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� Macrophage-specific SAP is the main
source of the elevated level of
periodontal SAP during periodontitis.

� SAP deficiency exacerbated
periodontitis, inflammation, and
infiltration of M1-type
proinflammatory macrophages in the
periodontium.

� SAP deficiency resulted in a higher
abundance of Porphyromonas genus
in the oral cavity of periodontitis
mice.

� SAP depleted macrophages induced
C5a release from P. gingivalis and
inhibited macrophage phagocytosis
of P. gingivalis via C5a-C5aR signaling.

� A higher abundance of
Porphyromonas during SAP deficiency
could promote M1 macrophage
polarization and inflammation in the
periodontium.
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Introduction: Serum amyloid P component (SAP) regulates the innate immune system and microbial dis-
eases. Periodontitis is an inflammatory oral disease developed by the host immune system’s interaction
with the dysbiotic oral microbiome, thereby SAP could play a role in periodontitis pathogenicity.
Objectives: To investigate the role of SAP in oral microbiome modulation and peridontitis pathogenicity.
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Methods: In this study, wildtype and SAP-knockout (KO) mice were used. Ligature-based periodontitis
was developed in mice. Oral microbiome diversity was analyzed by 16 s rRNA sequencing.
Macrophages and Porphyromonas gingivalis (P. gingivalis) co-culture system analyzed the effect of SAP
in macrophage phagocytosis of P. gingivalis.
Results: The level of SAP was upregulated in the periodontitis-affected periodontium of humans and mice
but not in the liver and blood circulation. Periodontal macrophages were the key source of upregulated
SAP in periodontitis. SAP-KO aggravated periodontal inflammation, periodontitis, and a higher number of
M1-type inflammatory macrophage infiltration in the periodontium. The oral microbiome of SAP-KO
periodontitis mice was altered with a higher abundance of Porphyromonas at the genus level. SAP-KO
macrophages showed compromised phagocytosis of P. gingivalis in the co-culture system. Co-culture of
SAP-KO macrophages and P. gingivalis induced the C5a expression and exogenous SAP treatment nullified
this effect. Exogenous recombinant SAP treatment did not affect P. gingivalis growth and opsonization.
PMX205, an antagonist of C5a, treatment robustly enhanced P. gingivalis phagocytosis by SAP-KO macro-
phages, indicating the involvement of the C5a-C5aR signaling in the compromised P. gingivalis phagocy-
tosis by SAP-KO macrophages.
Conclusion: SAP deficiency aggravates periodontitis possibly via C5a-C5aR signaling-mediated defective
macrophage phagocytosis of P. gingivalis. A higher abundance of P. gingivalis during SAP deficiency could
promote M1 macrophage polarization and periodontitis. This finding suggests the possible protecting
role of elevated levels of periodontal SAP against periodontitis progression.
� 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Periodontitis, a highly prevalent disease of the oral cavity,
causes tooth loss and is associated with systemic diseases includ-
ing hypertension, cardiac diseases, and neuronal diseases [1]. Many
studies have reported periodontitis as a complex inflammatory dis-
ease with several etiologic and contributing factors [2,3]. Recent
studies based on oral microbiome analysis revealed microbiome
dysbiosis and host susceptibility as key processes of periodontitis
pathogenicity [2,3]. The oral microbiota is composed of more than
700 bacterial species, which maintains microbiome homeostasis
and is usually non-pathogenic in healthy individuals [4]. However,
according to the ‘‘Keystone Pathogen” hypothesis, the low abun-
dance of microbial pathogens has the potential to induce micro-
biome dysbiosis [5]. Porphyromonas gingivalis (P. gingivalis) is a
gram-negative anaerobic bacteria that is a proven periodontitis
Keystone Pathogen [4]. Furthermore, P. gingivalis interferes with
host immunity, causes oral microecological disorders, and pro-
motes the occurrence and development of periodontitis [6].

SAP (also known as PTX2) is a pentraxin protein present in the
majority of amyloid deposits that was first isolated in serum [7].
According to RNA-seq databases and proteomics, SAP is mainly
produced in the liver [8,9]. The human serum level of SAP is
approximately 30 mg/L [10]. SAP level goes up to 20-fold in mice
during bacterial infection and tissue injury [11,12]. As the soluble
pattern recognition molecule, SAP plays an important role in the
innate immune system [12]. During bacterial infections, SAP exerts
differential effects on different microbes. SAP increases virulence
during infection of Escherichia coli, Neisseria meningitidis, Strepto-
coccus pyogenes, or fungi [13,14]. In contrast, SAP binds to teichoic
acid-deficient DtagO mutant of Staphylococcus aureus to promote
the phagocytosis of this pathogen [15]. The higher expression of
SAP has been reported in biopsies of established periodontitis
lesions and non-destructive marginal gingivitis in humans by
immunohistochemistry [16]. However, the effect of SAP on
periodontitis-related pathogens and host immune cells’ function
is still unclear.

Interaction between pathogenic bacteria and host immune cells
is a key process of periodontitis progression. Macrophages are
major immune cells of innate immunity [17] and participate in
periodontitis pathogenesis by regulating periodontal biofilm, acti-
vating adaptive immunity, and mediating the absorption and
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repair of alveolar bone [18,19]. Macrophages are classified as
pro-inflammatory macrophages (M1) and anti-inflammatory
macrophages (M2) according to their immunomodulatory func-
tions. Moreover, SAP regulates macrophage polarization-related
immune regulation [20–22]. However, the periodontal SAP level
in periodontitis and its role in disease progression are still
unknown. Pathogenic bacteria invade periodontal tissue and
secrete gingival protease that activates the C5 complement system
and releases C5a fragments [23,24]. With the participation of the
TLR2/1 complex, C5a inhibits the macrophage phagocytosis of
pathogens and causes microecological disorders, which further
regulate periodontitis pathogenicity [25,26]. However, the role of
SAP in C5a release from pathogenic bacteria during periodontitis
should be further investigated.

This study aimed to analyze: (1) the expression pattern of SAP
in the periodontium and its role in periodontitis pathogenicity;
(2) the effect of SAP on macrophage polarization and oral micro-
biome abundance during periodontitis; and (3) the role of SAP in
the regulation of macrophage phagocytosis of pathogenic bacteria
and the underlying mechanisms. We found the increased SAP level
in periodontitis periodontium and macrophages were the key
source of the upregulated SAP. SAP-knockout (KO) aggravated peri-
odontitis and increased the periodontium inflammation via infil-
tration of M1 macrophage. A higher abundance of Porphyromonas
at the genus level was observed in the oral cavity of SAP-KO peri-
odontitis mice. SAP deficiency in macrophages aggravated peri-
odontitis pathogenicity and inhibited phagocytosis of P. gingivalis
in vitro via upregulating C5a-C5aR signaling, suggesting the possi-
ble protecting role of elevated levels of periodontal SAP against
periodontitis progression..
Materials and methods

Human sample collection

periodontitis patients and healthy controls (18 in each group)
visiting the Affiliated Stomatology Hospital of Guangzhou Medical
University (November 2019 to November 2021) were recruited.
Radiography and clinical examination confirmed the healthy con-
trols or periodontitis patients. Human gingiva of healthy controls
was obtained during impacted tooth extraction. Diseased gingiva
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was obtained from patients during surgical treatment for peri-
odontitis. The expression of SAP protein was detected by
enzyme-linked immunosorbent assay (ELISA). Table S1 summa-
rizes the clinical and demographic characteristics of patients and
healthy controls. The Medical Ethics Committee of Affiliated
Stomatology Hospital of Guangzhou Medical University approved
the patient’s sample-related studies (approval number:
KY2019032). Each participant provided informed consent.

Cell culture

Murine pre-osteoblast cell line MC3T3-E1 and mouse gingival
epithelial cells (GECs) were purchased from Procell Life
Science&Technology Co., ltd (Wuhan, China). Both MC3T3-E1 and
GECs were cultured in standard culture medium (DMEM medium
supplemented with 10 % FBS and 1 % antibiotics (streptomycin
100 U/mL, penicillin 100 U/mL)). Mice bone marrow-derived
macrophages (BMDM) were harvested and cultured [27].

Animals

C57/BL6 wildtype mice were obtained from Guangdong Medical
Animal Experiment Center (Guangdong, China, permit number.
SCXK2018-0002). SAP-KO mice were obtained from Prof. Lijing
Wang’s lab, Vascular Biology Research Institute, School of Life
Sciences and Biopharmaceutics, Guangdong Pharmaceutical
University, Guangzhou 510006, China. SAP-KO mice construction
procedure and genetic verification are provided in Supplementary
data (Fig. S1). This study used eight weeks old male mice with
22 � 25 g body weight. The Institutional Laboratory Animal Care
and Use Committee of Guangzhou Medical University approved
this study (GY2020-004).

Ligature-based periodontitis development in mice

Ligature-based mouse periodontitis model is widely used for
periodontitis research. Although this model uses a mechanical
way, the bacterial accumulation around the ligature mainly pro-
gresses the periodontitis [28]. Moreover, this model allows analy-
sis of most aspects of periodontitis, including bacterial
interactions and dysbiosis, periodontal inflammatory responses,
and bone biology [29]. The periodontitis model was established
in wildtype mice and SAP-KO mice by silk ligature method [28].
The mice were sacrificed by cervical dislocation 7 days after liga-
ture. The mice maxilla were collected to analyze the periodontitis
pathogenicity.

Micro-CT analysis

The maxilla tissues were fixed in 4 % paraformaldehyde at room
temperature for 24 h. The fixed maxilla tissues were scanned by
SkyScan1172 (Bruker-Micro-CT, Kontich, Belgium) using 60 kV
device voltage 60, 100 lA current, 10 lm scanning volume voxel
resolution. The NRECON and CTVOX software was used for the
3D reconstruction of the scanned images. The bone height of the
maxillary second molar was measured by SkyScan Dataviewer
software. The distances from the cementum enamel junction to
the alveolar bone crest (CEJ-ABC) distances were measured at 6
fixed palatal sites [30]. Each site was measured three times, and
the average of 6 sites represented the bone resorption height.

Histological evaluation

The histological tissue sections of the maxilla were stained with
Hematoxylin and eosin (H&E) and tartrate-resistant acid phos-
phatase (TRAP) staining [30]. Images of stained tissue sections
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were taken (DM4000B-LED/DFC450, Leica, Wetzlar, Germany).
The CEJ-ABC distance and the number of multinucleated osteo-
clasts were analyzed.
Immunohistochemistry

Tissue sections were incubated with sodium citrate antigenic
repair fluid (EDTA, Solarbio) in a pressure cooker for 8 min to
retrieve the antigen. To block endogenous peroxidase, the slides
were soaked in a box containing 3 % H2O2-methanol solution and
placed in a drying oven at 37℃ for 30 min. Bovine serum albumin
(BSA, 10 %) blocked tissue sections were incubated with primary
antibodies: anti-SAP (GTX55792, Gene Tex, USA), anti-CD34
(AB81289, Abcam, Cambridge, UK), anti-CD45 (20103–1-AP, Pro-
teinTech, US), anti-F4/80 (70076, CST, US) or isotype controls for
overnight at 4 �C. Corresponding secondary antibodies anti-
rabbit/anti-mouse (SolelyBio, Beijing, China) were used. The
diaminobenzidine chromogen (Cell Signaling Technology, MA,
USA) was immunolabeled (Cell Signaling Technology, MA, USA)
and counterstained with Mayer’s hematoxylin. The tissue sections’
images were taken under a light microscope and immunostained
cells were counted.
Immunofluorescence staining

BMDM (2 � 105) were seeded in a round coverslip that fits in
12-well plates with or without Pg-LPS (Invivogen, USA) treatment
for 24 h. Cultures were washed with PBS and fixed with 4 %
paraformaldehyde for 15 min. And, 0.3 %Triton X-100 (prepared
with 1 � PBS) treatment was performed to permeabilize the cells.
Incubation with normal goat serum (New Zealand origin, Gibco) at
room temperature for 30 min blocked the cells before staining.
BMDM or tissues section were incubated with the primary anti-
body F4/80 (1:100 Invitrogen, MA5-32846, USA), SAP (1:100,
GTX55792, GeneTex, USA) in a wet box at 4 �C overnight. After 3
times washing with PBS, samples were incubated with
fluorescent-labeled secondary antibodies (1:200, AMCA, Earthox,
USA) in a wet box at 37 �C for 1 h. The nucleus was stained with
Hoechst (Beyotime, Hoechst33342) in dark conditions for 5 min.
Fluorescence mages were taken (LEICATCSSP8) and quantified
using Image J.

Immunofluorescence staining visualized the BMDM phagocyto-
sis of P. gingivalis. In brief, P. gingivalis were counted and labeled
with FITC (Yeasen Biotechnology, 60514ES60, Shanghai, China). P.
gingivalis with a multiplicity of infection (MOI) of 100:1 was used
to infect BMDM. After co-culturing for 30 min, 1 h, and 2 h respec-
tively, the culture medium was discarded, and immunofluores-
cence staining was performed using primary antibody F4/80
(D4C8V, 1:100, Cell Signaling Technology, USA) as described above
in this subsection.
RT- qPCR

Maxillary tissue total RNA was isolated as described previously
[30]. The total RNA from MC3T3-E1 cells, GECs, and BMDM was
isolated using Trizol. NanoDrop spectrophotometer (Nano-
Drop2000, Wilmington, DE, USA) analyzed the concentration and
quality of RNA. Reverse transcription of total RNA was performed
using Takara PrimeScriptTM RT Master Mix. RT-qPCR for the speci-
fic gene was performed using Takara TB-Green Premix Ex Taq in
the LightCycler RT-qPCR system (LC-480 II, Roche, Switzerland).
The primers used in this study can be found in Table S2.
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Western blot analysis

MC3T3-E1 cells, gingival epithelial cells, and BMDM were
seeded in 6-well plates (5 � 105 cells/well), with or without Pg-
LPS (Invivogen, USA) treatment for 24 h. The cell lysate was pre-
pared in a lysate solution (P0013B, Beyotime, China). The peri-
odontal tissue lysate was prepared and protein concentration
was analyzed as described previously [30]. Total protein (20 lg)
was separated by 15 % SDS-PAGE and transferred onto polyvinyli-
dene fluoride (PVDF) membranes (EMD Millipore, Billerica, MA,
USA). The membranes were blocked with blocking buffer (P0260,
QuickBlockTM, Beyotime, China) at room temperature for 30 min
and incubated with the primary antibody SAP (1:1000,
GTX55792, GeneTex, USA) at 4 �C overnight. After washing 3 times
with PBST, the membranes were incubated with horseradish
enzyme-labeled secondary antibodies (1:3000, Cell Signaling Tech-
nology, 7074S, USA) at room temperature for 1 h. Membranes were
washed three times with PBST. The immunoreactive protein bands
were detected with an enhanced chemiluminescence detection
system BLT GelView 6000 Pro (BioLight, Guangdong, China).
Flow cytometry analysis

Analysis of macrophages in periodontal tissue of mice: The cell
suspension was prepared and used for fluorescence-activated cell
sorting (FACS) as described previously [30]. Cells were stained with
1 lg of PE anti-mouse F4/80 (123110, BioLegend, San Diego, CA,
USA) solution, FITC anti-mouse/human CD11b (101206, BioLegend,
San Diego, CA, USA), PerCP/Cyanine5.5 anti-mouse CD16/32
(101324, BioLegend, San Diego, CA, USA), APC anti-mouse CD206
(141707, BioLegend, San Diego, CA, USA) or anti-rabbit IgG per
1� 106 cells for 30 min on ice in the dark. After washing twice with
PBS, the cells were resuspended in 300 ll stain buffer and trans-
ferred to a flow tube. FACS analysis was performed in FACSAria
III Cell Sorter (BD Biosciences, San Jose, CA, USA).

P. gingivalis phagocytosis by macrophages: P. gingivalis was pre-
labeled with FITC and added to BMDM at the ratio of 100:1, incu-
bated at 37 ℃, 5 % CO2 then washed in PBS 3 times. And 50 ll of
trypan blue (pH-4.4, 0.125 %) was added for 2 min. Cells were
stained with PE/Cyanine7 anti-mouse F4/80 (123114, BioLegend,
San Diego, CA, USA) antibody. After two times washing with PBS,
the cells were resuspended and sorted. The FITC positive rate of
macrophages represents the phagocytosis rate.

For the experiment on whether SAP binds to P. gingivalis affects
phagocytosis by macrophages, a recombinant SAP protein (1948-
SAB-050, R&D Systems, USA) was added in P. gingivalis culture
and incubated for 2 h to make SAP binds to P. gingivalis. The phago-
cytosis rate of P. gingivalis was detected by flow cytometry of wild-
type macrophages. For the recovery experiment of phagocytosis, a
C5a receptor peptide antagonist (B7787, APExBIO, Beijing, China)
was added to P. gingivalis and macrophage co-culture. The phago-
cytosis rate of P. gingivalis was detected by flow cytometry of
PMX205-added SAP-KO macrophages.

Analysis of spleen macrophages in mice after injection of clo-
dronate liposomes: Immediately after sacrifice, the spleen of mice
were taken and washed with PBS. The spleen was ground in a bowl
to make it fully homogenized. The red blood cells were lysed and
the remaining cells were centrifuged and washed with PBS 3 times.
Cells were counted and analyzed for cell viability using Zombie
NIRTM Fixable Viability Kit (423105, Biolegend, Beijing, China).
Cells were stained with 5 lg of PE-Cy7 anti-mouse F4/80
(123114, BioLegend, San Diego, CA, USA) solution, PerCP-Cy5-5-
anti-mouse CD11b (101206, BioLegend, San Diego, CA, USA). The
number of macrophages was counted by flow cytometry.
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Enzyme-linked immunosorbent assay (ELISA)

SAP expression: The SAP protein expression level in human and
mouse periodontium, mouse serum, and liver was detected by
ELISA. Human and mouse periodontal tissues lysate and mouse
liver lysate serum were obtained as described previously [31].
The protein level of SAP in the human gingival lysate was analyzed
using the human SAP ELISA kit (Cusabio, Wuhan, China) and in
mouse periodontal tissue lysate, liver lysate, and serum was ana-
lyzed using the mouse SAP ELISA kit (SEB539Mu, Cloud-Clone
Corp, Wuhan, China). Levels of IL-6, IL-1b, and TNF-a in periodontal
tissue lysate were measured using the mouse ELISA Standard Kits
(RayBiotech, Atlanta, USA).

C5a expression in co-culture supernatant:With or without adding
the recombinant SAP protein (10 ng/ml) to the bacteria-
macrophage co-culture system, the supernatantwas collected after
P. gingivalis exposure for 30 min, 1 h, and 2 h, and centrifuged for
20 min at 1000 g. The expression level of C5a in the supernatant
of co-culture was analyzed using the C5a ELISA kit (MLbio,
ml1001972-C, Shanghai, China). The SAP concentration (10 ng/ml)
for this experiment was chosen based on the ELISA results of SAP
concentration in mouse periodontal tissue during periodontitis.
16S rRNA sequencing

Sample collection: The oral microbiome in murine models was
assayed by using 16S rRNA gene sequencing. Before the experi-
ment, wildtype and SAP-KO mice were co-housed for 1 week to
maintain the consistency of the oral microbiomes. Saliva, gingival
tissues, and ligature threads were collected from each mouse and
stored separately. Samples were stored at �80 �C. Three samples
from each mouse were sequenced and data were combined to rep-
resent the oral microbiome of each mouse. The maxillary second
molars of healthy group mice were ligated 2 h before sampling
(Johnson & Johnson, USA).

Microbial genomic DNA extraction and library preparation: Geno-
mic DNA was extracted using a bacterial DNA extraction mini Kit
(Mabio, China), and the purity and concentration of DNA were
detected by Thermo NanoDrop One. Genomic DNA was used as a
template and PCR amplification was performed using specific pri-
mers (Table S2) with barcode and TaKaRa Premix Taq� Version
2.0 (TaKaRa Biotechnology Co., Dalian, China). GeneTools Analysis
Software compared the concentration of PCR products (Ver-
sion4.03.05.0, SynGene). Each sample required was calculated by
the equal mass principle. E.Z.N.A.� Gel Extraction Kit (Omega,
USA) was used to recover PCR mixed products, and TE buffer was
used to elute the target DNA fragments. NEBNext� Ultra II DNA
Library Prep Kit for Illumina� (New England Biolabs, USA) standard
process was used to build the library. The amplified sublibrary was
sequenced by PE250.

Sequencing data analysis: Paired-end Raw Reads data filtering
was performed using fastp (an ultra-fast all-in-one FASTQ prepro-
cessor, version 0.14.1, https://github.com/OpenGene/fastp) to tai-
lor the Raw Reads data of both ends with slippery window
quality (-W4-M20). The primer was removed by cutadapt software
(https://github.com/marcelm/cutadapt/) to get the quality-
controlled paired-end Clean Reads. Paired-end Clean Reads splicing
was performed for double-terminal sequencing data. Raw Tags
sequence quality filtration was performed using fastp (an ultra-
fast all-in-one FASTQ preprocessor, version 0.14.1, https://github.-
com/OpenGene/fastp) to conduct slippery window quality clipping
(- W4-M20) to obtain effective splicing fragments. The effective
data were analyzed for operational taxonomic units (OTU) cluster-
ing and species Annotation.
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Microbial community analysis

R software analyzed the relative abundance of every classifica-
tion group. Then, the classification groups with relative abundance
above 0.01 % (default value) were selected, the top 15 (default
value) were selected, and the histograms of relative abundance of
species were drawn. R software was further used for cluster anal-
ysis of species abundance, the heat map of species was generated
for each group at different genus levels. Selected the method of
average to cluster the samples, and 30 species with higher abun-
dance are selected from the mapping data. The usearch-
alpha_div_rare (V10, https://www.drive5.com/usearch/) was used
to calculate the dilution curve of the richness diversity index based
on the OTU_table. The difference in alpha diversity index among
groups was analyzed by the R software and the chao1 index was
obtained after the Kruskal-Wallis rank-sum test to evaluate
whether there was a significant difference in diversity index
among different groups. Based on the OTU_table, the vegan soft-
ware package of R software with bray_curtis distance algorithm
was used for Beta diversity analysis-principal coordinate analysis
(PCoA). And the similarity between samples was evaluated show-
ing the natural distribution of samples under a certain distance
scale. LEfSe analysis was performed based on the homogenized
abundance table OTU_table of each species level, LEfse software
was used to analyze the significant differences. Firstly, the signifi-
cant abundance differences of species were detected by a non-
parametric factorial Kruskal-Wallis (KW) sum-rank test, and then
the group Wilcoxon rank-sum test judged the differences between
the groups. Finally, linear discriminant analysis (LDA) reduced and
evaluated the influence of each significant species (that is,
LDAScore).

Culture and counting of P. Gingivalis

P. gingivalis (ATCC33277) was inoculated on a Columbia Blood
Agar Plate (HuanKai Microbial, CP0160, Guangzhou, China) and
cultured in a 37℃ constant anaerobic incubator (10 % H2 + 10 %
CO2 + 80 % N2 mixture) (ELECTROTEK, AW200SG, The United King-
dom) for 5–7 days. Single colonies were selected from the blood
agar plate and inoculated in BHI (HOPEBIO, HB8297-1, Qingdao
China) liquid medium supplemented with yeast extract (5 mg/
mL), hemin (5 mg/mL), and vitamin K (0.5 mg/mL). When the P.
gingivalis grew to the logarithmic phase and the absorbance value
was more than 0.6, the bacteria were harvested and centrifuged at
4000 rpm and re-suspended in 5 mL PBS, 10 ll of which was con-
tinuously diluted to 1 � 10-7 and inoculated on the plate. After
5 days, the colony-forming unit was calculated, and the total num-
ber of bacteria was obtained.

FITC labeling P. Gingivalis

The FITC (Yeasen Biotechnology, 60514ES60, Shanghai, China),
stock solution concentration was prepared with dimethyl sulfoxide
and added to the bacterial suspension at a concentration of 10, 50,
100, 200, or 500, lg/mL respectively. After 2 h incubation, the
supernatant was discarded, and the pellet was re-suspended in a
cell culture medium, and stored for use.

Statistical analysis

All data were presented as mean ± standard deviation (SD). An
unpaired, nonparametric Mann-Whitney test or a two-tailed
unpaired t-test was used to determine differences between the
two groups. For multiple comparisons of groups, a one-way analy-
sis of variance (ANOVA) was performed followed by Bonferroni’s
multiple comparison test. Data were analyzed with GraphPad
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Prism 7.0 statistical software (GraphPad, San Diego, CA, United
States). Values were considered significantly different if p < 0.5.
Results

The SAP is upregulated in periodontitis periodontium

First, we analyzed the SAP expression pattern in clinical gingival
samples from periodontitis patients and healthy individuals. The
SAP protein level expression in the periodontitis group was higher
compared with the healthy control group (Fig. 1a). A similar level
of SAP expression was observed in the serum of healthy individuals
and periodontitis patients (Fig. S2a). Next, we analyzed the expres-
sion pattern of SAP in mice tissues, including, blood, liver, and peri-
odontium. The mRNA and protein level expression of SAP in
periodontitis mice periodontium was higher compared with the
control group (Fig. 1b). Whereas SAP expression level was similar
in serum or liver of periodontitis and control mice (Fig. 1c-1e).
Our results suggested that during periodontitis, SAP is mainly
upregulated in periodontium tissue, rather than in the liver.
Immunohistochemistry staining and western blot detection also
confirmed the higher expression of SAP in the periodontium of
periodontitis mice compared with control mice (Fig. 1f, g, i, j). Wes-
tern blot quantification showed a 2.1-fold higher expression of SAP
in the periodontium of periodontitis mice compared with control
mice (Fig. 1j). Interestingly, SAP level in liver tissue of periodontitis
mice was not altered compared with control mice (Fig. S2b, c). LPS
treatment induced the expression of SAP in BMDM (Fig. 1h, i, k).
Immunofluorescence staining further confirmed the higher SAP
expression in LPS-treated BMDM (Fig. 1l, m). Whereas SAP expres-
sion in gingival epithelial cells was reduced by treating with LPS
(Fig. S3a, d, e). LPS treatment did not affect SAP expression in
pre-osteoblasts (Fig. S3b, d, f). Furthermore, we also investigated
the effect of LPS treatment on SAP expression by RAW264.7 murine
macrophages. LPS treatment robustly induced SAP expression also
in RAW264.7 cells (Fig. S3c, d, g, h, i). These results indicated
macrophages as a key source of elevated SAP levels in the peri-
odontium during periodontitis.
SAP deficiency aggravates periodontitis and inflammation in the
periodontium

Periodontium of SAP-KO mice showed no expression of SAP in
both healthy and periodontitis conditions (Fig. S4). Micro-CT
images of the maxilla revealed that periodontitis induces more
alveolar bone loss in SAP-KO mice compared with wildtype mice
(Fig. 2a, b). H&E staining further confirmed the increased alveolar
bone loss in SAP-KO periodontitis mice (Fig. 2c, d). The CEJ-ABC
distance in SAP-KO periodontitis mice was 1.5-folds higher com-
pared with wildtype periodontitis mice. TRAP staining results
showed a higher number of multinucleated osteoclasts in the alve-
olar bone of SAP-KO periodontitis mice compared with wildtype
periodontitis mice (Fig. 2c, e). The periodontium of SAP-KO peri-
odontitis mice showed a higher number of micro-vasculatures
and leukocyte infiltration compared with that of wildtype peri-
odontitis mice (Fig. 2c, f, g). Moreover, The expression of pro-
inflammatory cytokines was higher in the periodontium of SAP-
KO periodontitis mice. Both mRNA and protein level expressions
of IL-1b, IL-6, and TNF-a were higher in the periodontium of
SAP-KO periodontitis mice compared with wildtype periodontitis
mice (Fig. 2h � m). These findings demonstrated that SAP defi-
ciency aggravates periodontitis by upregulating inflammation
and osteoclastogenic activity in periodontal tissues.

https://www.drive5.com/usearch/


Fig. 1. The expression of SAP is upregulated in periodontitis periodontium. (a) Expression of SAP protein in gingiva tissue of healthy and periodontitis individuals (n = 18). (b)
Relative SAP mRNA expression in the periodontium of control and periodontitis wildtype mice (n = 4). Expression of SAP protein in the gingiva (c), serum (d), and liver (e) of
control and periodontitis wildtype mice (n = 6). (f) SAP immunohistochemistry images of control and periodontitis wildtype mice. (g) Quantification of immunohisto-
chemistry results (n = 3). (h) Relative mRNA expression of SAP in BMDM with or without LPS treatment (n = 4). (i-k) Western blots of SAP protein expression in the
periodontium of control and periodontitis wildtype mice (n = 3), as well as in BMDM with or without LPS treatment (n = 8). (l) Immunofluorescence image of BMDB with or
without LPS treatment. (m) Quantification of SAP expression (n = 6). Data are presented as mean ± SD. The significant difference among the groups, *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001, ns, not significant. WT: wildtype.
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SAP deficiency enhances the macrophage infiltration in the
periodontium and M1 macrophage polarization during periodontitis

Immunohistochemical results showed the higher infiltration of
F4/80 positive macrophages in the periodontium of SAP-KO peri-
odontitis mice compared with wildtype periodontitis mice
(Fig. 3a). Quantitative analysis of immunohistochemistry showed
a 1.5-fold higher number of macrophages in the periodontal tissue
section of SAP-KO periodontitis mice compared with wildtype
periodontitis mice (Fig. 3b). A higher number of CD16/32+ M1
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macrophages were observed in the periodontium of SAP-KO peri-
odontitis mice compared with wildtype periodontitis mice (Fig. 3-
c-f). Whereas the number of CD206+ M2 macrophages was similar
in the periodontium of SAP-KO and wildtype mice during peri-
odontitis (Fig. 3d, g). Moreover, LPS-treated BMDM of SAP-KO mice
showed 2-fold higher CD86 expression and 3.7-fold lower CD206
expression compared to wildtype mice (Fig. 3h, i). This result indi-
cated that SAP deficiency enhances macrophage infiltration in the
periodontium and M1 macrophage polarization during
periodontitis.



Fig. 2. SAP deficiency aggravates periodontitis and inflammation. (a) Micro-CT 3D reconstruction images of the maxilla of wildtype and SAP-KO mice. (b) CEJ-ABC distance
was analyzed from Micro-CT images (n = 5). (c) Histological images of H&E and TRAP staining, and representative CD34 and CD45 immunohistochemistry images of the
periodontium in wildtype and SAP-KO periodontitis mice. Quantitative analysis of CEJ-ABC distance (d) and osteoclasts (e) from histological images (n = 5). Quantitative
analysis of CD34 (f) and CD45 (g) positive cells from immunohistochemistry images (n = 3). (h-j) Inflammatory cytokine mRNA expression in the periodontium of wildtype
and SAP-KO periodontitis mice (n = 3). (k-m) Protein level expression of inflammatory cytokines detected by ELISA (n = 5). Red dot line, CEJ level; Black dot line, ABC level;
Blue double arrow line, CEJ-ABC distance. Yellow ‘‘R”, tooth root; Yellow ‘‘B”, alveolar bone. Black arrow, osteoclasts. Data are presented as mean ± SD. The significant
difference among the groups, *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 3. SAP deficiency enhances the infiltration of macrophages and M1 macrophage polarization in periodontitis. (a) Immunohistochemistry (F4/80) images of periodontium
of wildtype mice and SAP-KO periodontitis mice. (b) Quantitative analysis of F4/80 positive cells from immunohistochemistry images (n = 3). FACS images of macrophages
sorting using FITC-CD11b and PE-F4/80 (c), CD16/32, and CD206 specific antibody (d). Quantification of the ratio of CD11b+F4/80+ (M0 macrophages) (e), CD16/32+ (M1
macrophages) cells (f), and CD206+ (M2 macrophages) cells (g) from FACS data (n = 7). CD86 (h) and CD206 (i) mRNA expression of LPS-treated BMDM of wildtype and SAP-
KO mice (n = 4). Data are presented as mean ± SD. The significant difference among the groups, *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant.
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The level of SAP affects oral microbiome homeostasis in periodontitis

Mice oral microbiome abundance and quality in different
groups are shown in Fig. S5a. The flattens rarefaction curve indi-
cates sufficient sample sequencing and well-covered sequencing
depth. Periodontitis led to a significant difference in alpha diversity
of the oral microbiome in both SAP-KO and wildtype mice. As
shown in Fig. S5b, Chao 1 indexes of periodontitis groups were
lower than those of the healthy control groups. The results showed
that the species richness of the SAP-KO and wildtype periodontitis
groups was lower than that of the healthy control groups. This
result indicates that there is a microbiome imbalance in periodon-
titis with some dominant bacteria that play a major pathogenic
role. Phylum and genus-level differences were observed between
bacterial communities from SAP-KO and wildtype periodontitis
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mice (Fig. 4a, b, c). Specifically, periodontitis increased the abun-
dance of Porphyromonas at the genus level in the oral cavity, which
is often associated with periodontitis [32]. PCoA of a nonmetric
multidimensional scaling plot (on a Bray-Curtis distance matrix)
revealed significant qualitative differences in oral microbiota com-
positions between SAP-KO and wildtype mice (Fig. 4d). Biomar-
ker’s analysis using linear discriminant analysis effect size (LEfSe)
indicated that the SAP-KO periodontitis mice oral microbiome
was characterized by a higher abundance of Porphyromonas,
Gemella, and Streptococcus_thoraltensis. Among these, Porphy-
romonas is closely related to periodontitis pathogenicity (Fig. 4e).

SAP-KO significantly promoted periodontitis pathogenicity.
Meanwhile, SAP-KO altered oral microbiota during periodontitis
with a higher abundance of Porphyromonas at the genus level. P.
gingivalis is the most virulent species of the Porphyromonas genus



Fig. 4. SAP deficiency alters the oral microbiome in periodontitis. (a) The taxonomic composition of the microbial communities at the phylum level (relative
abundance greater than 0.01 % at least one sample (n = 3). (b) The composition of the microbial communities at the genus level There was a statistical difference in the relative
abundance of P. gingivalis at the genus level. (n = 3). (c) The hierarchical heatmap at the genus level (n = 3). The beta diversity was determined based on the PCoA (d), and LEfSe
(e) (n = 3). Data are presented as mean ± SD. The significant difference among the groups, *p < 0.05.
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involved in human periodontitis pathogenicity. However, the qPCR
analysis revealed that there was no expression of P. gingivalis in
SAP-KO periodontitis mice (data not shown). Based on these facts,
we choose human periodontitis-related P. gingivalis as a model of
Porphyromonas to investigate the role of SAP on macrophage
phagocytosis of Porphyromonas during periodontitis.
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SAP level regulates macrophage phagocytosis of P. Gingivalis

We further explore the mechanism of higher abundance of P.
gingivalis in SAP-KO periodontitis mice. Firstly, we analyzed the
direct effect of SAP protein in P. gingivalis growth. SAP at different
concentrations did not affect P. gingivalis growth (Fig. S6a). Peri-
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odontitis is the result of the interaction between microorganisms
and the host’s immune system. Macrophages are key immune cells
that phagocyte bacteria to eliminate the infection. In SAP-KO peri-
odontitis mice a higher number of macrophages with inflamma-
tory phenotype and a higher abundance of Porphyromonas were
observed in the periodontium. Therefore, we further analyzed the
P. gingivalis phagocytosis potential of SAP-KO macrophages.

In the BMDM and P. gingivalis co-culture system, phagocytosis
of P. gingivalis by BMDM was detected by FACS. The FITC
Fig. 5. SAP deficiency inhibits macrophage phagocytosis of P. gingivalis. (a) FACS images o
rate from FACS analysis (n = 3). (e) Immunofluorescence image of phagocytosis of P
immunofluorescence staining (n = 4). Data are presented as mean ± SD. The significant
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(>50 lg/mL) successfully labeled P. gingivalis (Fig. S6b). In this
experiment, 100 lg/mL FITC was selected for successful labeling
of P. gingivalis. The macrophage phagocytosis rate of P. gingivalis
was dramatically reduced in the SAP-KO group compared with
the wildtype group at all the time points tested i.e., 30 min, 1 h,
and 2 h (Fig. 5a-d). The immunofluorescence staining results of
SAP-KO macrophage phagocytosis rate of P. gingivalis were consis-
tent with the results of FACS. The reduced P. gingivalis phagocytosis
by SAP-KO macrophage was further confirmed by immunofluores-
f phagocytosis of P. gingivalis by BMDM. (b-d) Quantitative analysis of phagocytosis
.gingivalis by BMDM at 1 h. (f) Quantitative analysis of phagocytosis rate from
difference among the groups, **p < 0.01, ****p < 0.0001.
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cence staining (Fig. 5e, f; Fig. S6c-f). These results indicate that
although the number of macrophages in the periodontium of
SAP-KO periodontitis mice was higher, the compromised phagocy-
tosis efficiency causes the higher abundance of Porphyromonas in
the oral cavity. We further tested the P. gingivalis opsonization
Fig. 6. SAP deficiency inhibits macrophage phagocytosis of P. gingivalis by activating the C
(a), 1 h (b), and 2 h (c), respectively (n = 4). Quantitative PCR analysis of C5aR (d), TLR2 (e)
P. gingivalis by BMDM of SAP-KO mice with or without PMX205. (h-j) Quantitative anal
difference among the groups, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not s
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potential of SAP. There was no effect of SAP-pretreatment of P. gin-
givalis in macrophage recognition and phagocytosis (Fig. S7a-d)
indicating no role of SAP on P. gingivalis opsonization-mediated
macrophage recognition and phagocytosis.
5a-C5aR pathway. Expression of C5a in P.gingivalis and BMDM co-culture for 30 min
, and TLR1 (f) mRNA expression in BMDM (n = 6). (g) FACS images of phagocytosis of
ysis of phagocytosis rate (n = 5). Data are presented as mean ± SD. The significant
ignificant.
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SAP deficiency inhibits macrophage phagocytosis of P. gingivalis by
activating the C5a-C5aR pathway

Studies have shown that P. gingivalis releases active C5a frag-
ments from C5 complement via its Arg-specific gingipains [24].
The binding of C5a and macrophage C5aR crosstalks with TLR2 to
inhibit the phagocytosis of P. gingivalis [5,23]. Therefore, we tested
the effect of SAP deficiency in C5a release from P. gingivalis. The
ELISA results showed that SAP-KO macrophages dramatically
increased the C5a expression by P. gingivalis at 30 min, 1 h, and
2 h of co-culture. However, when recombinant SAP protein was
added to the co-culture system, the expression level of C5a
decreased in both wildtype and SAP-KO macrophages (Fig. 6a-c).
Next, we investigated the expression of C5aR and TLR2/1 on
macrophages from SAP-KO and wildtype mice in the co-culture
system. There was no significant difference in the expression of
C5aR and TLR2 in macrophages of SAP-KO mice and wildtype mice.
These results indicate that SAP-KO did not directly affect the con-
tent of C5aR-TLR2 in macrophages to inhibit the macrophage
phagocytosis of P. gingivalis (Fig. 6d-f). Finally, PMX205, an antag-
onist of C5a, was added to the co-culture system to further validate
our results. The experiment showed that phagocytosis of P. gingi-
valis by SAP-KO macrophage robustly improved after blocking
C5a-C5aR signaling by PMX205 (Fig. 6g-j). Therefore, our results
demonstrate that SAP deficiency inhibits macrophage phagocytosis
of P. gingivalis via inducing C5a release by P. gingivalis and activa-
tion of C5a-C5aR signaling in macrophages.
Discussion

Periodontitis is mainly caused by oral microbiome dysbiosis
and host immune responses [2]. SAP is a pattern recognition mole-
cule that modulates bacterial infections and inflammation in vari-
ous diseases [33–35]. However, the level of SAP in periodontal
tissue and its role in periodontitis pathogenicity is still unknown.
In this study, we found that macrophage-specific SAP was the main
source of the elevated level of SAP in the periodontium of peri-
odontitis patients and mice. SAP-KO mice displayed more severe
periodontitis and inflammation as well as infiltration of a higher
number of macrophages with M1 phenotype in the periodontium.
SAP-KO periodontitis mice exhibited a disturbed oral microbiome
with a higher abundance of Porphyromonas at the genus level.
SAP-KO macrophages induced C5a release from P. gingivalis and
inhibited macrophage phagocytosis of P. gingivalis via C5a-C5aR
signaling. This explains the possible mechanism of a higher abun-
dance of Porphyromonas in the oral cavity of SAP-KO periodontitis
mice. A higher number of M1 macrophages with compromised
phagocytosis of Porphyromonas could be the reason behind the
aggravated periodontitis in SAP-KO mice. Our results suggest the
possible protective role of elevated levels of SAP in periodontal
macrophages against periodontitis progression.

SAP and c-reactive protein (CRP) are the classical short-arm
pentraxins that play a role in innate immunity and inflammatory
diseases. CRP has been widely applied as a diagnostic and prognos-
tic marker in clinical practice [36,37]. According to the reports
from the literature, CRP is associated with periodontitis [38,39].
SAP has been studied as a potential therapeutic agent to treat
immune or inflammatory diseases. Injection of exogenous SAP pro-
tein inhibits systemic lupus erythematosus and radiation-induced
oral mucositis in mice [40,41]. Phase II clinical trials showed that
injection of human recombinant SAP protein partially reverses pul-
monary fibrosis and improves lung function [42,43]. While the
level of SAP in different tissues during periodontitis has not been
investigated yet. According to previous studies and the data from
Human Protein Atlas, SAP is secreted mainly by hepatocytes in
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the liver and circulates in blood [20]. However, the SAP level in
periodontium during periodontitis and its role in periodontitis
pathogenicity has not been investigated yet. The level of SAP in
gingival tissue from periodontitis patients was 4-fold higher com-
pared with the healthy individuals. A similar pattern of SAP level
was found in periodontium and gingiva of periodontitis mice.
Interestingly, SAP levels in the liver and blood remained
unchanged in periodontitis mice compared with control mice.
These results indicate local overexpression of SAP in periodontium
rather than in the liver during periodontitis. We further explored
the expression of SAP in different cell types present in the peri-
odontium. Only macrophages but not the osteoblasts and GECs
showed higher SAP expression during inflammatory conditions.
Overexpression of SAP in macrophages during periodontitis further
supports the role of macrophages in periodontitis pathogenicity.
These findings provide the basis for in-depth research on the role
of SAP in periodontitis.

Micro-CT and H&E staining results showed that periodontitis
aggravates alveolar bone resorption in SAP-KO periodontitis mice
compared with wildtype. Increased osteoclast number and inflam-
mation in periodonttis cause alveolar bone loss [44,45]. Several
studies have reported a higher microvasculature and leucocyte
infiltration in gingival tissues of severe periodontitis cases [46–
48]. SAP-KO periodontitis mice showed a robustly higher number
of osteoclasts, microvasculature, immune cells’ infiltration, and
M1 macrophages in the periodontium compared with the wildtype
periodontitis mice. Similarly, the levels of pro-inflammatory
cytokines IL-1b, IL-6, and TNF-a were remarkably higher in the
periodontium of SAP-KO periodontitis mice compared with wild-
type periodontitis mice. M1 macrophages release pro-
inflammatory cytokines that activate Th17 cells to produce IL-17,
IL-1, IL-6, TNF-a, MMP-9, and RANKL [19,49]. These proinflamma-
tory factors had been reported to promote osteoclast formation
and activity, resulting in higher alveolar bone resorption during
periodontitis [50,51]. Moreover, SAP had been reported to attenu-
ate M2 macrophage (anti-inflammatory) polarization during fun-
gal infection of the respiratory tract [21]. We found a similar
level of M2macrophage marker CD206 expression in the periodon-
tium of SAP-KO and wildtype periodontitis mice. However, CD206
expression was dramatically downregulated in LPS-treated
BMDMs from SAP-KOmice compared to that of wildtype mice. This
discrepancy in results of in vitro and in vivo studies might be
related to the differences in cell origin, complex periodontitis
milieu in vivo, and the high standard deviation of the in vivo
results. The results from the literature and current study indicate
that a higher number of M1 macrophages in the periodontium of
SAP-KO periodontitis mice could be a possible factor aggravating
periodontitis pathogenicity.

SAP regulates bacterial virulence and host immune cells func-
tion differentially in a bacteria and disease-specific manner
[34,52]. In this study, SAP-KO altered the oral microbiome of peri-
odontitis mice with the most significant abundance of Porphy-
romonas at the genus level and the lower abundance of the
overall oral microbiome. A higher abundance of P. gingivalis alters
the numbers and composition of symbiotic bacteria to low abun-
dance resulting in oral microbial dysbiosis and periodontitis
[53,54]. We further analyzed P. gingivalis recognition and phagocy-
tosis efficiency of SAP-KO macrophages. Our results indicated that
the higher abundance of Porphyromonas in the periodontium of
SAP-KO periodontitis mice is related to the compromised recogni-
tion and phagocytosis of P. gingivalis by SAP-KO macrophages. Our
results indicate the regulatory role of SAP in host immune cell-
mediated recognition and phagocytosis of oral pathogenic bacteria.
Based on these results we assume that compromised bacterial
recognition and phagocytosis by SAP-KO macrophages result in a
higher abundance of Porphyromonas in the oral cavity, which could
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further cause oral microbiome dysbiosis. The dysbiotic pathogenic
oral microbiome induces infiltration of macrophages in the peri-
odontium and M1 polarization triggering a higher degree of
inflammation that could exacerbate periodontitis pathogenicity
in SAP-KO mice.

Exogenous SAP did not affect P. gingivalis growth and opsoniza-
tion. Studies have shown that P. gingivalis releases active C5a frag-
ments from C5 complement via its Arg-specific gingipains
[32,55,56]. The C5a binds with C5aR of phagocytic cells and cross-
talk with TLR2, inhibiting the phagocytosis of P. gingivalis [5,23,25].
C5a is a key molecule for P. gingivalis to escape immune clearance
and induce inflammation [57–59]. Interestingly, P. gingivalis co-
cultured with SAP-KO macrophages showed a higher expression
of C5a. Exogenous SAP treatment successfully reduced the C5a
expression by P. gingivalis co-cultured with macrophages from
wildtype and SAP-KO mice. Furthermore antagonizing C5a-C5aR
signaling robustly promoted the recognition and phagocytosis of
P. gingivalis by SAP-KO macrophages. However, P. gingivalis co-
culture with SAP-KO macrophages did not alter the expression of
C5aR and TLR2 in SAP-KO macrophages. These results indicate that
during SAP-deficiency P. gingivalis releases a higher level of C5a
activating C5a-C5aR signaling in macrophages which inhibits the
phagocytosis of P. gingivalis causing its’ abundance in the oral cav-
ity. However, the mechanism of SAP deficiency-mediated higher
expression of C5a in P. gingivalis should be further studied. More-
over, our findings should be further verified in SAP-Tg periodontitis
mice.

Conclusions

This study unraveled upregulated SAP in the periodontium
macrophages during periodontitis. Interestingly, SAP-KO resulted
in oral microbiome dysbiosis with a higher abundance of Porphy-
romonas at the genus level and aggravated inflammation, infiltra-
tion of M1 macrophages, osteoclast numbers, and periodontitis
pathogenicity. SAP deficiency-induced C5a release from P. gingi-
valis activated C5a-C5aR signaling in macrophages to inhibit the
phagocytosis of P. gingivalis. Based on our results, the higher level
of periodontal SAP during periodontitis could have a protective
role against disease.
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