoxic, and reactive gliosis is
delayed in Lcn2-knockout (KO) mice under neuroinflam-
matory conditions [10, 12, 13]. Thus, Lcn2 is a key mol-
ecule involved in the progression of reactive gliosis. We
recently demonstrated that LPS treatment of mouse pri-
mary astrocytes induced Lcn2 expression [14]. However,
Lcn2 expression was reduced in the presence of bort-
ezomib (BTZ), the first clinically approved proteasome
inhibitor for multiple myeloma patients [15]. However,
it is unclear whether BTZ can prevent or treat neuroin-
flammatory conditions in vivo.

In this study, we systemically challenged mice with an
intraperitoneal injection of LPS and investigated whether
Lcn2 levels increased in vivo. Under normal conditions,
Lcn2 could not be detected in the cortical brain regions
by immunoblot analysis, suggesting very low basal lev-
els (Fig. 1A). However, LPS administration dramatically
increased Lcn2 production, which was also observed in
the serum, indicating that it may have spread body-wide
through the bloodstream (Fig. 1B). Next, we investigated
whether proteasome inhibition using BTZ could reduce
Lcn2 production in vivo, as observed in primary astro-
cytes. We treated the mice with LPS alone or with LPS
and BTZ simultaneously via intraperitoneal injection.
After 24 h of LPS treatment, Lcn2 levels were dramati-
cally increased in the brain (Fig. 1C). Increased Lcn2 lev-
els were not observed when mice were co-treated with
LPS and BTZ. Serum Lcn2 levels also increased after
systemic LPS challenge and were lower when co-treated
with LPS and BTZ (Fig. 1D). Therefore, the effect of
BTZ on Lcn2 after LPS treatment was also observed in
mice. To mimic neuroinflammatory stress prior to BTZ
administration, mice were challenged with LPS and then
treated with BTZ later. Mice were challenged with LPS

for 24 h and treated with BTZ at 6, 12, or 18 h after the
start of the LPS challenge (Fig. 1E). Early and longer BTZ
treatment was more effective at reducing brain Lcn2 lev-
els during LPS challenge (Fig. 1F). Lcn2 is known to be
degraded quickly by the autophagic pathway, with a half-
life of approximately 30 min in cultured primary astro-
cytes [14]. Therefore, inhibiting de novo Lcn2 production
by BTZ can reduce Lcn2 levels in cells. Similarly, BTZ
treatment also reduced Lcn2 levels, which were already
increased in LPS-challenged mice.

To determine whether low Lcn2 levels in the brain after
LPS and BTZ co-treatment were due to reduced Lcn2
expression, we determined the mRNA levels using qRT-
PCR analysis. Len2 expression was markedly upregulated
after LPS administration, but not after LPS and BTZ co-
treatment (Fig. 1G). Co-treatment with LPS and BT Z also
downregulated Tnfa, Gfap, and Ibal expression levels,
all significantly increased after LPS exposure. Therefore,
proteasome inhibition not only reduced the expression of
neurotoxin Lcn2, but also reduced the expression of pro-
inflammatory cytokine Tnf-a, astrogliosis marker Gfap,
and microglia activation marker Ibal. LPS challenge
increases pan and Al marker expression, but not A2
marker expression in cultured primary astrocytes [4]. In
the mouse brain, we also observed increased pan and Al
marker expression after LPS administration, which were
markedly downregulated by LPS and BTZ co-treatment
(Fig. 1G). As observed in cultured primary astrocytes,
A2 marker expression in the mouse brain was not altered
by LPS administration. LPS and BTZ co-treatment had
a smaller effect on A2 marker expression than pan and
A1 marker expression. Taken together, BTZ co-treatment
prevented reactive gliosis toward the Al subtype and
neuroinflammation in the mouse brain during systemic
LPS challenge.

Our acute model of LPS challenge was sufficient to
activate astrocytes to the Al subtype and induce neu-
roinflammation in mice. In this study, we demonstrated
that BTZ effectively reduced neurotoxic Lcn2 levels in
the mouse brain. As BTZ does not cross the blood-brain



Bae et al. Molecular Brain (2024) 17:73

barrier (BBB), it may not directly affect the brain. How-
ever, by reducing systemic inflammatory responses in
the systemic LPS challenge model, it seems to indirectly
decrease brain Lcn2 levels and neuroinflammation. Thus,
our systemic approach is effective for modulating neuro-
inflammation through peripheral interventions. In fact,
LPS is known to damage or disrupt the BBB, which may
allow BTZ to penetrate the barrier. It is important to
note that, while BTZ may not cross the BBB during mild
immune responses, it could penetrate the BBB during
severe inflammation or when the BBB is compromised.
Thus, during LPS challenge, we cannot exclude the pos-
sibility that it may exert direct effects as well. Nonethe-
less, we suggest that Lcn2 is a potential therapeutic
target that can be downregulated by BTZ under neuro-
inflammatory conditions, which is a novel strategy to
effectively reduce Lcn2 levels and alleviate neuroinflam-
mation. In summary, our study demonstrated that BTZ
administration in LPS-challenged mice may help reduce
the neurotoxicity induced by Lcn2 secreted from reac-
tive astrocytes. This treatment strategy can be applied
to various neurodegenerative diseases associated with
neuroinflammation.
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