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Abstract
There are few effective pharmacological interventions for intracerebral hemorrhage (ICH). Atorvastatin (Ato) has been 
shown to exert a substantial protective effect on ischemic stroke and is effective in alleviating neuroinflammation. Lipocalin-2 
(LCN2), an important inflammation-regulating protein, has been demonstrated to play pivotal roles in post-ICH neuroin-
flammation. However, the exact role of Ato and whether LCN2 is involved after ICH remain largely unknown. In the cur-
rent study, the BV2 (microglia) cell line, which was transfected with or without LCN2 for overexpression/interference, was 
co-cultured with primary cultured neurons and received blood infusion from C57BL/6 mice in vitro. For the in vivo study, 
atorvastatin was injected peritoneally into an ICH mouse model, and LCN2 specific knockout using the flox/cre system was 
performed in mice for mechanism study. Behavioral tests were conducted before ICH and on days 1, 3, and 7 post—ICH, 
and the brains and cultured cells were collected for protein, histological, and morphological studies. Our results showed that 
atorvastatin treatment alleviates neural damage and promotes neurological outcomes after ICH. Moreover, M1 activation and 
pro—inflammatory polarization are inhibited by atorvastatin. In both in vivo and in vitro models, the upregulation of LCN2 
after ICH is substantially inhibited by atorvastatin. Studies on LCN2 transgenic mice and LCN2 overexpression/interfer-
ence cells demonstrated that the suppression of macrophage/microglia (M/M) LCN2 participates in atorvastatin-mediated 
anti-neuroinflammation and neural protection effects. Therefore, our study suggests that atorvastatin treatment attenuates 
M/M-related neuroinflammation and protects neural recovery by down—regulating LCN2 after ICH. This study identified 
a potential novel therapeutic target for ICH treatment.
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Graphical Abstract
Atorvastatin treatment counteracts M/M-related neuroinflammation, marked by M1 phenotype marker expression and pro-
inflammatory cytokines IL-1β and TNF release, and protects neural recovery, marked by facilitated clot reduction, alleviated 
neural damage and neurologic functional recovery, after ICH via down-regulation M/M LCN2 expression.
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Introduction

Intracerebral hemorrhage (ICH) is the most lethal stroke 
subtype, characterized by brain vessel rupture. Approxi-
mately half of the patients die within one year, and most of 
them suffer from severe sequelae that seriously affect their 
quality of life (Puy et al. 2023). Inflammation of the Central 
nervous system (CNS) is a key factor in brain injury after 
ICH (Iadecola et al. 2020). As the main immune cells in the 
CNS, the macrophage/microglia (M/Ms) can polarize into 
pro- or anti-inflammatory subtype that participate substan-
tially in regulation of neuro-inflammation and neural recov-
ery under various pathophysiological conditions (Yang et al. 
2024; Zhao et al. 2015). Our previous studies have shown 
that the M/Ms play a key role in neuroinflammation induced 
neural damage as well as neurological rehabilitation after 
ICH (Wan et al. 2023; Wang et al. 2021; Wei et al. 2022a), 
indicating a potential therapeutic target for ICH pharmaco-
logical treatment.

As a classic clinical drug, atorvastatin plays an important 
role in the prevention and treatment of heart and stroke dis-
eases (Castellano et al. 2022; Neilan et al. 2023). Researches 
has shown that the atorvastatin can effectively relieve 

cognitive impairment, ischemic stroke neuroinflammation 
(Vizcaychipi et al. 2014; Zhang et al. 2024), and improve 
microglia function (Goldberg et al. 2024). Also, atorvastatin 
can effectively improve disease prognosis without increas-
ing the hemorrhage risk in ischemic stroke patients (Gaist 
et al. 2023; Gao et al. 2024). Although studies have shown 
that atorvastatin can reduce the incidence of intracerebral 
hemorrhage (Saliba et al. 2018) and inhibit intracerebral 
neuroinflammation after subarachnoid hemorrhage (Chen 
et al. 2021), few researches have focused on the role of ator-
vastatin on ICH. Although several studies found that the 
atorvastatin reduces microglia activation, facilitates vascular 
recovery and improves the neurological outcome after ICH 
(Chen et al. 2022; Yang et al. 2011; Karki et al. 2009), the 
optimal dose, as well as the detailed effects and mechanism 
of atorvastatin in ICH, remain largely unknown.

Research has shown that the atorvastatin can inhibit the 
expression level of lipocalin-2(LCN2) in vascular diseases 
(Torrens et al. 2009). Moreover, atorvastatin reduces the 
serum LCN2 level and improves renal function in patients 
with kidney disease (Fassett et al. 2012; Kang et al. 2020; 
Park et al. 2016; Prowle et al. 2012). LCN2 is an important 
early inflammatory response protein that is upregulated in 



Cellular and Molecular Neurobiology           (2025) 45:47 	 Page 3 of 13     47 

different pathological microenvironments (Dekens et al. 
2021). LCN2 also participates in the development of vari-
ous diseases, including myocardial injury after myocardial 
infarction, non-alcoholic steatohepatitis, and atherosclerotic 
plaque formation (Hu et al. 2023; Liu et al. 2023; Ye et al. 
2016). Additionally, LCN2 has been found to be closely 
associated with central nervous system diseases such as 
cognitive impairment and dementia (Li et al. 2023). Our 
previous researches have shown that the LCN2 participates 
in neuronal damage and is crucial for M/Ms-mediated neu-
roinflammation regulation after ICH (Fei et al. 2024; Toyota 
et al. 2019). However, it remains unclear whether atorvasta-
tin can regulate M/Ms-mediated neuroinflammatory damage 
after ICH through LCN2.

In the current study, we investigated the effect of atorvas-
tatin treatment on the M/Ms-related neuroinflammation after 
ICH. Transgenic M/Ms-specific LCN2 knockout mice were 
used to further explore the mechanism by which atorvastatin 
regulates M/Ms-related neuroinflammation.

Materials and Methods

Animals

The protocols for animal experiments are approved by the 
Military Medical University Committee of Animal Use and 
Care. In the present study, young male C57BL/6 mice aged 
18–21 weeks were provided by the Experimental Animal 
Center of Military Medical University (animal ethics proto-
col number:#20210424), 8 week-old LCN2f/f,CX3CR1−Cre male 
mice and LCN2f/f male mice were constructed and incubated 
by Cyagen Co. (Suzhou, China) (Supplemental data). All 
mice were housed and randomized following standard proto-
cols as previously described (Wei et al. 2022b), and no more 
than 5 mice should be raised in each cage. Pre-ICH mice 
with abnormal corner turns scores or forelimb use asymme-
try tests scores were regarded as out-of-order ones and were 
excluded. The ARRIVE 2.0 guidelines (Supplemental data)
were followed for animal data report. Randomization was 
carried out using odd/even numbers as previously described 
(Wei et al. 2020).

ICH Modeling

The ICH model in mouse was established as previously 
described (Wei et al. 2022b). Briefly, the mice were anes-
thetized using xylazine/ketamine mixtures intraperito-
neally with a controlled body temperature of 37 °C. The 
burr hole was drilled with the coordinates: 2.5 mm lateral 
and 0.2 mm anterior to the bregma and 30μL autologous 
blood obtained from the right femoral artery was injected 
into mice right caudate with the depth of 3.5 mm via a 

26-gauge needle (3μL/min). The needle was maintained 
in situ for extra 10 min before retraction, burr hole sealing 
and skin suturing.

Cell Culture and Microglia‑Neuron Co‑culture

The microglial cell line BV2 and primary cultured neurons 
were used in this study. All cells were cultured at 37 °C in 
a 5% CO2 incubator, and the BV2 cell line was cultured 
using 10% fetal bovine serum (Gibco, #15669701) and 
high-glucose DMEM (Gibco, #11965118). The primary 
cultured neurons were obtained and cultured using pre-
viously described methods (Wei et al. 2019). Briefly, the 
15–16 days embryos were removed at and subsequently 
minced the meninges and vessels under a microscope before 
separating and shredding the cortex from the cerebrum. The 
cortex then was digested in pancreatic enzymes for 20 min at 
37 °C with gentle shaking every 5 min. The digested neurons 
were resuspended in NM medium composed of neurobasal 
medium, 0.5 mM L-glutamine and 2% B27 before being 
plated onto the Poly-L-Lysine (PLL) pretreated dishes with 
a density of 1.5 × 106 cells/cm2. The neurons were cultured 
in a 5% CO2 incubator at 37 °C, and the culture medium was 
renewed every 3 days. Microglial BV2 cells and primary cul-
tured neurons were co-cultured using the Transwell (Merck, 
Darmstadt, Germany) embedded cell co-culture method with 
the density of 1.5 × 106 cells/cm2, where primary cultured 
neurons were planted in the upper chamber and BV2 micro-
glia were planted in the lower layer. NM culture medium 
was added, and 20μL mouse whole blood was added for 24 h 
for further experiments. The culture medium was replaced 
every 3 days.

Lentivirus Construction and Transfection

The LCN2 overexpression and shRNA lentiviruses for over-
expression (OE) and interference (IntF) were purchased 
from HanBio (Shanghai, China). The lentiviruses were 
preparation as previously described (Fei et al. 2024), and 
the multiplicity of infections (MOI) is subject to change 
(Supplemental data).

In Vitro Blood Injury Model

The whole blood of C57BL/6 mice was obtained and added 
to the cultured cells for certein durations before performing 
observational tests (including molecular biology tests and 
morphological experiments), and all cell lines were cultured 
at 37 °C in a 5% CO2 incubator while undergoing blood-
induced injury.
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Mouse Genotype Verification

Mouse tail was digested with proteinase K at 55 °C for 
20 min and was further inactivated with proteinase K at 
100 °C for 5 min. PCR was performed using the One-Step 
Mouse Genotyping Kit (Vazyme, Nanjing, China) according 
to the manufacturer’s instructions. Lcn2 primers: F: 5′-TGA 
TCA TTC TGT GTC CTA GGG GAT G-3′, R: 5′-TTA GCC 
TCT TCC AAG GCT AGA CAA-3′ (Homozygotes: one 
band at 203 bp, Heterozygotes: two bands at 203 bp and 
144 bp, Wildtype allele: one band at 144 bp). Cx3cr1-Cre 
primers: F1: 5′-GAC ATT TGC CTT GCT GGA C-3′, R: 
5′-GCA GGG AAA TCT GAT GCA AG-3′ (Wildtype: N.A. 
Targeted: 380 bp).

Antibodies and Drugs

The primary antibodies used in this study included 
polyclonal goat anti-Iba1 (Abcam, #ab5076, RRID: 
AB_2224402, 1:400), polyclonal rabbit anti-Iba1 (Abcam, 
#ab153696, RRID: AB_2889406,1:400), polyclonal rab-
bit anti‐heme oxygenase‐1 (Enzo, #SPA-895, RRID: AB_ 
2314637, 1:500), monoclonal rabbit anti‐Darpp‐32 (Cell 
Signaling, #2302, RRID: AB_2169007, 1:100), mono-
clonal mouse anti‐NeuN (MERCK, #MAB377, RRID: 
AB_2298772, 1:400), polyclonal rabbit anti‐CD16 (Abcam, 
#ab87099, RRID: AB_87099, 1:200), monoclonal rabbit 
anti‐iNOS (Abcam, #ab178945, RRID: AB_11042526, 
1:200) and polyclonal goat anti-LCN2 (R&D, #AF1857, 
RRID: AB_355022, 1:200).

The secondary antibodies used for immunofluores-
cent staining were donkey anti-rabbit IgG (H + L) Alexa 
Fluor 488 (Abcam, # ab150061, RRID:AB_2571722), 
donkey anti-rabbit IgG (H + L) Alexa Fluor 594 (Abcam, 
# ab150076, RRID:AB_2782993), donkey anti-mouse 
IgG (H + L) Alexa Fluor 488 (Abcam, # ab150105, 
RRID:AB_2732856), donkey anti-mouse IgG (H + L) 
Alexa Fluor 594 (Abcam, # ab150108, RRID:AB_2732073), 
donkey anti-goat IgG (H + L) Alexa Fluor 488(Abcam, 
# ab150137, RRID:AB_2892985), and donkey anti-
goat IgG (H + L) Alexa Fluor 594(Abcam, # ab150136, 
RRID:AB_2782994), all obtained from Abcam.

In this study, atorvastatin was purchased from Pfizer 
(New York, NY, USA), and recombinant mouse LCN2 pro-
tein was obtained from R&D Systems (Minneapolis, MN, 
USA, #1857-LC). The dosages of atorvastatin were set as 
follows: in the in vivo experiment, mice were administered 
20 mg/kg/day of atorvastatin daily until the day of euthana-
sia; in the in vitro experiment, the final concentrations of 
atorvastatin in the cell culture medium were 2.5 μM, 5 μM, 
and 10 μM. The dosage of LCN2 protein was 1 μg in the 
co-injection mouse model.

Flow Cytometry

Fluorescence-activated cell sorter technology was used in 
this study and the microglia was sorted following the pro-
tocol described previously (Fei et al. 2024). Briefly, micro-
glia isolation was conducted following the manufacturer 
instruction of Adult Brain Dissociation Kit (Miltenyi Biotec, 
Germany), and the ipsilateral brains were enzymaticly dis-
sociated using MACS Octo Dissociator with Heaters (Milte-
nyi Biotec) with program 37 °C -ABDK-01. The extracted 
homogenate was resuspended and centrifuged at 4 °C with 
300 g for 10 min. The red blood cells (RBCs) and debris 
were removed using RBC Removal Solution. The remain-
ing suspension was incubated with FcR Blocking Reagent 
and then labelled with CD11b-APC antibody at 4 °C in the 
dark for 15 min before being detected and harvested for the 
subsequent investigations.

Quantitative Real‑Time Polymerase Chain Reaction 
(qPCR)

qPCR was conducted as previously described  (Fei et al. 
2022) and the RNA expression level was calculated using 
GAPDH for internal control. The primer sequences used in 
this study are: Lcn2-F: GCA​GGT​GGT​ACG​TTG​TGG​, Lcn2-
R: GTT​GTA​GTC​CGT​GGT​GGC​ and GAPDH-F: TTC​CTA​
CCC​CCA​ATG​TGT​CC, GAPDH-R: GGT​CCT​CAG​TGT​
AGC​CCA​AG.

Immunofluorescence (IF), Immunohistochemistry 
(IHC) Staining, TUNEL Staining, Protein Extraction, 
Western Blot (WB) Analysis, HE Staining, Hematoma 
Size Measurement and Behavioral Tests

The IF, IHC, TUNEL staining, protein extraction, WB, HE 
staining, hematoma size measurement and behavioral tests 
were performed as previously described (Wei et al. 2022b). 
The quantification of the microscopic images used in the 
current study followed the protocols described previously 
(Wei et al. 2020). Briefly, the cell counting was performed 
in a blinded manner: Three images at different areas either in 
the hematoma or peri-hematoma were obtained at 40 × mag-
nification in each brain section using fluorescence micro-
scope (OLYMPUS,BX63,JAPAN). All the counting was 
repeated three times and the mean values calculated.

Statistical Analysis

All observations, collections and measurements were per-
formed in a blinded manner and were repeated at least 
three times. Shapiro–Wilk or Kolmogorov–Smirnov tests 
were used for normality tests, F test (for Student’s t-test) 
or Brown-Forsythe test and bartlett’s test (for one-way 
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ANOVA) were used for variance homogeneity assessment 
(Supplemental data), and statistical differences were ana-
lyzed using the Student’s t-test, one-way analysis of variance 
(ANOVA), two-way ANOVA, Mann–Whitney test, mixed-
effects analysis and non-parametric test. All results are 
presented as mean ± standard deviation (SD), and nonpara-
metric data are displayed as median ± interquartile range. P 
value < 0.05 was considered statistically significant.

Results

Atorvastatin Alleviates Neural Damage and Promote 
Neurological Outcome After Intracerebral 
Hemorrhage

To investigate the effects of atorvastatin on intracerebral 
hemorrhage (ICH)-induced neural damage in mice, an ICH 
model was established. Hematoxylin and eosin (HE) stain-
ing of mouse brain tissue was performed, and hematoma 
volume was measured at days 1 and 7 post-ICH. Results 
showed that mice in the atorvastatin (Ato) group exhibited 
significantly smaller hematoma volumes on day 7, but not 
on day 1, compared to the vehicle (Veh) group (Fig. 1A, 
B). Terminal deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL) staining revealed fewer TUNEL( +) cells 
in the atorvastatin group than in the vehicle group at day 7 
post-ICH (Fig. 1C, D). Forelimb use asymmetry and corner 
turn tests were conducted before ICH (baseline) and at days 
1, 3, and 7 post-ICH. Behavioral deficits were attenuated in 
the atorvastatin group compared to the vehicle group at day 
7, but not at days 1 or 3 (Fig. 1E, F).

Atorvastatin Attenuates Macrophage/
Microglia‑Related Neuroinflammation

To better understand the role of atorvastatin in microglia/
macrophage (M/M)-induced neuroinflammation, we inves-
tigated the effects of atorvastatin on M/Ms after intracerebral 
hemorrhage (ICH) both in vivo and in vitro. First, a BV2-
neuron co-culture model was established, followed by induc-
tion of blood infusion (BI) injury. A CCK-8 assay of primary 
neurons revealed that atorvastatin alleviated neuronal death 
in a concentration-dependent manner (Fig. 2A). Based on 
cell viability results, an atorvastatin concentration of 5 μM 
was selected for subsequent in vitro experiments. Immuno-
fluorescence (IF) staining using Iba-1 and CD16, a marker 
of M1 pro-inflammatory phenotype, demonstrated signifi-
cantly lower relative CD16 expression in the atorvastatin-
treated group compared to the vehicle group after BI injury 
(Fig. 2B, C). IF staining was also performed to assess mor-
phological changes in primary neurons (Fig. 2D). NeuN( +) 
cell loss was significantly attenuated, and relative axon 

length was significantly increased in the atorvastatin group 
compared to the vehicle group after BI injury (Fig. 2E, F).

To further investigate the role of atorvastatin in micro-
glia/macrophage (M/M)-related neuroinflammation, a mouse 
intracerebral hemorrhage (ICH) model was established. 
Immunohistochemical (IHC) staining using M/M activa-
tion markers Iba-1 and heme oxygenase-1 (HO-1) revealed 
that both the number of Iba-1( +) cells and HO-1( +) cell 
counts were significantly lower in the atorvastatin-treated 
group compared to the vehicle group at days 3 and 7 post-
ICH, but not at day 1 (Fig. 3A–C). Immunofluorescence 
(IF) staining for Iba-1 and CD16 showed that the count of 
CD16( +)Iba-1( +) cells was significantly reduced in the 
atorvastatin group compared to the vehicle group at day 7 
post-ICH (Fig. 3D, E). Additionally, peri-hematomal brain 
tissues were collected for TNF enzyme-linked immunosorb-
ent assay (ELISA), which demonstrated significantly lower 
TNF secretion in the atorvastatin group compared to the 
vehicle group (Fig. 3F).

Atorvastatin Inhibits LCN2 Expression After 
Intracerebral Hemorrhage

The mouse ICH model was established with or without con-
comitant atorvastatin treatment, and microglia/macrophages 
(M/Ms) in peri-hematomal brain tissue were sorted via flow 
cytometry. Western blot (WB) analysis revealed that ICH-
induced upregulation of LCN2 expression in M/Ms was sig-
nificantly attenuated by atorvastatin treatment (Fig. 4A, B). 
Immunofluorescence (IF) staining using Iba-1 and LCN2 
was performed to assess the spatial distribution of LCN2 
post-ICH. Results showed that atorvastatin significantly 
reduced the abundance of LCN2( +)Iba-1( +) cells at day 7 
post-ICH (Fig. 4C, D). In vitro, BV2 microglial cells were 
cultured with varying concentrations of atorvastatin. IF 
staining for LCN2 and Iba-1 demonstrated that BI injury 
elevated LCN2 expression in BV2 cells, which was attenu-
ated by atorvastatin in a concentration-dependent manner 
(Fig. 4E, F). ELISA of cell culture supernatants showed that 
BI injury-induced LCN2 secretion was similarly reduced by 
atorvastatin treatment (Fig. 4G). qPCR analysis revealed that 
Lcn2 mRNA upregulation following BI injury was reversed 
by atorvastatin in a dose-dependent fashion (Fig. 4H).

Atorvastatin Exerts Anti‑neuroinflammation 
and Neural Protection Effects via Macrophage/
Microglia LCN2 Suppression

To further investigate the potential connections between M/
Ms LCN2 inhibition and the anti-neuroinflammation effect 
of atorvastatin after intracerebral hemorrhage (ICH), the 
M/Ms LCN2 conditional knockout (cKO) mouse model 
[LCN2fl/fl,cx3cr1-cre] was established and verified. The 
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immunofluorescence (IF) staining using CD16 and Iba-1 
showed that the attenuation effects of atorvastatin on Iba-
1( +) M/M activation, the relative expression level of CD16, 
and the polarization of CD16( +)Iba-1( +) M/Ms were 
largely abolished by the co-injection of LCN2 protein at 
day 3 after ICH (Fig. 5A–D). Meanwhile, LCN2 conditional 
knockout reduced Iba-1( +) M/M activation, lowered the 
relative expression level of CD16, and inhibited the polari-
zation of CD16( +)Iba-1( +) M/Ms. However, no significant 
difference was observed between the LCN2 cKO + Vehicle 
(Veh) mouse and the LCN2 cKO + atorvastatin treatment 
mouse at day 3 after ICH (Fig. 5A–D).

The LCN2-overexpressing (LCN2-OE) BV2 cell lines, 
which were infected with lentiviruses at a multiplicity of 
infection (MOI) of 100, and the LCN2-interfered (LCN2-
IntF) BV2 cell lines, which were infected with lentiviruses 
at an MOI of 50, were constructed and cultured before the 
establishment of the brain injury (BI) model. The IF stain-
ing assay using Iba-1 and inducible nitric oxide synthase 
(iNOS), another M1 pro-inflammatory phenotype marker, 
was conducted. The results showed that the addition of 
LCN2 protein partly reversed the inhibitory effect of ator-
vastatin on the expression level of iNOS at 24 h after BI 
injury (Fig. 5E, F). Meanwhile, there was no significant 

Fig. 1   Atorvastatin alleviates neural damage and promote neurologi-
cal outcome after intracerebral hemorrhage. A HE staining of male 
mice brains after ICH at days 1 and 7. B The size of the hematoma in 
each group was calculated. For each group, n = 8. Scale bar = 500 μm. 
t = 0.8096, df = 14, NSp = 0.2562 for Day 1 and t = 3.370, df = 14, 
**p = 0.0046 for Day 7. C TUNEL images and D quantification of the 
peri-hematomal area in ICH + Veh mice and ICH + Ato mice brains at 
day 7 after ICH. For each group, n = 8. Scale bar = 20 μm. t = 2.741, 

df = 14, **p = 0.0159. E Forelimb uses asymmetry and F corner turn 
scores before and after ICH in ICH + Veh mice and ICH + Ato mice. 
n = 24 for each group at pre-ICH and day 1 after ICH, n = 16 at day 
3 after ICH and n = 8 for each group at day 7 after ICH. Values are 
mean ± SD. **p < 0.01 vs. ICH + Veh group by mixed-effects analy-
sis. [Ftime×drug(3, 125) = 3.111, P = 0.0288 for Forelimb uses asymme-
try] [Ftime×drug(3, 189) = 3.109, P = 0.0276 for corner turn]
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difference in the iNOS expression levels between the LCN2 
OE group and the LCN2 OE + atorvastatin group (Fig. 5E, 
G). Also, the iNOS expression level was significantly lower 
in the LCN2 IntF group than that in the LCN2 negative 
control (NC) group, but no significant difference was found 
between the LCN2 IntF group and the LCN2 IntF + atorvas-
tatin group (Fig. 5E, H). The supernatant of the cell culture 
medium was collected for an enzyme-linked immunosorb-
ent assay (ELISA). The results showed that the addition of 
LCN2 protein counteracted the effect of atorvastatin on the 
secretion of interleukin-1β (IL-1β) and tumor necrosis fac-
tor (TNF). Moreover, atorvastatin had no significant protec-
tive effect on the secretion of IL-1β and TNF after LCN2 
overexpression, nor did it provide further protection after 
LCN2 interference at 24 h after BI injury in the BV2 cell 
line (Fig. 5I, J).

The role of LCN2 in atorvastatin-induced neural protection 
after intracerebral hemorrhage (ICH) was also investigated in 
the present study. The results of the TUNEL assay showed 
that the number of TUNEL( +) cells was lower in LCN2 cKO 
mice than in LCN2fl/fl mice. However, no significant differ-
ence was observed between the LCN2 cKO mice + Vehicle 
(Veh) group and the LCN2 cKO mice + atorvastatin group at 
day 7 after ICH (Fig. 6A, B). The IHC staining of neuron 

remnants using Darpp32 showed that the loss of Darpp32( +) 
neurons was lower in LCN2 cKO mice than in LCN2fl/fl mice. 
Yet, no significant difference was observed between the LCN2 
cKO mice + Veh group and the LCN2 cKO mice + atorvasta-
tin group at day 28 after ICH (Fig. 6C, D). The forelimb use 
asymmetry and corner turn test results of each mouse were 
recorded. The results indicated that the behavioral deficits 
were more attenuated in LCN2 cKO mice than in LCN2fl/
fl mice. Nevertheless, no significant difference was observed 
between the LCN2 cKO mice + Veh group and the LCN2 
cKO mice + atorvastatin group at day 7 after ICH (Fig. 6E, 
F). The LCN2 overexpression and negative-control BV2 cell 
lines were constructed and cultured. The results of the NeuN 
staining assay showed that the loss of NeuN( +) cells and the 
relative axonal shrinkage were significantly more attenuated in 
the LCN2 NC + atorvastatin group than in the LCN2 NC group 
after brain injury (BI). This effect was significantly reversed 
by LCN2 overexpression (Fig. 6G–I).

Fig. 2   Atorvastatin inhibits microglia pro-inflammatory polarization 
and alleviates blood associated primary neuronal damage. A CCK-8 
assay results of primary neurons collected from BV2-neuron co-cul-
ture system with or without different concentrations of atorvastatin 
treatment 24 h after BI injury. For each group, n = 6. F(4,25) = 41.79, 
***p < 0.0001 by one-way ANOVA. B, C Double-immunofluores-
cence staining of Iba-1 and CD16 in BV2 cell line at 24 h after BI 

injury. For each group, n = 6. t = 5.196, df = 10, ***p = 0.0004. D 
Immunofluorescence staining of NeuN in primary cultured neurons 
from BV2-neuron co-culture system at 24 h after BI injury, and the E 
NeuN( +) cell loss and F relative axonal length were calculated. For 
each group, n = 6. t = 2.419, df = 10, *p = 0.0361 for NeuN( +) cell 
loss and t = 3.590, df = 10, **p = 0.0049 for relative axonal length
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Discussion

The present study investigates the role of M/Ms LCN2 in 
the anti-inflammatory and neural protective effects of ator-
vastatin treatment after ICH. Our results demonstrate that 
the atorvastatin treatment suppresses M/Ms activation, 
inhibits inflammatory cytokines release, alleviates neural 
death, facilitates hematoma clearance and improves neuro-
logical recovery. Furthermore, our results using transgenic 
mice unveiled a potential mechanism whereby the protec-
tive effects of atorvastatin treatment after ICH are partially 
attributed to LCN2 signaling inhibition.

Previous studies found that atorvastatin reduced micro-
glia activation and prevented neuronal loss in a colla-
genase model (Chen et al. 2022). Low dose (2 mg/kg) 
atorvastatin facilitated vascular recovery and improved the 
neurological outcome after ICH, but no significant acute-
phase hematoma volume change was observed, nor was the 
detailed mechanism investigated (Yang et al. 2011; Karki 
et al. 2009). Recent studies have shown that high dose 
(20 mg/kg) atorvastatin exhibits prominent anti-cardiotox-
icity effect, indicating promising potential for high-dose 

intervention (Efentakis et al. 2024). In the current study, 
20 mg/kg/d atorvastatin treatment significantly reduced 
hematoma size, alleviated neural death and preserved 
neurologic function in hemorrhagic mice, suggesting a 
neuroprotective role of atorvastatin in ICH. Neuroinflam-
mation activation is a key mechanism of secondary brain 
injury after ICH, in which the activation of in-situ micro-
glia and peripheral macrophages plays pivotal roles (Wei 
et al. 2022b). The M/Ms exhibit pro-inflammatory phe-
notype marked by CD16 and iNOS, secreting pro-inflam-
matory injury factors such as IL-1, IL-6 and TNF, which 
are important mechanisms of brain injury after ICH (Lan 
et al. 2017). Our current study shows that high-dose atorv-
astatin effectively alleviates the expression level of the M1 
polarization marker CD16 in BV2 microglia after blood 
infusion and down-regulates the secretion level of pro-
inflammatory cytokines into the culture supernatant. In 
addition, results from a microglia-neuron co-culture exper-
iment suggest that atorvastatin inhibits neuronal cell death 
and preserves axonal morphology after blood infusion. 
Furthermore, our in vivo results show that atorvastatin 
intervention significantly reduces Iba-1( +) and HO-1( +) 

Fig. 3   Atorvastatin inhibits macrophage/microglia activation, M1 
polarization and pro-inflammatory cytokine release. A Immunohis-
tochemistry staining of Iba-1 and HO-1 at different time points after 
ICH in ICH + Veh mice and ICH + Ato mice, and the quantifica-
tions were presented in B and C respectively. For each group, n = 8. 
Scale bar = 20  μm. [Ftime×drug(2, 42) = 4.479, P = 0.0173 for Iba-1]

[Ftime×drug(2, 42) = 4.790, P = 0.0134 for HO-1] by two-way ANOVA. 
D Double-immunofluorescence staining of Iba-1 and CD16 in peri-
hematomal area of mice brain at day 7 after ICH and the quantifica-
tions were presented in E. For each group, n = 8. t = 7.246, df = 14, 
****p < 0.0001. F TNF ELISA assay of brain tissues collected from 
peri-hematoma area in mice. n = 6. t = 4.271, df = 10, *p = 0.0016
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M/Ms activation, lowers M1 marker CD16 expression, 
and down-regulates TNF levels in the hemorrhagic brain. 
These results suggest that atorvastatin treatment attenuates 
M/Ms-related neuroinflammation after ICH.

Atorvastatin has been found to effectively alleviate 
the expression of the inflammatory protein LCN2 and 
improve disease prognosis in other diseases (Kang et al. 
2020; Park et al. 2016; Torrens et al. 2009). Our previous 

Fig. 4   Atorvastatin inhibits macrophage/microglia LCN2 expres-
sion after ICH and microglia LCN2 expression after BI injury. A 
The macrophage/microglia were sorted from mice hemorrhagic 
brain via flow cytometry, from which the protein was extracted 
before conducting western blot assay. B The quantification of 
each blot was calculated. For each group, n = 6. F(2,15) = 61.19, 
***p < 0.0001 by one-way ANOVA. C Double-immunofluores-
cence staining of Iba-1 and LCN2 in peri-hematomal area of mice 
brain at day 3 after ICH and the quantifications were presented in 
D. For each group, n = 8. Data are displayed as median ± interquar-
tile range. Z = 4.419, ***p < 0.0001 for Sham + Veh vs ICH + Veh 
and Z = 2.369, *p < 0.0357 for ICH + Veh vs ICH + ATo by non-

parametric test(Kruskal–Wallis). E Double-immunofluorescence 
staining of Iba-1 and LCN2 in BV cell line at 24  h after BI injury 
and the quantifications were presented in F. For each group, n = 6. 
Data are displayed as median ± interquartile range. Z = 4.722, 
***p < 0.0001 for Sham + Veh vs BI + Veh, Z = 1.180, p = 0.9512 for 
BI + Veh vs BI + 2.5  μM Ato, Z = 2.525, *p = 0.0463 for BI + Veh 
vs BI + 5  μM Ato and Z = 3.378, **p = 0.0029 for BI + Veh vs 
BI + 10  μM Ato by non-parametric test(Kruskal–Wallis). G ELISA 
assay results of LCN2 from supernatant of BV2 culture medium. 
n = 6. F(4,25) = 120.8, ***p < 0.0001 by one-way ANOVA. H qPCR 
analysis of relative mRNA levels of Lcn2 in BV2 cell lines. For each 
group, n = 6. F(4,25) = 39.68, ***p < 0.0001 by one-way ANOVA



	 Cellular and Molecular Neurobiology           (2025) 45:47    47   Page 10 of 13

studies have shown that LCN2 is highly expressed in peri-
hematomal M/Ms, and inhibition of LCN2 expression allevi-
ates neural damage caused by M/Ms-mediated neuroinflam-
mation and promotes neural recovery after ICH (Fei et al. 
2024). To further explore whether LCN2 is involved in the 
anti-inflammatory effect of atorvastatin after ICH, we meas-
ured the expression level of LCN2 with or without atorvas-
tatin treatment. Western blot results showed that the expres-
sion level of LCN2 protein in the peri-hematoma region of 
the mouse brain was significantly down-regulated after ator-
vastatin treatment, and immunofluorescence staining results 

indicated that the expression level of LCN2 in M/Ms was 
significantly lower in the atorvastatin-treated group than in 
the vehicle group. In addition, our in vitro results showed 
that the down-regulation effect of atorvastatin on LCN2 
expression exhibits a dose-dependent manner, as demon-
strated by immunocytochemistry, PCR, and ELISA results. 
Collectively, these results suggest that atorvastatin treatment 
counteracts the upregulation of LCN2 expression after ICH.

To further explore whether LCN2 inhibition is the key 
mechanism by which atorvastatin alleviates neuroinflamma-
tion after ICH, we established the LCN2 protein co-injection 

Fig. 5   Atorvastatin exerts anti-neuroinflammation via macrophage/
microglia LCN2 suppression. A Double-immunofluorescence stain-
ing of Iba-1 and CD16 in peri-hematoma area of mice brain at day 
3 after ICH and the quantifications for Iba-1( +) cell count (B), rela-
tive OD of CD16 (C) and CD16( +)Iba-1( +) cell percentage D were 
presented. For each group, n = 6. F(4,25) = 6.471, **p = 0.0010 for 
Iba-1( +) cell count, F(4,25) = 30.07, ***p < 0.0001 for relative 
OD of CD16 and F(4,25) = 9.163, ***p = 0.0001 for CD16( +)Iba-
1( +) cell percentage by one-way ANOVA. E Double-immunoflu-

orescence staining of Iba-1 and iNOS in BV cell line at 24  h after 
BI injury and the quantifications of iNOS OD values in different 
comparisons were presented in F–H. F(2,15) = 11.39, **p = 0.0010 
for F, F(2,15) = 2.012, p = 0.1683 for G and F(2,15) = 15.153, 
***p = 0.0003 for H by one-way ANOVA. IL-1β (I) and TNF 
(J) ELISA assays for supernatant from cell culture medium were 
conducted. n = 6. F(6,35) = 34.14, ***p < 0.0001 for IL-1β and 
F(6,35) = 20.35, ***p < 0.0001 for TNF by one-way ANOVA
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ICH model described previously (Fei et al. 2024). Results 
suggested that LCN2 recombinant protein injection reversed 
the inhibitory effect of atorvastatin on M1 polarization. To 
further investigate the role of M/Ms-specific LCN2 in ator-
vastatin’s anti-inflammation, LCN2f/f, CX3CR1-Cre mice 
were used in the current study. Results indicated that ator-
vastatin treatment had no anti-M1 polarization effects in 
LCN2-specific knockout mice. Similarly, our in vitro model 
showed that LCN2 recombinant protein or LCN2 overex-
pression reversed the inhibitory effect of atorvastatin on 

microglial M1 polarization and the secretion of inflamma-
tory factors IL-1β and TNF, while LCN2 interference largely 
abolished the anti-M1 polarization effect of atorvastatin. 
These results suggest that atorvastatin can relieve M/Ms-
induced neuroinflammation after intracerebral hemorrhage 
by down-regulating LCN2 expression. Furthermore, we 
investigated the role of LCN2 in atorvastatin-induced neuro-
protection after ICH. TUNEL results suggested that atorvas-
tatin significantly alleviates neural death in LCN2f/f mouse 
brains. Darpp32 staining results showed that atorvastatin 

Fig. 6   Atorvastatin alleviates neural damage and neurological defi-
cit via macrophage/microglia LCN2 downregulation. A TUNEL 
images and B quantification of the peri-hematomal area in mice 
from different groups at day 7 after ICH. For each group, n = 6. Scale 
bar = 20 μm. F(3,20) = 13.90, ***p < 0.0001 by one-way ANOVA. C 
Immunohistochemistry staining of Darpp32 in mouse brain from dif-
ferent groups at day 28 after ICH, and the neuronal loss(%) was cal-
culated and presented D by equation: neuron loss = Area(ipsilateral)/
Area(contralateral)*100(%). For each group, n = 6. F(3,20) = 24.06, 
***p < 0.0001 by one-way ANOVA. E Forelimb uses asymmetry 
and F corner turn scores in mice from different groups at day 7 after 

ICH. n = 12. Values are mean ± SD. F(3,44) = 7.327, ***p = 0.0004 
for forelimb use asymmetry and F(3,44) = 22.61, ***p < 0.0001 for 
corner turn scores by one-way ANOVA. G Immunofluorescence 
staining of NeuN in primary cultured neurons from BV2-neuron 
co-culture system at 24 h after BI injury in LCN2 NC group, LCN2 
NC + Ato group and LCN2 OE + Ato group, and the H NeuN( +) cell 
loss and I relative axonal length were calculated. For each group, 
n = 6. F(2,15) = 15.41, ***p = 0.0002 for NeuN( +) cell loss and 
F(2,15) = 17.75, ***p = 0.0001 for relative axonal length by one-way 
ANOVA
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effectively preserves neuron survival levels in the ipsilat-
eral basal ganglia of LCN2f/f mouse brains 4 weeks after 
ICH, and functional test results showed better neurological 
outcomes in the atorvastatin treatment group, suggesting 
significant neuroprotective effects of atorvastatin after ICH 
in LCN2f/f mice. However, such protective effects of atorv-
astatin were not observed in M/M LCN2-specific knockout 
mice, indicating that LCN2 inhibition is the key mechanism 
of atorvastatin-induced neuroprotection after ICH. This con-
clusion is also supported by in vitro experiments, where the 
neuron survival and morphological preservation effects of 
atorvastatin were abolished by LCN2 overexpression.

However, our experimental results showed no signifi-
cant change between LCN2f/f + Ato group and the LCN2 
cKO + Ato group (Supplemental Figure S1), indicating 
that the pro-hematoma-clearance effect of Atorvastatin 
may not be attributed to the LCN2 inhibition. Further 
studies are needed to investigate the mechanism underly-
ing Ato-induced hematoma clearance. Additionally, since 
atorvastatin is a major cholesterol-lowering agent, further 
studies are needed to explore the potential relationship 
between ICH and cholesterol biosynthesis.

In conclusion, our results demonstrate that atorvastatin 
treatment attenuates macrophage/microglia-related neuro-
inflammation and protects neural recovery after ICH. This 
study identifies a potential novel target for ICH treatment.

There are several limitations to the current study: 
1. Only young male mice were used, and further stud-
ies focusing on female and old mice are needed. 2. No a 
priori sample size calculation was performed in the cur-
rent study. 3. High dose of atorvastatin was tested in the 
present study, and further studies are needed to investigate 
the potential side effects of atorvastatin use for ICH and 
to determine the optimized dose for clinical translation. 4. 
The specificity of the antibodies used in the current study 
was not determined.
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