
Vol.:(0123456789)1 3

Molecular Neurobiology (2023) 60:5167–5183 
https://doi.org/10.1007/s12035-023-03393-w

Complement C3 Enhances LPS‑Elicited Neuroinflammation 
and Neurodegeneration Via the Mac1/NOX2 Pathway

Ran Zhou1,2 · Shih‑Heng Chen2  · Zhan Zhao2,3 · Dezhen Tu2 · Sheng Song2,4 · Yubao Wang2,3 · Qingshan Wang2,5 · 
Jing Feng3 · Jau‑Shyong Hong2

Received: 28 February 2023 / Accepted: 18 May 2023 / Published online: 3 June 2023 
This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection may apply 2023

Abstract
Recent studies showed increased expression of complements in various neurodegenerative diseases, including Alzheimer’s 
and Parkinson’s diseases. However, the mechanism regulating the expression of complements and their roles in the patho-
genesis of neurodegeneration are unclear. We hypothesized that acute neuroinflammation increases the expression and acti-
vation of brain complements, which, in turn, participate in chronic neuroinflammation and progressive neurodegeneration. 
We initially focused on the complement component C3, because C3 can activate microglia by binding to C3 receptors and 
attaching to damaged neurons destined to be phagocytosed by microglia. We found that complement C3 is upregulated in 
lipopolysaccharide (LPS)-stimulated neuron/glial cultures. Mechanistic studies revealed that microglia-released proinflam-
matory factors initiated the enhanced expression of C3 in astroglia during acute neuroinflammation. On the other hand, the 
sustained C3 expression during chronic neuroinflammation requires releasing damage-associated molecule patterns (DAMPs) 
from damaged/degenerating brain cells. Our results suggested that DAMPs might act on microglial integrin receptor Mac1 
to trigger the activation of NADPH oxidase (NOX2). Activated microglial NOX2 increases the production of extracellular 
reactive oxygen species (ROS), elevating the levels of intracellular ROS of astroglia and sustaining the astroglial C3 expres-
sion. This was supported by the findings showing reduced C3 expression and attenuated neurodegeneration in LPS-treated 
neuron/glial cultures prepared from mice deficient in Mac1 or NOX2. LPS-induced neurodegeneration and oxidative stress 
are significantly reduced in C3 KO neuron/glial cultures and mouse brains. Together, this study provides the first evidence 
demonstrating the role of C3 in regulating chronic neuroinflammation and in driving progressive neurodegeneration.

Keywords Complement C3 · Mac1 receptor · NADPH Oxidase (NOX2) · Microglia · Astroglia · Neuroinflammation · 
Neurodegeneration

Introduction

The complement system plays a critical role in innate immu-
nity, which helps to recognize, track, and eliminate exog-
enous and endogenous danger signals from pathogens or 
damaged/dead cells, such as pathogen-associated molecular 
patterns (PAMPs) and damage-associated molecular patterns 
(DAMPs), respectively [1]. The complement system consists 
of more than 30 fluid-phase and cell-associated proteins, 
and the liver is the primary source of complements in sys-
temic circulation [2, 3]. Peripheral complements cannot gain 
access to the brain unless the blood–brain barrier (BBB) 
is damaged or compromised. Therefore, the complements 
in the brain are synthesized locally by glial cells and neu-
rons. During neuroinflammation, the complements can be 
activated through classical, lectin, or alternative pathways 
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by different types of danger signals, which help the phago-
cytosis of pathogens and unwanted host materials, enhance 
cytokine production, and form membrane attack complex 
(MAC) to lyse the bacteria or infected host cells [4]. Com-
plement C3 is the center of the complement cascade; it is the 
point of convergence for all three main activation pathways. 
All three complement activation pathways lead to the assem-
bly of C3 convertases, which, in turn, can cleave C3 into 
C3a and C3b, which play critical roles in immune activa-
tion and neuroinflammation [5]. C3a is an anaphylatoxin that 
can increase vasodilation via smooth muscle contraction, 
vascular permeability, and the release of histamine from 
innate immune cells. C3b is an opsonin that facilitates the 
phagocytosis of pathogens, cell debris, or mutant proteins by 
immune cells (e.g., microglia) expressing its receptor Mac1 
(also knowns as complement receptor 3 [CR3], CD11b/
CD18, or αMβ2) [6–9]. Accumulating evidence shows that 
complement C3 is present in patients of all major neurode-
generative diseases, including Parkinson’s disease, Alzhei-
mer’s disease, Huntington’s disease, and amyotrophic lateral 
sclerosis [6–9]. However, the function of C3 and how it is 
regulated during neuroinflammation, and its role in subse-
quent neurodegeneration are still not fully understood.

Previous studies from our group and others have demon-
strated the C3 receptor (Mac1) is essential in maintaining 
chronic reactive microgliosis and in driving inflammation-
mediated neurodegeneration [10, 11]. Additionally, the 
expression of Mac1 is increased in the brains of patients 
with Alzheimer’s disease and lipopolysaccharide (LPS) 
and MPTP animal models of Parkinson’s disease [12, 13]. 
Besides binding to C3, microglial Mac1 is also capable of 
binding DAMPs released from damaged neurons, includ-
ing α-synuclein, β-amyloid, HMGB-1, and myelin, to initi-
ate and maintain reactive microgliosis and triggers chronic 
neuroinflammation and subsequent neurodegeneration [14]. 
Recent studies have indicated that microglial NADPH oxi-
dase (NOX2) is an important downstream effector of Mac1 
signaling [14]. Upon Mac1 stimulation, NOX2 cytosolic 
subunits translocate and bind to membrane subunits to 
assemble the active form of NOX2 that generates superox-
ide and reactive oxygen species (ROS) metabolites. ROS 
enhances the oxidative stress in neurons that impairs neu-
ronal mitochondrial functions and results in their degenera-
tion [15–17]. In addition, ROS also act as secondary mes-
sengers responsible for regulating proinflammatory gene 
expression in the brain that causes collateral damage to 
neighboring neurons [18–20].

The purposes of this study were to understand the mecha-
nism underlying C3 expression and its function in chronic 
neuroinflammation and progressive neurodegeneration. We 
used LPS to induce neuroinflammation in both in vitro and 
in vivo models using wild-type, C3-deficient, Mac1-defi-
cient, and NOX2-deficient mice. The results showed that 

the Mac1-NOX2 signal pathway is critical in regulating C3 
expression during chronic neuroinflammation. C3 expres-
sion was reduced in Mac1- and NOX2-deficient neuron-glial 
cultures. Like other DAMPs released from damaged neu-
rons, C3 from activated astroglia participates in the feed-
forward loop of reactive microgliosis, enhances the eleva-
tion of oxidative stress in neurons, and facilitates neuronal 
degeneration. The in vivo studies showed that LPS-induced 
oxidative stress was significantly reduced in complement 
C3-deficient mice. This study demonstrates that C3 plays a 
critical role in initiating, maintaining chronic neuroinflam-
mation and triggering neurodegeneration.

Materials and Methods

Animal Treatment

Male C57BL/6  J, complement C3–deficient (C3KO, 
B6.C3-Tg [B6;129S4-C3tm1Crr/J), Mac1 = deficient (Mac1 
KO, B6.129S4-Itgam < tm1Myd > /J), and NADPH oxi-
dase–deficient (CYBB, B6.129S-Cybb < tm1Din > /J) mice 
were obtained from The Jackson Laboratory (Bar Harbor, 
ME). Housing and breeding of animals were performed 
humanely following the National Institutes of Health’s Guide 
for the Care and Use of Laboratory Animals (Institute of 
Laboratory Animal Resources, 2011). A single systemic 
injection of LPS (15 ×  106 EU/kg, i.p., Escherichia coli 
0111: B4, Sigma-Aldrich, St. Louis, MO) was administered 
to 8–12-week-old C57BL/6 J and C3KO mice (B6.C3-Tg 
[B6;129S4-C3tm1Crr/J, The Jackson Laboratory) mice. Mice 
used as vehicle control were injected with saline (5 ml/kg, 
i.p.). Mice were sacrificed at different time points, and the 
brain tissues were collected for further analysis. In Fig. 5 D, 
mice were subcutaneously injected with saline or NADPH 
oxidase inhibitor, diphenyleneiodonium (DPI; 10 ng/kg), 
three times a day for 4 days before LPS administration and 
6 and 12 h after LPS injection. Mice were sacrificed 24 h 
after LPS treatment to assay brain C3 mRNA. The dose of 
LPS and DPI was selected based on our previous study [21]. 
All mice were housed with 12 h of artificial light–dark cycle 
and provided fresh deionized or acidified water.

Reagents

Poly-d-lysine, cytosine β-d-arabinofuranoside (Ara-c), 
l-leucine methyl ester (LME) and 3,3′-diaminobenzidine, 
mazindol, and urea-hydrogen peroxide tablets were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). LPS 
(E. coli strain O111:B4) and NADPH oxidase inhibitor DPI 
were purchased from Sigma (San Diego, CA, USA). Cell 
culture ingredients were obtained from Life Technologies 
(Grand Island, NY, USA). Antibody diluents were purchased 
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from DAKO (Carpinteria, CA, USA). Anti-complement C3 
antibody, Complement C3, and iC3b protein (endotoxin-
free) were purchased from Millipore Sigma, and the anti-
Iba1 antibody was purchased from Wako Pure Chemicals 
(Richmond, VA, USA). Anti-3-nitrotyrosine (3-NT) and 
anti-tyrosine hydroxylase (TH) antibodies were purchased 
from Abcam (Cambridge, MA, USA). TNF-α ELISA kit 
and isotype control antibodies were purchased from R&D 
Systems (Minneapolis, MN, USA). Alexa Fluor 594 donkey 
anti-rabbit IgG and Alexa Fluor 488 donkey anti-goat IgG 
were purchased from cell signaling (Burlingame, CA, USA).

Mesencephalic Neuron‑glia Culture

Mouse mesencephalic neuron/glia cultures were prepared 
from C57BL/6 J, Mac1 KO, CYBB, or C3 KO mice as 
described previously [22–25]. Briefly, midbrain tissues 
were dissected from day 14 embryos and then gently tritu-
rated into a single-cell suspension. Cells were centrifuged 
and resuspended in warm MEM medium supplemented 
with 10% heat-inactivated fetal bovine serum (FBS) and 
10% heat-inactivated horse serum, 1 g/L glucose, 2 mM 
l-glutamine, 1 mM sodium pyruvate, and 0.1 mM nones-
sential amino acids. Cells were then seeded (5.5 ×  105 cells/
well) in poly-d-lysine (20 μg/ml) pre-coated 24-well plates. 
Cell counting was performed to ensure the equal number 
of cells was seeded when we used different types of cul-
tures. The cultures were incubated at 37 C in 5%  CO2 for 
3 days and then replenished with 500 μl of fresh mainte-
nance media. Cultures were treated 7 days after seeding. 
Immunocytochemistry revealed neuron/glial cultures con-
tained ~ 50% astroglia (GFAP-immunoreactive cells), 40% 
neuron (MAP-2 immunoreactive cells), and 10% microglia 
(Iba-1 immunoreactive cells).

Mesencephalic Neuron‑Enriched Culture

Mesencephalic neuron/glia cultures from C57BL/6 J mice 
were prepared as described above. At 48 h after seeding, 
20 µM cytosine β-d-arabinofuranoside (Ara-c) was added 
into the cultures to delete glial cells. After 3 days, media 
containing Ara-C was removed and replaced with fresh 
media. Neuron‐enriched cultures were ~ 98% pure.

Primary Mixed Glial, Highly Enriched Astroglia, 
Highly Enriched Microglia, and Reconstitute 
Neuron‑Microglial Cultures

Primary mixed glial cultures were prepared from C57BL/6 J 
mice at postnatal days 1–3, as previously described [26]. 
Briefly, cortices and midbrain were isolated and tritu-
rated into a single-cell suspension. Cells were centrifuged 
and resuspended in warm mixed glial culture medium 

(DMEM-F12 MEM supplemented with 10% heat-inacti-
vated FBS and 2 mM l-glutamine, 1 mM sodium pyruvate, 
and 0.1 mM nonessential amino acids), and plated on poly-
d-lysine pre-coated 6-well plates at 1 ×  106 cells/well. The 
medium was refreshed every 3 days until 14 days after seed-
ing. Highly enriched astroglial cultures were derived from 
mixed glial cultures supplemented with 1 mM of LME at 
72 h after seeding and cultured for 5–7 days. Immunocy-
tochemistry revealed mixed glial cultures contained 15% 
microglia (Iba-1-immunoreactive cells), 3% oligoden-
drocytes (MBP-immunoreactive cells), and 80% astroglia 
(GFAP-immunoreactive cells), whereas highly enriched 
astroglial cultures contained less than 0.005% microglia, 
and more than 99.9% astroglia.

Microglia-enriched cultures were prepared from 
C57BL/6 J mixed glial cultures as described above. Micro-
glia were isolated by shaking the flasks containing conflu-
ent mixed-glia cultures for 1.5 h at 180 rpm and replated 
on poly‐d‐lysine‐coated 24‐well plates at 5 ×  105 cells/well. 
Immunocytochemistry revealed that microglia‐enriched 
cultures contained less than 1% contamination of astroglia 
(GFAP‐immunoreactive cells).

For reconstitute neuron-microglia cultures, neuron-
enriched cultures were prepared as described above, and the 
enriched microglia were directly plated on top of the existing 
neuron-enriched cultures to a ratio of 90% neurons and 10% 
microglia and treated 24 h later.

Preparation of Glia‑Conditioned Medium 
and Collection of DAMPs from the Supernatants 
of Neuron/Glia Cultures

Glia‑Conditioned Medium C57BL/6  J mixed glial cul-
tures (contained ~ 15% microglia (Iba-1-immunoreactive 
cells), ~ 3% oligodendrocytes (MBP-immunoreactive cells), 
and ~ 80% astroglia (GFAP-immunoreactive cells) [24] were 
treated by 20 ng/ml LPS or control treatment medium, and 
then supernatants were collected 24 h after treatment.

Collection of DAMPs C57BL/6 J neuron/glia cultures were 
treated by 20  ng/ml LPS or control treatment medium 
followed by warm saline washout 24 h after treatment to 
remove LPS and proinflammatory cytokines released from 
microglia and replenished with fresh medium. The DAMPs-
containing medium was collected on day 5 after washed out.

Immunocytochemical and Immunofluorescence 
Staining

For immunocytochemical staining, neuron glial cultures 
were fixed with 3.7% formaldehyde in PBS for 20 min. Fixed 
cultures were treated for 10 min with 1% hydrogen peroxide 
and incubated for 20 min in blocking solution (BSA 1%/
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Triton X‐100 0.4%/Normal Goat Serum 4% in PBS) to pre-
vent nonspecific binding. Cells were immunostained over-
night at 4 °C with rabbit polyclonal antibody against TH 
(1:5000; DA dopaminergic neuron marker), goat polyclonal 
antibody against C3 (1:6000), or mouse polyclonal antibody 
against 3-NT (1:4000) in Antibody Diluent (DAKO). Anti-
bodies were detected with biotinylated secondary antibod-
ies, i.e., goat anti-rabbit, horse anti-goat, or goat anti-mouse 
(1:227; Vector Laboratory), diluted in PBS containing 0.3% 
Tritone X-100 for 2 h. After washing three times with PBS, 
the cultures were incubated for 1 h with the Vectastain ABC 
reagents (Vector Laboratory, Burlingame, CA) diluted in 
PBS containing 0.3% Triton X-100. To visualize the sig-
nal, the cultures were incubated with 3,3′-diaminobenzidine 
and urea-hydrogen peroxide tablets dissolved in water. TH-
positive cells were manually counted under a microscope 
(Nikon, model DIAPHOT, Garden City, NY, USA) by at 
least two investigators, and the results were averaged. The 
quantification of C3 and 3-NT was performed by ImageJ 
software. Briefly, the image was first converted into a gray-
scale picture, and the background was adjusted before the 
quantifying area was selected for the measurement of the 
total pixels. The relative density of the staining was com-
pared based on the density of the total pixels of a certain 
region (total pixels/area).

For immunofluorescence staining, LPS- or vehicle-
injected mice were perfused with saline followed by 4% 
paraformaldehyde (PFA), brains were removed and fixed in 
4% PFA for 48 h, dehydrated with 30% sucrose, and then cut 
to brain slices with the thickness of 35 µm. The brain slices 
were placed in the blocking solution for 20 min (BSA 1%/
Triton X-100 0.4%/normal goat serum 4% in PBS) to pre-
vent nonspecific binding. Brain slices were immunostained 
overnight at 4 °C with mouse polyclonal antibody against 
3-NT (1:1000) diluted in Antibody Diluent. Antibodies were 
detected and visualized using Alexa Fluor 488 goat anti-
mouse IgG (1:1500) secondary antibodies. The images were 
acquired using a confocal laser-scanning microscope Zeiss 
780. 3-NT fluorescent intensity was measured by ImageJ 
software.

RNA Analysis

Total RNA was extracted from cultures and rodent brains 
with Qiagen RNeasy Minikit and reverse transcribed with 
an oligo dT primer. Real-time PCR amplification was per-
formed using SYBR Green PCR Master Mix and a Quant-
Studio 6 Flex (Applied Biosystems, Therm Fisher Scien-
tific) according to the manufacturer’s protocol. The primers 
were designed using Vector NTI software (v.11, Invitrogen, 
Carlsbad, CA) and validated for efficacy through melting 
curve analyses. Mouse C3 F (5′ CCA TC CAGC AGG TCA 
TCA AGT CAG 3′), mouse C3 R (5′ GCT GAT GAA CTT 

GCG TTG CTG C 3′), mouse GAPDH F (5′ TTC AAC 
GGC ACA GTC AAG GC 3′), and mouse GAPDH R (5′ 
GAC TCC ACG ACA TAC TCA GCA CC 3′) were used 
to amplify the mouse complement C3 gene. Amplifications 
were done at 95 °C for 10 s, 55 °C for 30 s, and 72 °C for 
30 s for 40 cycles. All samples were tested in triplicate from 
at least three independent experiments and normalized with 
GAPDH using the  2−∆∆Ct method.

Western Blot

The protein extracts from cultured cells were homogenized 
in radioimmunoprecipitation assay lysis buffer (50 mM 
Tris–HCl, pH 8.0, 150 mM NaCl, 5 mM EDTA, 1% NP-40, 
0.5% sodium deoxycholate, 0.1% SDS, and 1:100 protease 
inhibitor cocktail). Protein concentrations were determined 
using the bicinchoninic acid assay (Pierce) and denatured 
in the protein loading buffer. Equal amounts of protein were 
resolved on 4–12%  BoltTm Bis–Tris plus gel, and immuno-
blot analyses were performed using antibodies against C3 
(1:1000; Millipore). An antibody against β-actin (1:5000; 
Cell Signaling Technology) was included as an internal 
standard to monitor loading errors.

Measurement of Superoxide and TNF‑α 
in the Culture Supernatant

The production of superoxide was determined by measur-
ing the superoxide dismutase (SOD)-inhibitable reduc-
tion of tetrazolium salt, WST-1, as described previously 
with modifications [14]. C57BL/6 J mixed glia cultures in 
96-well plates were treated with vehicle or iC3b in 100 µl of 
1 × HBSS without phenol red. After the treatment, 50 µl of 
WST-1 (1 mM) in HBSS with and without 800 U/ml SOD 
was added immediately. The absorbance at 450 nm was 
read with a Spectra Max i3X microplate spectrophotometer 
(Molecular Devices, Sunnyvale, CA, USA), and the data at 
30–40 min post-treatment were analyzed. The difference in 
absorbance observed in the presence and absence of SOD 
was considered to be the amount of superoxide produced, 
and results were expressed as the percentage of vehicle-
treated control cultures.

The levels of tumor necrosis factor α (TNF-α) in the cul-
ture medium were measured with commercial ELISA kits 
from R&D Systems following the manufacturer’s instruc-
tions. The results were quantified using a Spectra Max i3X 
microplate spectrophotometer.

Statistics

Data were presented as the mean ± SEM. Comparisons 
of more than two groups were performed using one-way 
ANOVA followed by the Bonferroni post hoc multiple 
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comparison test. Comparisons of more than two parameters 
were performed by two-way ANOVA analysis followed by 
different post hoc multiple comparison tests. Data were 
analyzed using Prism (v6.00, GraphPad, San Diego, CA). 
P-values less than or equal to 0.05 were considered statisti-
cally significant.

Results

LPS Treatment Enhances C3 Expression in Primary 
Neuron/Glial Cultures

To study the molecular mechanism of C3 regulation in 
brain tissues, we used LPS-treated primary mouse neuron/

glial cell cultures to determine the expression of comple-
ment C3. C57BL/6 J neuron/glial cultures were treated with 
LPS (15 ng/ml). The LPS treatment causes a time-depend-
ent increase in C3 mRNA expression, and the C3 mRNA 
peaked at day 3 after LPS stimulation (Fig. 1A). Western 
blot analysis revealed significant increases in cellular levels 
of C3 protein comparable to that of C3 mRNA (Fig. 1B). 
The increase in the expression of C3 after LPS treatment 
was also shown in the immunocytochemical staining studies 
(Fig. 1C). Image J software was used to detect and quantify 
the gray degree values of the positive signals in the West-
ern blot and staining. Adjustments for the background of all 
images had been made identically. Morphological observa-
tions suggested that the majority of the C3-positive cells are 
astroglia (Fig. 1C).
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Fig. 1  Mouse primary midbrain neuron/glial cultures were treated 
with LPS (15 ng/ml), and expression of C3 was detected at different 
time points after treatment (1, 3, 5  days). A C3 mRNA levels were 
detected by real-time PCR analysis. B Western blot analysis was 
quantified by densitometry. C Immunostaining pictures were per-
formed with an antibody against C3, and quantitative values were 

obtained with Image J. Scale bar: 50  μm. Values are expressed as 
mean ± SEM from at least three independent experiments in dupli-
cate. *p < 0.05, **p < 0.01, ***p < 0.001. Data were analyzed with 
one-way ANOVA followed by Dunnett’s post hoc multiple compari-
sons test
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The Presence of Microglia is Essential in LPS‑Elicited 
Increase in C3 mRNA in Astroglia‑Enriched Cultures

To further investigate the cell types expressing C3 in the 
neuron/glial cultures, we prepared different neuron and 
glia reconstituted cultures and enriched cultures. Cell 
number was counted before seeding to assure the num-
bers of microglia presented in neuron/glia and neuron/
microglial cultures were comparable. Since morphologi-
cal evidence suggests C3 immunostaining appears mainly 
in astroglia (Fig.  1C), we first performed a reconsti-
tuted neuron-microglial culture, which does not contain 
astroglia. LPS treatment produced much less C3 mRNA 
expression compared with that of neuron/glial cultures 
(Fig. 2A). Further mechanistic studies revealed that the 
presence of microglia is essential for LPS-elicited increase 
in C3 expression in astroglia. We found that LPS failed 
to induce C3 expression in neuron-astroglial co-cultures, 
which lack microglia (Fig. 2B). To test if proinflammatory 
factors released from activated microglia after LPS stimu-
lation mediates C3 expression, we added the LPS-treated 
glial conditioned medium (GCM) or control conditioned 
medium (CM) to neuron-astroglial cultures, and assessed 
changes in C3 mRNA. The C3 mRNA was significantly 
increased in GCM-treated neuron-astroglial cultures but 
not in CM-treated cultures (Fig. 2B). We further treated 
astroglia-, microglia-, and neuron-enriched cultures with 
MCM to determine the major cell type in producing C3. 
The results indicate that astroglia are the major source 
of C3 in the brain tissues, while microglia and neuron 
expressed about 25% and 1% of astroglia C3 levels, respec-
tively (Fig. 2C). The induction of C3 in astroglia requires 
the proinflammatory factors released from activated micro-
glia during neuroinflammation.

Continuing Release of DAMPs from Damaged/
Dead Brain Cells Contributes to the Long‑Lasting 
Expression of C3

A recent study shows that the presence of proinflam-
matory factors such as TNF-α, IL-1α, and C1q released 
from activated microglia triggers C3 expression in astro-
glia during acute neuroinflammation [27]. However, the 
half-lives of these released factors are fairly short. Thus, 
some other factors may likely be necessary for maintain-
ing the long-lasting expression of C3 as shown in Fig. 1. 
To investigate how C3 expression was maintained in 
chronic neuroinflammation, LPS (15 ng/ml) was given 
once, then LPS and released inflammatory factors from 
activated microglia were removed by washing the neu-
ron/glial cultures 24 h after treatment. Compared with 
pre-washed levels (day 1), expression of C3 mRNA 
and protein in washed cultures was still maintained at 
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the same magnitudes through day 5 (Fig.  3A, B). We 
hypothesized that the release of endogenous molecules 
named DAMPs from damaged or death of cells caused 
by LPS-induced neuroinflammation might link with the 
long-lasting expression of C3. To test this possibility, the 
conditioned medium containing DAMPs was collected 
from LPS-treated neuron/glial cultures, as described in 
the “Materials and Methods” section. Control conditioned 
medium or DAMP-containing conditioned medium was 

added to neuron/glial cultures. Three days after treatment, 
C3 mRNA and protein expressions were significantly 
increased in DAMP-containing conditioned medium-
treated cultures (Fig. 3C, D). These results suggested that 
LPS and the inflammatory factors released from activated 
microglia are necessary to induce C3 expression during 
acute neuroinflammation. By contrast, C3 expression in 
chronic neuroinflammation was sustained by the DAMPs 
released from damaged or dying cells.

Fig. 3 (Figure 3 is missing, the 
file is in the attachment)  Cul-
ture supernatants were with-
drawn and washed 24 h after 
LPS treatment and replenished 
with a fresh treatment medium 
to remove LPS and proinflam-
matory factors produced. 
At various time points after 
washout, the expression of 
A C3 mRNA and B protein 
was detected in neuron/glia 
cultures (N/G). C C3 mRNA in 
C57BL/6 J neuron/glia cultures 
was measured on day 3 after 
damage-associated molecular 
patterns (DAMPs) conditioned 
medium treatment. D Western 
blot analysis for C3 expres-
sion and quantified data in 
C57BL/6 J NG on day5 after 
DAMPs treatment. The reason 
for measuring mRNA and pro-
tein at different time points is to 
allow a sufficient period for the 
translation of mRNA to protein. 
All results are mean ± SEM 
from at least three independ-
ent experiments in duplicate. 
*p < 0.05, **p < 0.01, and *** 
p < 0.001. Panels A and B were 
analyzed with one-way ANOVA 
followed by Dunnett’s post 
hoc multiple comparisons test. 
Panels C and D were analyzed 
with unpaired t-test
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The Mac1‑NOX2 Signaling Axis Is Critical 
in Mediating Long‑Lasting C3 Expression

Activation of microglial C3 receptor, Mac1 (also knowns 
as complement receptor 3 [CR3], CD11b/CD18 or αMβ2), 
by DAMP molecules, such as α-synuclein, β-amyloid, and 
HMGB-1 released from damaged cells, has been shown 
to cause chronic microgliosis and sustain neuroinflamma-
tion [10, 12, 14]. To elucidate whether Mac1 is involved 

in C3 expression in chronic neuroinflammation, wild-type 
and Mac1-deficient neuron/glial cultures were treated with 
LPS and washed 24 h after treatment. Western blot analysis 
revealed that after washout, time-dependent decreases in C3 
protein in Mac1 KO neuron/glia cultures were observed. 
Compared with levels of C57BL/6 J, 50%, 70%, and 80% 
decreases in C3 immunoreactivity were found at 1, 3, and 
5 days, respectively (Fig. 4A). The results from immu-
nostaining analysis showed a similar pattern of change as 

Fig. 4  LPS and proinflamma-
tory factors were washed out 
and a fresh medium was added 
back to the cell cultures 24 h 
after LPS treatment. C3 protein 
was determined by A Western 
blot in C57BL/6 J and Mac1-
deficient neuron/glia cultures. B 
Immunocytochemical stain-
ing and quantification of C3 
expression in C57BL/6 J and 
Mac1 KO neuron/glia cultures 
treated with 15 ng/ml LPS (LPS 
was washed out at 24 h after 
treatment). Scale bar: 50 μm. 
All results are mean ± SEM 
from at least three independ-
ent experiments in duplicate. 
**p < 0.01. Data were analyzed 
with two-way ANOVA followed 
by Sidak’s post hoc multiple 
comparisons test
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that of western analysis (Fig. 4B). Cell counting at the end 
of the experiment showed that the ratios of neuron, micro-
glia, and astroglia remain comparable between wild-type 
and Mac1-deficient neuron/glial cultures, indicating the 
difference in LPS-elicited C3 expression was not due to the 
change of cell ratio.

Reports from our laboratory and others have provided 
strong evidence indicating that microglial NADPH oxidase2 
(NOX2) is critical in mediating toxin-elicited microglial 
activation leading to neuroinflammation [20, 28–30]. We 
demonstrated that LPS-induced microglial activation and 
subsequent neuronal death were greatly reduced in NOX2-
deficient conditions in vivo and in vitro [20, 28]. Since it is 
well-documented that NOX2 is one of the major downstream 
effectors of Mac1 [10], we examined the role of NOX2 in 
C3 regulation. Upon the activation of the Mac1 by C3 or 
DAMPs, PI3 kinase was activated to trigger the phospho-
rylation of cytosolic subunits of NOX2, which in turn trans-
locate and bind to membrane subunits to generate superoxide 
and related ROS [31]. Wild-type and Mac1-deficient neuron/
glial cultures were treated with LPS and washed 24 h after 
treatment. The essential role of NOX2 in the regulation of 
C3 expression was illustrated in evidence showing that LPS-
elicited increase in C3 protein expression was significantly 
decreased in NOX2-deficient neuron/glial cultures (Fig. 5A). 
Moreover, the immunocytochemical analysis showed that 
post-treatment with DPI, a NOX2 inhibitor, LPS-induced 
increase in C3 expression was decreased in wild-type cul-
tures (Fig. 5B). To determine whether NOX2 regulates brain 
C3 expression in vivo, we used an inflammation-mediated 
neurodegeneration mouse model through a single systemic 
injection of LPS. Brain C3 mRNA in NOX2 KO mice was 
50% lower than that of in wild-type control 24 h after LPS 
injection (Fig. 5C). Similar results were obtained in LPS-
injected mice, which were treated with the NOX2 inhibitor 
DPI (Fig. 5D). Taken together, strong evidence indicates 
that the C3- Mac1-NOX2 signal axis plays a critical role in 
maintaining long-lasting C3 expression.

C3 Increases Superoxide Production and Elevates 
LPS‑Induced Oxidative Stress

Our previous study demonstrated that the elevation of oxida-
tive stress partly resulted from the Mac1-NOX2 axis-pro-
duced superoxide/ROS is a pivotal feature of neuroinflam-
mation and neurodegeneration [32–35]. To further elucidate 
the role of C3 in chronic neuroinflammation, we compared 
the oxidative stress in wild-type and C3-deficient neuron/
glial cultures using an antibody against 3-NT, which is a 
marker for oxidative stress. The number of 3-NT-positive 
cells was significantly increased in wild-type cultures than 
that in C3-deficient neuron/glial culture 7 days after 15 ng/
ml LPS treatment, indicating that the oxidative stress was 

reduced without C3 expression (Fig. 6A). We also deter-
mined the superoxide production in endotoxin-free iC3b (an 
active metabolite of C3)-treated wild-type mixed glial cul-
tures. Compared with the control group, the iC3b treatment 
significantly increased superoxide production in mixed glial 
cultures (Fig. 6B).

The Absence of C3 Prevents LPS‑Elicited Progressive 
Neurodegeneration

To further understand how C3 participates in the patho-
genesis of neurodegeneration, we tested the hypothesis that 
upregulated C3 could over-activate microglia to trigger 
neuron loss in chronic neuroinflammation. Wild-type and 
C3-deficient neuron/glial cultures were treated with LPS, 
and the dopaminergic neuron numbers were counted after 
staining with its marker TH 7 days after treatment. There is 
about 30% neuronal loss in wild-type neuron/glial cultures; 
by contrast, there is no significant neuronal loss in C3-defi-
cient-neuron/glial cultures (Fig. 7A). We had previously 
reported that activated microglia is the major source of pro-
duction TNF-α [24]. LPS-elicited increases in supernatant 
TNF-α levels were similar between C3 KO and wild-type 
neuron/glia cultures (Fig. 7B). These results suggest that in 
the absence of C3, LPS still can produce acute inflamma-
tion and microglia activation during the first few hours after 
treatment and provides clear evidence indicating that C3 is 
needed for maintaining chronic neuroinflammation and trig-
gering neurodegeneration.

To directly determine whether C3 can cause neuron dam-
age, different amounts of iC3b, the active form of C3, were 
added to wild-type neuron/glial cultures. iC3b dose-depend-
ently caused loss of dopaminergic neurons in wild-type neu-
ron/glial cultures (Fig. 7C). We also used the wild-type and 
Mac1-deficient neuron/glial cultures and observed neuro-
degeneration in treated cultures. By contrast, iC3b did not 
produce and loss of dopaminergic neurons in Mac1-deficient 
neuron/glial cultures (Fig. 7D), suggesting that iC3b binds 
to the Mac1 receptor to activate microglia and subsequently 
causes damage to dopaminergic neurons.

A Systemic LPS Injection Caused a Sustained 
Increase in C3 Expression and Oxidative Stress 
in the Brain

An in vivo experiment was performed to confirm that 
the abovementioned in vitro results were obtained from 
various neuron/glial cultures. RT-PCR analysis shows the 
increase of brain C3 mRNA levels after mice received 
a single injection of LPS (3.5 mg/kg,i.p.). C3 mRNA 
peaked at day 2 after injection and still sustained at about 
250% above the control level 1 month later (Fig. 8A). 
Furthermore, we also determined whether the increase in 
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Fig. 5  A C3 protein expression 
was detected by Western blot in 
C57BL/6 J and NOX2-deficient 
(NOX2 KO) neuron/glia cul-
tures (N/G). Western blot was 
qualified by densitometry. B 
Immunostaining of C3 expres-
sion of C57BL/6 J neuron/
glial cultures treated with LPS 
and LPS plus DPI  (10−13 M), 
a NOX2 inhibitor. Scale bar: 
50 μm. C C57BL/6 J and 
NOX-2 KO mice were treated 
with LPS (3.5 mg/kg i.p.). 
Brain C3 mRNA in C57BL/6 J 
and NOX2-deficient mice 24 h 
after LPS injection. D Brain 
C3 mRNA levels in LPS and 
LPS + DPI injected C57BL/6 J 
mice were measured 24 h after 
LPS injection. We pre-treated 
C57BL/6 J mice with saline 
or 10 ng/kg DPI for 4 days by 
subcutaneous injection (3 times 
per day) before the single LPS 
administration, then continu-
ously post-treated at 6 and 12 h 
after LPS injection. All brain 
samples were collected 24 h 
after LPS to determine the brain 
C3 mRNA level. There are at 
least three mice in each group. 
All results are mean ± SEM 
from at least three independ-
ent experiments in duplicate. 
*P < 0.05, **P < 0.01. Panels 
A and C were analyzed with 
two-way ANOVA followed 
by Sidak’s post hoc multiple 
comparisons test. Panels B and 
D were analyzed with one-way 
ANOVA followed by Dunnett’s 
post hoc multiple comparisons 
test
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complement C3 expression is associated with neuronal 
oxidative stress observed in LPS-injected mice during 
the late chronic neuroinflammatory stage. The nitrosative 
stress and oxidative stress marker 3-NT was measured 
by immunofluorescence staining in the substantial nigra 
in both wild-type and C3-deficient mice 6 months after 
LPS injection. The results showed that the LPS-elicited 
increase in brain 3-NT immunoreactivity in C57BL/6 J 
mice was greatly reduced in C3-deficient mice (Fig. 8B).

Discussion

The present study provides additional evidence illustrat-
ing the critical role of microglia in regulating the expres-
sion of C3 in astroglia. The dual function of C3 in affecting 
neuronal function and reactive microgliosis is summarized 
in Fig. 9. Multiple proinflammatory factors released from 
over-activated microglia resulting from LPS stimulation can 
produce damage to neurons and also trigger the activation 
of astroglia [24]. Activated astroglia can produce C3 and 
iC3b to label the damaged neurons [27]. On the one hand, 
the C3 attached to neurons can attract microglia to remove 
damaged neurons through phagocytosis. On the other hand, 
C3 released from astroglia and DAMPs from the damaged 

neurons can trigger the reactivation of microglia through 
the activation of the Mac1-NOX2 axis in microglia. Sub-
stantial evidence supports the formation of a self-propelling 
circle among activated microglia, astroglia, and damaged 
neurons to sustain the long-lasting C3 expression, which in 
turn participates in maintaining chronic neuroinflammation 
and driving subsequent neurodegeneration (Fig. 9).

Microglia Are Essential in LPS‑Elicited Increase in C3 
mRNA in Cultured Astroglia

During acute inflammation, blood macromolecules like com-
plements cannot freely penetrate the BBB. Thus, comple-
ment components produced locally in the brain are critical 
immune responses to infections and traumatic brain injury. 
Our in vitro studies showed that C3 mRNA significantly 
diminished in neuron-microglia cultures (lacking astroglia) 
after LPS stimulation (Fig. 2A) which is consistent with 
previous studies indicating that the majority of complement 
components found in the brain are produced from astroglia 
[27, 36, 37]. However, the mechanism regulating the pro-
duction of C3 in astroglia is not clear. LPS was previously 
thought to directly upregulate the expression of comple-
ment C3 in primary astroglial cultures [5, 6]. By contrast, 
we found that LPS failed to directly activate highly enriched 

Fig. 6  C3 increases the produc-
tion of superoxide-mediated 
oxidative stress and enhances 
neuron damage through the 
activation of the Mac1-NOX2 
axis. A Immunocytochemi-
cal staining of 3-nitrotyrosine 
(3-NT), an oxidative stress 
marker, in C57BL/6 J, and C3 
KO neuron/glia cultures at 
7 days after LPS treatment. All 
results are mean ± SEM from at 
least three independent experi-
ments in duplicate. *p < 0.05 
and **p < 0.01. B Superoxide 
level was detected in endotoxin-
free iC3b (500 ng/ml) treated 
C57BL/6 J mixed glial cultures. 
Panel A was analyzed with two-
way ANOVA flowed by Sidak’s 
post hoc multiple comparisons 
test. Panel B was analyzed with 
an unpaired t-test

C57 Control C57 LPS

C3 KO Control C3 KO LPS

C57BL/6J C3 KO
0
1
2
3
4
5
6

in
te

ns
ity

of
3-

N
T

im
m

un
os

ta
in

in
g

(fo
ld

s
of

co
nt

ro
l)

Control
LPS

n.s.

**

0

50

100

150

200

250

su
pe

ro
xi

de
(%

co
nt

ro
l)

**
**

Control iC3b
(500 ng/ml)

A

B



5178 Molecular Neurobiology (2023) 60:5167–5183

1 3

astroglial cultures in our study (Fig. 2B). Additional evi-
dence indicates that proinflammatory factors released from 
LPS-activated microglia are necessary to upregulate C3 in 
astroglia. Our finding is consistent with previous reports 
indicating failure of LPS in directly activating astroglia, 
likely due to the lack of functional TLR-4 receptors on the 
astroglial membrane [38, 39].

DAMPs Released from Damaged Neurons Mediate 
the Long‑Lasting Expression of C3

Besides the robust increase in C3 level during the acute 
neuroinflammation stage, the long-lasting expression 
of this complement has been well-described in numer-
ous chronic neurodegenerative disorders. Increased 
complement C3 was found in human cerebrospinal 
f luid and different brain regions in Parkinson’s dis-
ease, Alzheimer’s disease (AD), and multiple system 
atrophy [9, 36, 37, 40–43]. Increased C3 promoted neu-
ronal tau pathology and neurodegeneration in an AD 

mouse model [40, 44–46]. Furthermore, inhibition or 
deficiency in complement C3 showed neuroprotective 
effects in a cerebral ischemia model [47, 48]. However, 
the regulation of C3 expression in the chronic neuroin-
flammation stage is still not fully understood. Our find-
ing indicated that DAMPs released from damaged/dead 
neurons could sustain the complement C3 expression 
in chronic neuroinflammation. C3 mRNA and protein 
are maintained at high levels even after the removal 
of culture supernatants (containing LPS and microglia 
released proinflammatory factors) in neuron/glial cul-
tures. Moreover, the addition of DAMPs collected from 
damaged neurons to neuron/glial cultures increased the 
expression of C3 (Fig. 3C, D). It is interesting to note 
that DAMPs from damaged/dead brain cells, includ-
ing ATP, S100, α-synuclein, β-amyloid, and HMGB-1, 
are known to cause reactive microgliosis by binding to 
microglial complement C3 receptor (Mac1). Previous 
studies from our and other groups showed that DAMPs 
like HMGB-1 are critical in inducing C3 expression and 

Fig. 7  Lack of C3 prevents 
LPS-elicited progressive 
neurodegeneration. To achieve 
a greater degree of TH neuronal 
loss, a higher concentration 
of LPS (20 ng/ml) was used 
for both panels A and B. A 
Significant loss of TH neuron 
number in C57BL/6 J, but not 
in C3-deficient neuron/glial cul-
tures 7 days after LPS (20 ng/
ml) treatment. B LPS produced 
similar increases in supernatant 
TNF-α levels in both C57BL/6 J 
and C3-deficient neuron/glia 
cultures 3 h after treatment. 
C Dose-dependent loss of 
TH neurons in iC3b-treated 
in C57BL/6 J neuron/glial 
cultures 7 days after treatment. 
D Graded loss of TH neurons in 
C57BL/6 J, but not in Mac1-
deficient neuron/glial cultures 
7 days after various concentra-
tions of iC3b treatment. All 
results are mean ± SEM from at 
least three independent experi-
ments in duplicates. *p < 0.05, 
** and ## p < 0.01. Panels A, 
B, and D were analyzed with 
two-way ANOVA followed 
by Sidak’s post hoc multiple 
comparisons test. Panel C was 
analyzed with one-way ANOVA 
followed by Dunnett’s post hoc 
multiple comparisons test
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neurodegeneration [10, 49, 50]. LPS-elicited increase 
in the expression of C3 was greatly reduced in Mac1-
deficient neuron/glial cultures (Fig. 4). Based on these 
findings, we conclude that DAMPs from damaged/
dead neurons act on microglia Mac1 receptors to cause 
reactive astrogliosis and maintain C3 expression. This 
neuron/glial crosstalk is responsible for maintaining 
the self-perpetuating reactive microgliosis/astrogliosis 
required in chronic neuroinflammation and subsequent 
neurodegeneration.

Critical Roles of Microglial Mac1‑NOX2 Signaling 
in the Expression of C3

Recent studies have indicated microglial NOX2 is an 
important downstream effector of Mac1 signaling [51]. 
NOX2 is composed of cytosolic subunits  (p47phox,  p67phox, 
 p40phox, and the small Rho GTPase, Rac1, or Rac2) and 
membrane-bound subunits p22 phox and gp91 phox [18]. 
Upon stimulation, cytosolic subunits of NOX2 translocate 
and bind to the membrane subunits to assemble the cata-
lytically active form of NOX2 that produces ROS, such as 
extracellular superoxide and other free radicals [10, 49]. 
Previous studies demonstrated that neuronal DAMPs bind 

to Mac1 to trigger superoxide production through NOX2 
activation [14, 52, 53]. Our results showed that either 
genetic ablation of NOX2 or pharmacologic inhibition by 
a NOX2 inhibitor DPI significantly reduced C3 expression 
both in vitro and in vivo (Fig. 5). These results suggest 
that neuronal DAMPs stimulate microglial ROS produc-
tion through the Mac1-NOX2 axis. ROS could serve as 
a messenger to activate signaling molecules like NF-κB 
or MAP kinases to maintain the C3 expression in chronic 
neuroinflammation [54].

Roles of C3 in the Pathogenesis of Chronic 
Inflammation‑Related Neurodegeneration

Strong evidence indicates that astroglia plays both neuro-
protective and neurotrophic roles by providing neurotrophic 
factors, buffering the toxic substances, and promoting the 
formation and function of synapses under normal physiologi-
cal conditions [55, 56]. However, recent studies reported that 
a subset of reactive astroglia, termed A1, is induced by acti-
vated microglia in neuroinflammation conditions [27, 57–59]. 
The complement C3 is highly upregulated in A1 astroglia. 
A1 astroglia are present in the brains of most major neurode-
generative diseases and are closely associated with activated 

Fig. 8  A C3 mRNA in LPS-
injected wild-type mouse brains 
at 1 h, 2 days, and 1 month after 
the injection. N = 5. B Repre-
sentative pictures of immuno-
fluorescence staining of 3-NT 
(green color) in the substantial 
nigra region of LPS-injected 
C57BL/6 J and C3-deficient 
mice 6 months after injection. 
Note the immunofluorescence 
staining of 3-NT was mainly 
observed in the substantial 
nigra compact region where the 
majority of cell type was TH-
positive dopamine-containing 
neurons. There are three mice 
in each group. All results are 
mean ± SEM from at least three 
independent experiments in 
duplicate. *p < 0.05, **p < 0.01, 
and *** p < 0.001. Panel A was 
analyzed with an unpaired t-test. 
Panel B was analyzed with two-
way ANOVA flowed by Sidak’s 
post hoc multiple comparisons 
test
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microglia. A1 astroglia fail to promote neuronal survival, out-
growth, synaptogenesis, and phagocytosis and may induce 
the death of neurons and oligodendrocytes [27]. Blockade 
of A1 astroglia formation is neuroprotective in neuroinflam-
matory conditions [57]. Our results are consistent with these 
findings and further provide the underlying molecular mecha-
nisms of how C3 is regulated in the A1 astroglia.

We have addressed a critical question as to how C3 medi-
ates the LPS-elicited progressive neurodegeneration in this 
study. Our results demonstrate the presence of C3 is criti-
cal in LPS-elicited progressive neurodegeneration. LPS-
induced oxidative stress was significantly decreased in C3 
KO neuron/glial cultures or the brain of LPS-injected C3KO 
mice (Fig. 6 and Fig. 8). The LPS-induced neurotoxicity 
was greatly reduced in C3 KO neuron/glial cultures. Further 
study reveals that C3-mediated neuronal toxicity is tightly 
regulated by the Mac1-NOX2 axis (Fig. 7). Together, these 
results provide strong evidence supporting the critical role of 
C3 in sustaining chronic neuroinflammation and participat-
ing in progressive neurodegeneration (Fig. 9).

In summary, this study demonstrated that proinflamma-
tory factors released from activated microglia damaged neu-
rons and triggered astroglia activation (reactive astrogliosis) 
to produce C3. Strong evidence further shows that C3 is one 
of the critical proinflammatory factors mediating and sus-
taining chronic neuroinflammation. The interaction between 
C3 and the Mac1-NOX axis not only unveils the regulation 
of C3 in chronic neuroinflammation but provides a poten-
tial therapeutic target for developing new interventions for 
neurodegenerative diseases by inhibiting the C3 production 
and A1 neurotoxic astroglia formation.
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acute phase, microglia activated by pathogen-associated molecular 
patterns (PAMPs), like LPS, can produce multiple proinflammatory 
factors to combat invading microorganisms but also can damage sur-
rounding neurons. Proinflammatory factors released from activated 
microglia can also trigger astroglia to have delayed release of immune 
factors, including complement C3 and iC3b to label the damaged 
neurons during the chronic phase of neuroinflammation. The attached 

C3 can attract microglia to further damage neurons. Furthermore, C3 
from astroglia and DAMPs from the damaged neurons or other cells 
can trigger the activation of the Mac1-NOX2 axis in microglia to fur-
ther produce superoxides to cause oxidative stress and maintain the 
reactive microgliosis. During this chronic phase, microglia cease to 
produce proinflammatory cytokines but continue to enhance the pro-
duction of C3, superoxide, and other delayed immune factors. Thus, 
sustaining activated microglia, astroglia, and damaged neurons can 
result in a self-propelling circle to maintain chronic inflammation and 
subsequent neurodegeneration
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