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PRMT5 inhibition modulates murine dendritic cells activation 
by inhibiting the metabolism switch: a new therapeutic target in 
periodontitis
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Background: Protein arginine methyltransferase 5 (PRMT5) catalyzes the methylation of arginine residues 
in multiple proteins. Recent reports have highlighted the anti-inflammatory role of PRMT5. Dendritic cells 
(DCs) are well-known professional antigen-presenting cells that are crucial for immune response initiation. 
However, whether PRMT5 participates in DC immunity processes is unknown.
Methods: In an in vitro experiment, a PRMT5 inhibitor (EPZ015666) was used to inhibit PRMT5 
expression, and lipopolysaccharide (LPS) stimulation was applied to mimic the inflammation context. 
Proinflammatory cytokine production, interferon-stimulated genes (ISGs), costimulatory molecules, major 
histocompatibility complex (MHC) expression and DC metabolism were measured following PRMT5 
inhibition and LPS stimulation. In an in vivo study, we first tested PRMT5 mRNA and protein expression in 
a BALB/c mouse ligature-induced periodontitis model. Then, we evaluated changes in periodontal tissue and 
DC migration to cervical lymph nodes after local treatment with the PRMT5 inhibitor.
Results: The in vitro results revealed that PRMT5 inhibition attenuated DC activation and maturation by 
inhibiting the expression of proinflammatory cytokines, ISGs, costimulatory molecules, and MHC induced 
by LPS stimulation. We also found that inhibition of PRMT5 blocked the DC metabolic switch to glycolysis. 
In the in vivo study, we found that PRMT5 inhibition reversed the severity of the lesions and slowed the 
migration of DCs to cervical lymph nodes.
Conclusions: The results show a critical role of PRMT5 in the control of DC activation through 
inhibition of the metabolic switch and indicate that PRMT5 is a promising therapeutic target in 
periodontitis.
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Introduction

Dendritic cells (DCs) function as both innate immune 
cells that detect bacteria and antigen-presenting cells that 
activate adaptive immunity (1). In peripheral tissues, various 
pattern-recognition receptors expressed by DCs, such 
as Toll-like receptors (TLRs), detect microbial infection 
and activate DCs (2). Activated DCs begin to migrate 
and become mature, releasing cytokines, chemokines and 
costimulatory molecules to orchestrate antigen capture, 
perform processing and deliver antigen-derived peptides 
to naive T cells (3). The activation and maturation states 
of DCs determines the subsequent immune response by 
regulating different helper T cell responses (4).

Lipopolysaccharide (LPS) from gram-negative bacteria 
is a TLR4 ligand and DC activator (5). LPS regulates 
the DC metabolic switch from oxidative phosphorylation 
(OXPHOS) to glycolysis to maintain sufficient energy for 
survival and activation (6-8). More specifically, pyruvate 
enters the mitochondria of resting DCs and is converted 
to acetyl-CoA. Through the tricarboxylic acid (TCA) cycle 
and OXPHOS, acetyl-CoA is catalytically converted into 
large amounts of ATP. However, upon stimulation with 
LPS, increased glucose consumption and lactate production 
are observable within a short amount of time, pyruvate 
is converted to lactate to generate ATP, and glycolysis 
becomes the major energy-producing pathway to promote 
DC activation during the immune response (9). Nitric 
oxide production and AKT are two possible mechanisms 
that influence the DC metabolic state. Inducible NO 
synthase (iNOS) expression occurs simultaneously with 
mitochondrial dysfunction in LPS-stimulated DCs due 
to NO-mediated inhibition of enzymes involved in 
mitochondrial electron transport (8,10). By phosphorylating 
related enzymes, AKT itself participates in the mechanism 
by which DC metabolism is regulated (11). Downstream/
upstream kinases of AKT also have roles in maintaining 
the helper T cell balance, accelerating DC activation, and 
enhancing the DC antigen presenting function (4,12).

Protein arginine methyltransferase 5 (PRMT5) is a type 
II enzyme in the PRMT family. PRMT5 is responsible 
for most symmetrical demethylation events (13) and is 
involved in diverse cellular processes. In addition to its well-
studied anti-tumor activity (14-17), PRMT5 is among the 
four PRMTs that are correlated with inflammation (18). 
PRMT5 has been shown to be upregulated in inflammatory 
diseases, such as Crohn’s disease, rheumatoid arthritis and 
endothelial cell inflammation, and inhibition of PRMT5 

reduces inflammation (19-21). Moreover, PRMT5 promotes 
T cell maintenance in vitro (22,23). PRMT5 inhibition 
protects mice from autoimmune diseases and transplant 
rejection (23-25), and circ-PRMT5 has been reported to 
regulate tumor cell metabolism by enhancing glycolysis 
activity (26). However, whether PRMT5 modulates DCs 
through metabolism has not yet been studied.

Periodontitis is one of the most common inflammation 
types and causes bone loss in humans (27). The biological 
structure of periodontal tissue promotes bacterial 
colonization, which is detected by DCs in the oral mucosa. 
The DCs become activated, secreting cytokines and 
upregulating surface costimulatory molecules. At the same 
time, DCs migrate to cervical lymph nodes, where the 
captured pathogen is presented with the help of highly 
expressed major histocompatibility complex (MHC)-I and 
MHC-II molecules to initiate immunity activation (28).  
These events are tightly monitored to ensure that the 
immune response meets the requirement for pathogen 
elimination without inducing tissue damage by generating 
excessive inflammation. Thus, we used a mouse ligature-
induced periodontitis model to test the in vivo effect of 
PRMT5 inhibition on periodontitis through DCs. The 
PRMT5 inhibitor EPZ015666 was first identified and 
characterized in 2015 (29) and has demonstrated its value as 
a validated chemical probe in the inhibition of rheumatoid 
arthritis and different tumor types by targeting PRMT5 in 
animal models (29-31). Here, we chose the BALB/c mouse 
strain because it is more susceptible to periodontitis than 
other strains, such as C57BL/6J (32).

Here, our data show that PRMT5 inhibition dampens 
LPS-stimulated DC activation by attenuating the DC 
metabolic switch to glycolysis. We also highlight the role of 
PRMT5 as a promising therapeutic target in periodontitis.

We present the following article in accordance with the 
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-7362).

Methods

Culture of murine bone marrow-derived DCs (BMDCs)

Specific pathogen-free BALB/c mice of both genders were 
obtained from the Charles River Laboratory (Beijing, 
China). All mouse experiments were approved by the 
Animal Care and Experiment Committee of Shanghai Jiao 
Tong University School of Medicine (approval ID: HKDL 
[2018]461), in compliance with the National institutional 
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guidelines for the care and use of animals. Mice aged 
9–11 weeks were used in the experiments. BMDCs were 
isolated using a previously described protocol (33). Briefly, 
bone marrow was flushed from the femurs of BALB/c 
mice. Granulocyte-macrophage colony-stimulating factor 
(GM-CSF) (R&D Systems, USA) was added to a final 
concentration of 20 ng/mL, and the mixture was cultured 
with RPMI-1640 medium supplemented with 10% fetal 
bovine serum (FBS; HyClone, USA) plus 1% antibiotics 
(Gibco, USA) in an incubator at 37 ℃ and an atmosphere 
containing 5% CO2. On day 3, new medium containing 
the same GM-CSF concentration was added. On day 6, 
the cells were harvested by gently pipetting away the non-
adherent cells with the culture medium. 

Measurement of inflammatory cytokine levels via ELISAs

Primary BMDCs were  s t imulated with  di f ferent 
concentrations of EPZ015666 (Selleck, TX, USA) in the 
presence or absence of LPS (100 ng/mL) (Sigma, MO, 
USA). The levels of IL-6, TNF-α, IL-10, and IL-12p70 in 
the supernatants of the DCs were measured with ELISA 
kits (Neobioscience, Shenzhen, China) according to the 
manufacturer’s instructions. Briefly, samples and a reference 
standard were added to the ELISA plate and then incubated 
for 90 min with the plate sealed and covered. A biotinylated 
detection antibody and HRP conjugate were sequentially 
added, and the samples were completely washed and 
incubated after the addition of each reagent. The substrate 
reagent was then added to each well and incubated with the 
cells. The stop solution was added to stop the reaction, and 
the absorbance of each well was measured at 450 nm.

Flow cytometry analysis of DC viability and activation

Primary BMDCs were harvested and stimulated with 
different concentrations of EPZ015666 (Selleck) in the 
presence or absence of LPS (100 ng/mL) (Sigma). After the 
indicated times, BMDCs were either stained with annexin 
V and propidium iodide according to the manufacturer’s 
instructions (BD Pharmingen, Oxford, UK) for the cell 
viability test or prepared for flow cytometry analysis. 
Briefly, stimulated BMDCs were collected, washed and 
resuspended to a density of 2×107 cells/mL. Then, 50 µL of 
cell suspension was distributed into tubes and preincubated 
with Fc block (BD) for 5 min. Predetermined optimal 
amounts of anti-mouse Cy5.5-CD11c, PE-Cy7-CD86, 
APC-CD40, PE-CD80, Alexa647-MHC-II (all BD) and 

PE-MHC-I (Biolegend, San Diego, CA, USA) antibodies 
were added and then incubated with cells for 30 min on 
ice. The cell samples were washed twice to remove excess 
antibody, resuspended in 500 µL of staining buffer (all BD), 
and analyzed with a FACS LSRFortessa flow cytometer (BD 
Bioscience, CA, USA) within 1 h. FlowJo software (Tree 
Star, OR, USA) was used to analyze the flow cytometry data.

Western blotting (WB)

Primary BMDCs were harvested and stimulated with 
different concentrations of EPZ015666 (Selleck) in the 
presence or absence of LPS (100 ng/mL) (Sigma). After 
the indicated times, BMDCs were collected and lysed with 
RIPA buffer containing protease and phosphatase inhibitors 
(Beyotime, Shanghai, China). The protein samples (25 mg) 
were separated on 10% SDS-polyacrylamide gels (Beyotime) 
before being transferred to PVDF membranes (Beyotime). 
After blocking with 5% nonfat milk in TBST for 1 h, the 
membranes were incubated with primary antibody against 
PRMT5 (Abcam) (Cell Signaling Technology, MA, USA) 
overnight at 4 ℃. After three washes with TBST on the 
next day, the membranes were incubated with secondary 
HRP-labeled anti-rabbit/anti-mouse antibody (Beyotime). 
Immunoreactivity was visualized using a Fusion Pulse 6 
system (Vilber Lourmat, France). 

Nitric oxide quantification

Primary BMDCs were harvested and stimulated with 
different concentrations of EPZ015666 (Selleck) in the 
presence or absence of LPS (100 ng/mL) (Sigma). After 
the indicated times, cells were collected, washed with 
PBS, and then lysed with the Buffer for a Nitric Oxide 
Assay (Beyotime). The reduction of nitrate into nitrite was 
performed by adding nitrate reductase, according to the 
instructions provided, with a Total Nitric Oxide Assay Kit 
(Beyotime). After clearing the extra NADPH with lactate 
dehydrogenase, NO levels were measured by calculating the 
nitrite concentration from a standard curve composed of a 
series of BSA (Beyotime) standards measured at 562 nm.

Assessment of mitochondrial respiration and glycolysis

Primary BMDCs were plated in XF-24 cell culture 
plates and stimulated with LPS and/or EPZ015666 for 
1 or 24 h. After two washes with XF assay medium, the 
cells were treated with 2 µM oligomycin, 1 µM fluoro-
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carbonyl cyanide phenylhydrazone (FCCP), and 0.5 µM 
rotenone plus antimycin-A (Agilent Technologies, CA, 
USA) for measurement of the oxygen consumption rate 
(OCR) or 10 mM D-glucose, 2 µM oligomycin and 50 mM 
2-deoxyglucose (Agilent Technologies) for measurement 
of the extracellular acidification rate (ECAR). The analyses 
were performed using a Seahorse XF-24 analyzer (Agilent 
Technologies).

Ligature-induced periodontitis model

All mouse experiments were approved by the Animal 
Care and Experiment Committee of Shanghai Jiao Tong 
University School of Medicine. Specific pathogen-free 
BALB/c mice (10 per group) of both genders were obtained 
from the Charles River Laboratory (Beijing, China), and 
each cage housed a maximum of 5 mice. 

Mice of both genders (aged 9–11 weeks, with a weight 
range of 20–24 g) were randomly assigned to one of 
three groups: a control group, ligatured group (Liga) or 
ligatured plus EPZ015666 (Liga + EPZ) group. On the day 
of surgery, all mice were anesthetized by intraperitoneal 
injection, and periodontitis was induced in the Liga 
and Liga + EPZ groups by tying 5-0 cotton ligatures 
around both sides of the maxillary second molars using a 
previously described protocol (34). Mice were fed Ready 
Jelly (ReadyDietech, Shenzhen, China) on the first day 
after surgery and then a normal diet for the remainder of 
the study. For the Liga + EPZ group, EPZ015666 (Selleck, 
Houston, USA) was purchased and diluted with 2% DMSO 
+ 30% PEG300 + normal saline to a final concentration 
of 1.25 µg/µL. This concentration was determined in a 
preliminary experiment (data not shown). EPZ015666 was 
injected into three sites in the palatal gingiva of the second 
molar (40 µL/per mice) one day before ligation. Because 
this step takes a few minutes, we let the mice sleep under 
respiratory anesthesia with a specialized anesthesia machine 
(MSS, London, UK). Injections were did done every day 
until the mice were sacrificed on day 9.

Polymerase chain reaction

For the in vivo study, gingival tissue from mice in different 
groups (8–10 mice per group) was excised from the palatal 
side of the maxillary molars according to a previously 
described protocol (35) and disrupted by rapid agitation in 
the presence of beads in TissueLyser (Jingxin, Shanghai, 
China). For the in vitro study, primary BMDCs were 

harvested and stimulated with EPZ015666 (Selleck) in the 
presence or absence of LPS (100 ng/mL) (Sigma) for the 
indicated times. Next, mRNA was extracted using a RNeasy 
Mini Kit (Qiagen, CA, USA) and reverse-transcribed using 
a PrimeScriptTM RT Reagent Kit (TaKaRa, Otsu, Japan). 
Real-time PCR was performed using a LightCycler/
LightCycler 480 System (Roche Diagnostics, Switzerland) 
with SYBR® Premix Ex TaqTM (TaKaRa, Otsu, Japan). The 
specific primers were synthesized by Sangon (Sangon, 
Shanghai, China), and gene expression was normalized to 
GAPDH mRNA expression (Sequences will be provided on 
request).

Preparation of histological specimens

On the sacrifice day, isolated mouse skulls were washed with 
PBS and fixed with 10% paraformaldehyde at 4 ℃ (Beijing, 
China). After 24 h, samples were washed twice with PBS 
and stored in 10% EDTA (Sangon) for 4–5 weeks for 
decalcification. When the hard tissues were able to be easily 
poked with a needle, they were deemed ready for paraffin 
embedding (Macklin, Shanghai, China).

Hematoxylin and eosin (HE) and histological tartrate-
resistant acid phosphatase (TRAP) staining

Briefly, a sufficient amount of deionized water was 
prewarmed to 37 ℃. The tissue slices were dewaxed in 
xylene, dehydrated in an ethyl alcohol series, and rinsed 
thoroughly with deionized water. Then, the slices were 
either stained with HE or processed as described below 
for TRAP staining: a cocktail of the reagents was prepared 
according to the manufacturer’s instructions (Sigma-
Aldrich, MO, USA). The cocktail was warmed to 37 ℃ 
and added to the tissue on the slide in a dropwise manner 
before incubation for 1 h in a 37 ℃ incubator protected 
from light. The slides were rinsed with deionized water and 
counterstained for 2 min in a hematoxylin solution. The 
slides were rinsed again with alkaline tap water for several 
minutes and then evaluated under a microscope.

Immunohistochemistry (IHC)

An HRP/DAB Detection IHC Kit (Abcam, Cambridge, 
USA) was used for IHC staining. Briefly, primary rabbit 
monoclonal antibody against CD11c (Abcam) or PRMT5 
(Abcam) and a primary antibody control were applied to 
lymph node slices or gingiva tissue slices individually and 
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incubated overnight at 4 ℃, followed by incubation with a 
biotinylated secondary anti-rabbit antibody (Abcam) for 10–
15 min at room temperature. After 3–4 washes, the slices 
were incubated with streptavidin peroxidase to amplify the 
signal, followed by incubation with the DAB chromogen for 
final coloration.

Determination of bone resorption

On the day of sacrifice, isolated mouse skulls were boiled, 
defleshed and brushed before being stored in hydrogen 
peroxide for bleaching overnight. The skull was trimmed, 
and the maxillae were stained with 0.5% eosin (Sangon) 
and 1% methylene blue (Macklin, Shanghai, China). 
Images of the maxillae were captured using a Leica M165 C 
microscope (Leica, Germany) equipped with a Leica MC170 
camera (Leica). Measurements were performed at two sites 
on the first molar (distal cusp and distopalatal/distobuccal 
groove), three sites on the second molar (mesiopalatal/
buccal cusp, palatal/buccal groove, and distopalatal/buccal 
cusp), and one site on the third molar (palatal/buccal). Bone 
resorption (10 samples per group) was defined as the total 
bone loss at 6 sites by measuring the distance between the 
cementoenamel junction (CEJ) and the alveolar bone crest 
(ABC). The results are presented in mm.

Statistical analysis

GraphPad Prism software (version 5) was used for statistical 
analysis. The results are reported as the means ± standard 
errors of the means (means ± SEM). An unpaired two-tailed 
Student’s t-test and paired ratio two-tailed Student’s t-test 
were used for comparisons between two groups. One-way 
ANOVA followed by Bonferroni’s multiple comparisons 
test, two-way ANOVA, and the Sidak multiple comparisons 
test were used for multiple comparisons. A P value of 0.05 
was considered statistically significant.

Results

PRMT5 inhibition reduces DC activation without affecting 
DC survival

BMDCs were treated with titrated doses of EPZ015666 in 
the presence or absence of LPS to measure cell viability. 
The highest EPZ015666 dose (640 µM) killed DCs after 
24 h of LPS stimulation (Figure 1A). Although DC viability 
did not decrease significantly upon LPS stimulation, we still 

excluded this dose because of its toxicity. Next, we further 
evaluated DC viability after 48 and 72 h and found that doses 
less than 160 µM did not affect DC viability (Figure 1B,C).  
We then measured cytokine levels and observed a dose-
dependent decrease in TNF-α and IL-6 levels (2 times) and 
an obvious decrease in the IL-12p70 level (2 times) in cells 
treated with 160 µM EPZ015666 at 24 h poststimulation 
(Figure 1D,E,F). EPZ015666 tended to induce a dose-
dependent increase in the IL-10 level (up to 1.3 times), but 
the difference was not statistically significant (Figure 1G,H). 
Based on the results, 160 µM is the optimal dose that 
suppresses proinflammatory cytokine production in DCs 
without compromising cell viability. 

PRMT5 inhibition downregulates ISG expression and 
decreases the expression of MHC and costimulatory 
molecules in LPS-activated DCs after 24–48 h

In as little as 1 h, PRMT5 inhibition alone increased the 
levels of all ISG transcripts. When applied in combination 
with LPS, the PRMT5 inhibitor decreased Ifnb and Isg15 
expression (1.8–2 times) but increased the expression 
of the other three molecules (Mx1, Irf7 and Cxcl10) 
(1.5–1.8 times) (Figure 2A,B,C,D,E). At 24 h, the PRMT5 
inhibitor alone increased Mx1 and Isg15 expression. When 
administered with LPS, the PRMT5 inhibitor significantly 
decreased the expression of all ISGs (2–9 times). Since 
costimulatory and MHC molecules are also required for DC 
activation and maturation, we measured the level of these 
molecules and observed that treatment with the PRMT5 
inhibitor alone decreased the MHC-II level at 24 h (1.4 
times); when administered with LPS, the PRMT5 inhibitor 
decreased the expression of three costimulatory molecules 
and MHC-II at 24 h (1.2–1.5 times). The PRMT5 inhibitor 
also resulted in stronger inhibition of the expression of the 
three costimulatory molecules and MHC molecules at 48 h  
after LPS stimulation (1.1–1.4 times) (Figure 2F,G,H,I,J). 
Thus, PRMT5 inhibition decreases LPS-induced DC 
activation and maturation by deregulating ISGs and the 
expression of MHC and costimulatory molecules at 24–48 h.

PRMT5 inhibition blocks the LPS-induced DC metabolic 
switch mainly by attenuating glycolysis

Because the aforementioned data showed a general 
inhibitory effect of the PRMT5 inhibitor, we next 
examined whether PRMT5 inhibition plays a profound 
role in regulating the metabolism of inflammatory 
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DCs. We performed metabolic assays to obtain detailed 
measurements of mitochondrial respiration and glycolysis. 
In the short term, LPS induced increases in the OCR and 
ECAR, as expected (1.3–1.6 times). However, the PRMT5 
inhibitor did not change these rates, regardless of whether it 
was applied alone or with LPS, and it significantly decreased 
the maximal mitochondrial respiration activity (1.4 times) 
(Figure 3A,B,C). After 24 h of stimulation, the LPS-induced 
increase in the OCR was substantially decreased (5 times), 

although the ECAR remained high. Treatment with the 
PRMT5 inhibitor alone significantly decreased the ECAR 
(1.4 times) and blocked the ECAR even more obviously 
when the inhibitor was applied with LPS stimulation (1.8 
times). Again, the PRMT5 inhibitor did not affect the OCR 
but significantly decreased the maximal mitochondrial 
respiration activity (1.6 times) (Figure 3D,E,F,G,H). We 
measured iNOS expression to explore the molecular 
mechanism. The PRMT5 inhibitor reversed the iNOS 

Figure 1 EPZ015666 dose titration response. (A,B,C) DC viability. Flow cytometry analysis of cells stained with PI and annexin V. One-way 
ANOVA and the Bonferroni multiple comparisons test were used to compare data between the blank control and groups with no LPS (marked 
as “+”). Two-way ANOVA and the Sidak multiple comparisons test were used to compare data between groups treated with the same 
EPZ015666 concentration with or without LPS (marked as “*”). (D,E,F,G,H) Inflammatory cytokine production. IL-6, TNF-α, IL-12p70 
and IL-10 expression levels after LPS stimulation were analyzed via ELISA. One-way ANOVA and the Bonferroni multiple comparisons 
test were used for data analysis. All data are representative of 3 independent in vitro experiments. *, P<0.05; ***, P<0.001; ****, P<0.0001. 
DC, dendritic cell.
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Figure 2 PRMT5 inhibition regulates DC activation and maturation under LPS stimulation. (A,B,C,D,E) Quantitative RT-PCR analysis of 
interferon-stimulated gene (ISG) expression after 1 or 24 h of PRMT5 inhibition. (F,G,H,I,J) Flow cytometry analyses of the three surface 
costimulatory molecules and MHC-I and MHC-II after 24 or 48 h of PRMT5 inhibition. Unpaired two-tailed Student’s t-test was used 
for data analysis. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. All data are representative of 3 independent in vitro experiments. DC, 
dendritic cell; MHC, major histocompatibility complex.
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Figure 3 PRMT5 inhibition altered the DC metabolic switch. (A,B,C,D,E,F) The OCR, maximal respiration and ECAR were measured 
at 1 h (A,B,C) and 24 h (D,E,F) poststimulation. OCR and maximal respiration in response to either 2 µM oligomycin or 1 µM FCCP 
were measured. The ECAR was measured before the addition of 2 µM oligomycin. (G,H) Real-time changes in the OCR and ECAR were 
measured at 24 h post stimulation. (I) iNOS mRNA expression at 24 h poststimulation. (J) Nitrite concentration at 24 h poststimulation. 
Unpaired two-tailed Student’s t-tests were used for data analysis in (A,B,C,D,E,F,I,J); All data are representative of 3 or more independent 
in vitro experiments. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. DC, dendritic cell; OCR, oxygen consumption rate; ECAR, 
extracellular acidification rate; FCCP, Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone; iNOS, inducible nitric oxide synthase.
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mRNA upregulation induced by LPS, although the decrease 
in NO production was no longer obvious (Figure 3I,J).

PRMT5 expression is increased in ligatured mouse 
gingival tissue 

To clarify the possible association between PRMT5 
and periodontitis, mice weighing between 20 and 24 g  
(8 mice per group) in a healthy condition were administered 
ligatures around their second molar teeth on day 1 and 
sacrificed on day 9 (Figure 4A). We obtained gingival tissue 
from the palatal side of the ligatured teeth and isolated the 
mouse jaw. Gingival tissues were either subjected to total 
RNA extraction for assessment of mRNA expression or 
lysed for analysis of protein levels. Isolated maxillae were 
decalcified and processed for IHC staining. Compared with 
healthy tissue, PRMT5 mRNA was expressed at remarkably 
higher levels in inflamed tissue (2.8 times) (standard error: 
0.266857) (Figure 4B). Similarly, PRMT5 protein was 
expressed at higher levels in inflamed tissue than in healthy 
tissue and was localized in both epithelial and connective 
tissues (Figure 4C,D).

PRMT5 inhibition relieved the severity of mouse 
periodontitis and slowed the migration of DCs to cervical 
lymph nodes

A ligature-induced mouse model was used to assess the 
role of PRMT5 inhibition in periodontitis beginning on 
day 1. PBS or EPZ015666 was injected into the palatal 
gingiva of the upper second molars daily from days 0 to 
8 (Figure 5A). As shown in the images (10 per group), 
we readily observed bone loss on the palatal (1.4 times) 
(standard error: 0.182002) and buccal (1.7 times) (standard 
error: 0.301791) sides of the ligatured mice compared 
with the control group (palatal standard error: 0.118254/
buccal standard error: 0.093682), particularly on the buccal 
side (Figure 5B). Similarly, HE staining showed obvious 
decreases in the bone height and width in the ligatured 
mice (Figure 5C), and PRMT5 inhibition significantly 
inhibited bone loss (1.2–1.4 times) (palatal standard error: 
0.121981/buccal standard error: 0.134074) (Figure 5B,C). 
After HE staining, we observed more inflammatory 
infiltration changes in ligatured mice, such as disappearance 
of mucosal epithelium, ulcer formation, proliferation of 
granulation and infiltration of inflammatory cells; however, 

Figure 4 PRMT5 mRNA and protein expression in gingival tissues from ligatured mice and healthy mice. (A) Chart indicating the work 
from days 1 to 9. (B) PRMT5 mRNA expression. (C) PRMT5 protein expression from WB analysis. (D) PRMT5 protein expression from 
immunohistochemistry analysis. Unpaired two-tailed Student’s t-tests were used for data analysis. ****, P<0.0001. All data are representative 
of 3 or more independent in vivo experiments.
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Figure 5 The influence of PRMT5 inhibition on ligature-induced periodontitis and DC recruitment to cervical lymph nodes. (A) Chart 
indicating the work from days 0 to 9. (B) Images of mouse jaws and bone loss measurements. Jaws were stained with 0.5% eosin and 1% 
methylene blue. The white and green dotted lines indicate the ABC and CEJ levels, respectively; bone loss was measured by comparing the 
distance between the ABC and CEJ. (C) HE-stained sections. Black dotted lines indicate the bone area between the 1st and 2nd molars. The 
black square indicates the area of inflammatory cell infiltration. (D) TRAP-stained sections. Small white and black arrows indicate osteoclasts 
and Howship’s lacunae, respectively. Big white and black arrows trace the reversal line and the new bone formation. (E) RT-PCR analysis 
of dissected gingiva and mRNA expression of the indicated genes. (F) Flow cytometry analysis of the DC numbers in cervical lymph nodes, 
gated as CD11c+MHC-II+ cells. (G) IHC analysis of CD11c protein expression in cervical lymph nodes. An unpaired two-tailed Student’s t-test 
was used for data analysis. All data are representative of 4 or more independent in vivo experiments. *, P<0.05; **, P<0.01; ***, P<0.001; ****, 
P<0.0001. DC, dendritic cell; CEJ, cementoenamel junction; ABC, alveolar bone crest; TRAP, tartrate-resistant acid phosphatase; MHC, 
major histocompatibility complex.
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in the PRMT5 inhibition group, only proliferation of small 
vessels and infiltration of a small number of inflammatory 
cells were observed. TRAP staining showed that PRMT5 
inhibition reduced the number of osteoclasts and the 
formation of Howship’s lacunae and increased new bone 
formation (Figure 5D). In addition to alveolar bone, 
PRMT5 inhibition also remarkably reduced the mRNA 
levels of proinflammatory cytokines in the gingival tissue of 
ligatured mice (10 per group) (1.4–1.6 times) (Figure 5E).  
We performed flow cytometry and IHC analyses to 
determine the number of DCs migrating to cervical lymph 
nodes after PRMT5 inhibition. The flow cytometry results 
(4–5 per group) showed a significant increase in the number 
of DCs in the cervical lymph nodes of the ligature-induced 
periodontitis group (1.9 times) (standard error: 0.078269) 
compared with the control group (standard error: 0.054829), 
and PRMT5 inhibition reversed the increase in the DC 
number (1.4 times) (standard error: 0.025962). Similar 
results were observed using IHC staining (Figure 5F,G).

Discussion

Impaired DC activation induces DCs to enter a tolerogenic 
or less active state, thereby decreasing the immune response, 
relieving tissue damage from excessive inflammation and 
attenuating immune-related diseases (36). Immature DCs 
(iDCs) are widespread in various tissues and function 
as “sentinels” by detecting pathogens. ISGs induced by 
IFN-I help DCs detect viruses (37). The levels of ISGs are 
markedly downregulated in T lymphocytes after PRMT5 
inhibition (38). This inhibitory effect was observed in our 
study as early as 1 h after LPS stimulation, and PRMT5 
generally inhibited all ISGs at the later time points. This 
tendency is consistent with an inhibitory effect of the 
PRMT5 inhibitor on the expression of surface costimulatory 
molecules and MHC molecules at 24–48 h, which are 
hallmarks of DC maturation (39,40). Specifically, the 
costimulatory molecule CD40 activates DCs by interacting 
with T cells, thereby leading to the expression of CD80/
CD86, release of cytokines, and maintenance of the 
amplified T cell response (41,42). MHC-II and MHC-I 
molecules bind the captured exogenous antigens and 
translocate them to the DC surface as a complex for T cell 
recognition (43,44). Together with the decreased expression 
of the proinflammatory cytokines IL-12p70, TNF-α, and 
IL-6 detected in our results, we observed a widespread effect 
of PRMT5 inhibition on DC activation and maturation after 
LPS stimulation. Previous studies have reported a key role 

for posttranslational modification of PRMT5 in promoting 
T cell function, such as T cell activation (45), maintenance 
(22,23), expansion (24), and differentiation (46), and our 
results further support those findings by providing insights 
into the role of PRMT5 in DCs.

Here, for the first time, we show that PRMT5 inhibition 
blocks the fundamental DC metabolic switch. First, 
because OXPHOS serves as the major energy-producing 
pathway in the resting state (9), we observed a high OCR 
at the beginning of LPS stimulation; however, oxygen 
consumption decreased significantly over time. Instead, 
glycolytic activity increased substantially at an early time 
point and remained high after 24 h, thus serving as the main 
energy resource to support DC activation. These findings 
are consistent with the results of previous studies (7,10). 
Second, we observed a general inhibitory effect of PRMT5 
on the DC metabolic switch following LPS stimulation. 
Although we did not observe an effect of PRMT5 inhibition 
on OXPHOS, PRMT5 inhibition significantly decreased 
the maximum mitochondrial respiration activity at both 
time points. The maximum mitochondrial respiration is the 
maximum respiration activity cells can achieve and is related 
to T cell survival during an infection (47). This finding is 
consistent with the results of our previous study showing 
that PRMT5 inhibition decreases the expression of the 
prototypic Th1 cytokine IL-12p70, which is required for 
memory Th expansion (24). Moreover, PRMT5 inhibition 
showed a remarkable ability to inhibit glycolysis by itself at 
24 h after LPS stimulation, suggesting a direct inhibitory 
effect of PRMT5 inhibition on the DC metabolic switch 
to glycolysis in the later stage, which is important for DC 
activation. 

NO production is a possible mechanism by which the 
DC metabolic switch is activated (10,48,49). Our results 
confirmed this finding because we readily detected iNOS 
and NO production in LPS-activated DCs. Chakhtoura (50)  
and Everts (10) blocked NO production by targeting 
related signaling pathways or administering NO inhibitors 
and observed attenuated glycolysis levels and inhibition 
of OXPHOS activity. However, although iNOS mRNA 
expression was significantly reduced in cells treated with 
the PRMT5 inhibitor, the inhibitor failed to block NO 
production to the extent we expected, which may be related 
to the role of arginine as an NO precursor (51). The 
methylation of arginine catalyzed by PRMTs may regulate 
NOS enzymes to reduce NO production (52); thus, 
PRMT5 inhibition compensates for the decrease in NOS 
mRNA levels by inhibiting PRMT5 activity, leading to 
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increased NOS protein levels. Based on the evidence, AKT, 
another possible signaling pathway, regulates cell activation 
by modulating glycolysis through phosphorylation 
and activation of HK-II (9,53), which is located on the 
mitochondrial surface and contains an AKT phosphorylation 
consensus sequence. Moreover, the AKT upstream kinase 
TREM-1 serves as an amplifier of immune signaling and the 
inflammatory response (47,54) by binding to TLRs, after 
which the complex recognizes LPS and activates cells (55). 
The AKT downstream kinase FOXO1 also plays essential 
roles in DC activation and migration; for example, reduced  
DC function and increased susceptibility to periodontitis 
have been observed after FOXO1 deletion (56). Our 
results (Figure S1) revealed a correlation between PRMT5 
inhibition and the AKT pathway in DCs, but further studies 
are needed to better interpret this result.

After we clarified the correlation between PRMT5 
inhibition and the metabolic state of murine DCs during 
activation induced by LPS stimulation in vitro, we used a 
ligature-induced periodontitis model to assess the in vivo 
effect of PRMT5 inhibition. This method was first used in 
rodents by Rovin et al. (57). The ligature facilitates bacterial 
accumulation, which is the main cause of alveolar bone  
loss (58). This phenomenon was confirmed by several 
studies as described below; specifically, treatment with 
chlorhexidine or tetracycline hydrochloride in rats 
significantly relieved the severity of periodontal lesions, 
and similar findings were observed when mice were 
treated with antibiotic-containing water (34,59,60). Based 
on these results, this model is a reliable tool to mimic 
human periodontitis. In our in vivo study, we observed 
significantly high PRMT5 mRNA and protein expression 
in mouse periodontitis gingival tissue, prompting us to 
hypothesize that PRMT5 may induce tissue destruction in 
this disease. This hypothesis was subsequently verified by 
macroscopic and histometric measurements in the mouse 
jaw, revealing that PRMT5 inhibition blocks alveolar bone 
loss and reduces osteoclast infiltration and the area of 
Howship’s lacunae. Osteoclasts degrade the bone organic 
matrix by secreting acidic proteins that work together with 
proteinase K. Resorption of lacunae is always accompanied 
by osteoclasts located on the surface, and their area and 
number are indicators of bone resorption (61). The effect of 
PRMT5 inhibition on periodontitis was further confirmed 
by the decreased expression of mRNAs encoding seven 
proinflammatory cytokines in ligatured gingiva tissue, 
and the destructive roles of these cytokines in periodontal 
inflammation have been well established in humans and 

animal models (62-64). After detecting and capturing 
bacteria, DCs become activated. At the same time, the DC 
morphology is reshaped, and adherens junction proteins are 
deregulated, leading to increased DC migration to cervical 
lymph nodes. Thus, treatment with a PRMT5 inhibitor 
impairs DC activation.

In conclusion, in the current study, we discovered that 
PRMT5 inhibition modulates DC activation by altering the 
metabolic switch, and the in vivo study indicated a promising 
immune-based therapeutic role of PRMT5 in periodontitis.
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Supplementary

Figure S1 AKT phosphorylation at 24 h poststimulation. The densitometry results are shown as the ratio of p-AKT to total AKT. The 
paired ratio two-tailed Student’s t-test were used for the data analysis. *, P<0.05.
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