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Abstract

This study aimed to investigate whether the classic hepatoprotective drug polyene phosphatidylcholine (PPC) regulates
macrophage polarization and explores the potential role of TLR-2 in this process. In RAW264.7 macrophages and
murine bone marrow-derived macrophages (BMDMs) stimulated by lipopolysaccharide (LPS), PPC significantly
inhibited the production of IL-6, TNF-«, and the mRNA expression of MI-type macrophage markers. Consistently,
PPC reduced the mRNA expression of several key enzymes in the pathways of glycolysis and lipid synthesis while
increasing the expression of key enzymes associated with lipid oxidation. Moreover, blocking the glycolytic pathway
using 2-deoxy-D-glucose (2-DG) significantly enhanced the anti-inflammatory effect of PPC. However, inhibition of
lipid oxidation using GW9662 (an inhibitor of PPAR-y) and GW6471 (an inhibitor of PPAR-«) abolished the anti-
inflammatory effect of PPC. Interestingly, TLR-2 expression in macrophages was significantly downregulated after
exposure to PPC. Moreover, pre-activation of TLR-2 hampered the anti-inflammatory effect of PPC. In addition, PPC
did not inhibit the secretion of IL-6 and TNF-« in TLR-2~~ BMDMs that were activated by LPS. This was consistent
with the increased expression of M1 markers and glycolytic and lipid synthesis enzymes but decreased lipid oxidation-
related enzymes. These results showed that PPC inhibits the differentiation of M1-type macrophages, which was most
likely related to TLR-2-mediated metabolic reprogramming.
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Introduction
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Macrophages maintain considerable plasticity and heteroge-
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neity and respond to environmental signals by altering effector
phenotypes. Macrophages can polarize into two types accord-
ing to their phenotype and secreted cytokines, classically ac-
tivated M1 type and alternatively activated M2-type macro-
phages [1-3]. M1 macrophages develop in response to proin-
flammatory stimuli (LPS or IFN~y) and are characterized by
high levels of CD16/32, TNF-«, IL-12, iNOS, and
chemokines such as CXCL9, CXCL10, and CXCL11. M2
macrophages are induced by IL-4 or chitin and are character-
ized by high expression of CD206, Arg-1, IL-10, and
chemokines such as CCL2, CCL17, and CCL22 [2, 4-9].
Interestingly, macrophages can switch between M1 and M2
phenotypes, and specific alternations in macrophage pheno-
type have been indicated in various pathogenic conditions,
such as tumors, obesity, and liver and kidney disease [10,
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11]. In particular, the polarization of macrophages to the M2
phenotype is beneficial for controlling inflammation and other
pathological states [12—14]. Thus, the status adjustment of
macrophages may be an important strategy for disease treat-
ment and diagnosis.

Polyene phosphatidylcholine (PPC) is a nontoxic phospho-
lipid. Phosphatidylcholine (PC), the major component of
PPC, is a component of organelle membranes and the cell
membrane. PPC is rich in polyunsaturated fatty acids such
as linolenic acid and oleic acid and is mainly extracted from
soybeans [15, 16]. Traditionally, PPC functions to maintain
health and beauty. Moreover, PPC is currently widely used to
treat various types of liver diseases, such as viral hepatitis liver
damage or nonalcoholic steatohepatitis [10, 16, 17], because it
can repair cell membranes by improving the function and
integrity of biofilm. Interestingly, in recent years, the applica-
tion of PPC in the medical field has significantly increased. It
was reported that several conjugates containing PC improve
inflammatory diseases. In our previous study, PPC inhibited
the inflammatory response in macrophages and improved the
condition in arthritis [18]. Moreover, phosphorylcholine-
tuftsin prevents murine colitis induced by dextran sulfate so-
dium salt [19]. These data suggest that PPC can be used as an
anti-inflammatory drug. However, its underlying anti-
inflammatory mechanism is largely unclear.

Macrophages express high levels of toll-like receptors
(TLRs) after activation. TLRs activate downstream signaling
pathways and induce the expression of inflammatory factors,
thereby causing an inflammatory response [20-22]. TLR-2 is
one of the most widely expressed members of the TLR family
in macrophages and recognizes the most diverse species of
pathogenic microorganisms and their products; TLR-2 is ac-
tivated by various ligands such as Pam3CSK4, peptidoglycan,
apoptotic nucleosomes, and zymosan [22, 23]. Our previous
study also showed that TLR-2 was downregulated in PPC-
treated macrophages, which suggests that TLR-2 might have
an important role in the anti-inflammatory effect of PPC. This
study further explored the role of TLR-2 in this process.

In recent years, with the rise of immunometabolism, accu-
mulating evidences have shown that specific metabolic
reprogramming events were required for the phenotypic dif-
ferentiation of macrophages [24-26]. A previous study
showed the biphasic metabolic kinetics of macrophages dur-
ing bacterial infection: M1 polarization in the early stages of
infection while M2 polarization in chronic infection [27].
Importantly, specific metabolic pathways were indicated in
the M1 and M2 polarization of macrophages [26, 27].
Metabolic reprogramming refers to key modulations in the
bioenergy pathways in immune cells, including glycolysis,
fatty acid oxidation, oxidative phosphorylation, pentose phos-
phate pathway, and amino acid metabolism. These processes
occur in a variety of activated immune cells, which in turn
regulate their functional properties. Generally, static and

anti-inflammatory cells rely mainly on fatty acid oxidation,
while activated and inflammatory cells rely mainly on glycol-
ysis. In macrophages, the conversion of oxidation phosphor-
ylation to glycolysis is a hallmark of activated M1 macro-
phages, while M2 macrophages rely primarily on the oxida-
tive phosphorylation pathway to provide energy [26, 27].
However, it is still unclear if PPC regulates the inflammatory
response through metabolic reprogramming.

The present study investigated whether PPC functions
as an anti-inflammatory drug by regulating the polarization
of M1-type macrophages and explored the potential role of
TLR-2 in this process. The results showed that PPC signif-
icantly inhibited M1 differentiation of LPS-activated mac-
rophages through inhibition of the glycolytic pathway and
enhancement of lipid oxidation. Moreover, the downregu-
lation of TLR-2 was essential for the anti-inflammatory
effect of PPC, which was most likely mediated by trigger-
ing this metabolic reprogramming. Overall, this study pro-
vides novel insight that clarifies the anti-inflammatory
mechanism of PPC.

Materials and methods
Reagents

DMEM (Jiangsu, China); IMDM (Jiangsu, China); Cell
Counting Kit-8 (CCKS, Jiangsu, China); fetal bovine serum
(FBS, Bioind, Australia); M-CSF (Stem cell, USA); PPC
(Chengdu, China); lipopolysaccharide (LPS, O55:B5,
Sigma, USA); Pam3CSK4 (InvivoGen, USA); TRIzol
(Takara, Japan); PrimeScript™ RT reagent kit with gDNA
eraser (Takara, Japan), TB Green™ Premix Ex Taq™ II
(Takara, Japan), IL-10, IL-6, and TNF-o« ELISA kits (R&D
Systems, USA); 2-deoxy-D-glucose (2-DG, Sigma, USA);
GW9662 (MedChemExpress, USA); and GW6471
(MedChemExpress, USA).

RAW264.7 cells culture and treatment

RAW264.7 cells (mouse macrophage cell line) were cultured
in DMEM supplemented with 10% FBS, 100 pg/mL strepto-
mycin, and 100 U/mL penicillin and maintained at 37 °C in
5% CO, humidified air. After stabilization, the cells were
stimulated with PPC (20 pg/mL) with or without LPS
(100 ng/mL) for 24 h, and the cells and culture supernatants
were collected for further analysis.

BMDM preparation, culture, and treatment
Primary bone marrow-derived macrophages (BMDMs) were

isolated from female C57BL/6J mice or female TLR2”~ mice
at 68 weeks of age as described previously [28]. Briefly, the
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tibias and femurs of the mice were isolated under aseptic con-
ditions, and bone cells were removed with precooled PBS.
After the red blood cells were lysed, the cells were resuspend-
ed in IMDM containing 10 ng/mL M-CSF, 10% FBS, 100 pg/
mL streptomycin, and 100 U/mL penicillin and maintained at
37 °C in 5% CO, humidified air. On the 3rd and 7th days, the
medium was refreshed, respectively. The cells were then stim-
ulated for the indicated times with PPC (20 pg/mL) with or
without LPS (100 ng/mL). In some experiments, macrophages
were pretreated with 2-DG (10 uM) for 2 h, GW9662 or
GW6471 (10 uM) for 3 h, or Pam3CSK4 (10 ug/mL) for
1 h and then stimulated with PPC or PPC plus LPS for an
additional 24 h. The culture supernatants were collected for
ELISA analysis. For gene expression analysis, the macro-
phages were stimulated for 4 h with the indicated treatments.

Cell proliferation assay

Cell proliferation was assessed using CCK-8 according to the
manufacturer’s instructions. RAW264.7 cells were seeded in
96-well plates at a density of 1 x 10*/well in a 100 pL volume.
PPC was added to the cells at different concentrations (0, 10,
20, 30, and 50 pg/mL). After 20 h, CCK-8 reagent was added
to the medium (10 pL/well). The absorbance of each well was
determined at 450 nm after 4 h of incubation at 37 °C in 5%
CO; humidified air.

Enzyme-linked immunosorbent assays

The concentrations of IL-6 and TNF-« in cultured cell super-
natants were determined by mouse TNF-« and IL-6 ELISA
Ready-SET-Go!® kits (Invitrogen, USA) according to the
manufacturer’s protocol.

Real-time quantitative RT-PCR

Total RNA was isolated from RAW264.7 cells or BMDMs
using the TRIzol reagent extraction method. The appropriate
amounts of RNA were used to synthesize cDNA with a
PrimeScript™ RT reagent kit with gDNA Eraser. cDNA was
amplified using TB Green™ Premix Ex Taq ™II with gene-
specific primers. Quantitative real-time PCR was performed
on a Light Cycler 480 II detection system (Roche Applied
Science, Penzberg, Germany). The exact thermal cycler con-
ditions were described in a previous study [29]. All primers
are listed in Table 1. All experiments were performed in trip-
licate, and the cycle threshold (Ct) values were normalized to
the endogenous reference ((3-actin). The relative expression
levels of the tested genes in this study were calculated by
comparing the Ct values with (3-actin by the 27 2AC method.
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Table 1 Primer sequences used for real-time quantitative PCR

Gene Primer sequences

TNF-o F-CATCTTCTCAAAATTCGAGTGACAA
R-TGGGAGTAGACAAGGTACAACCC

IL-6 F-CCACGGCCTTCCCTAC
R-AAGTGCATCATCGTTGT

Arg-1 F-ACCACACTGACTCTTCCATTCTT
R-TTGATGTCCCTAATGACAGCTCC

iNOS F-CCCTTCCGAAGTTTCTGGCGACAGCGGC
R-GGCTGTCAGAGCCTCGTGGCTTTGG

TLR-2 F-TGTCTCCACAAGCGGGACTT
R-TTCGATGGAATCGATGATGTTG

CXCL9 F-TCTCGGACTTCACTCCAACACA
R-ACTCCACACTGCTGGAGGAAGA

CXCL10 F-CCGTCATTTTCTGCCTCATCC
R-CCCTATGGCCCTCATTCTCA

PK F-CAGCCATGGCTGACACCTTC
R-GGATCAGATGCAAAGCTTTCTG

PFK F-GCCACTAAGATGGGTGCTAAGG
R-CGTACTTGGCTAGGATTTTGAGG

MCAD F-TAACATACTCGTCACCCTTC
R-ATGCCTGTGATTCTTGCT

FAS F-TCGGAGACAATTCACCAAACC
R-AGCCATCCCACAGGAGAAACC

ACCL F-TGCTGGATTATCTTGGCTTCA
R-CCCGTGGGAGTAGTTGCTGTA

CPTI- F-TATGGTCAAGGTCTTCTCGGGTCG
R-AGTGCTGTCATGCGTTGGAAGTCTC

SREBP-1¢ F-GAAGCTGTCGGGGTAGCGTCT
R-CTCTCAGGAGAGTTGGCACCTG

PPAR-«x F-CTGTCGGGATGTCACACAATGC
R-TCTTTCAGGTCGTGTTCACAGGTAA

PPAR-y F-CGATCTGCCTGAGGTCTG
R-GAGCCTAAGTTTGAGTTTGC

{3-actin F-CAACTTTGGCATTGTGGAAGG

R-ACACATTGGGGGTAGGAACAC

Statistical analysis

The data are expressed as mean = SEM. Experimental graphs
were generated using GraphPad Prism software, and all statis-
tical analyses were performed using Statistical Package for the
Social Sciences (SPSS) version 19 software. Statistically sig-
nificant differences between groups were examined by one-
way ANOVA. A value of P < 0.05 was considered statistically
significant.

Results

PPC inhibited M1 polarization in LPS-activated
macrophages

Macrophages play a vital role in the regulation of the inflam-
matory response. This study used the murine macrophage cell
line RAW264.7 and primary BMDMs to evaluate the anti-
inflammatory effect of PPC. As shown in Fig. 1a and b, the
production and mRNA expression of IL-6 and TNF-« in LPS
plus PPC group were significantly reduced compared with
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those in the LPS-stimulated group (P < 0.05). Moreover, PPC
did not show an obvious effect on the production or expres-
sion of these cytokines (P> 0.05). In addition, PPC at differ-
ent concentrations (0, 10, 20, 30, and 50 pg/mL) did not
obviously inhibit the proliferation of RAW264.7 cells
(P>0.05, Supplementary Fig. 1). These results indicate that
PPC strongly prevents the LPS-induced inflammatory re-
sponse in macrophage, which did not affect cell viability.

We further characterized the phenotype of macrophage fol-
lowing PPC treatment by determining the mRNA expression of
specific chemokines and markers. As shown in Fig. 1c, the
relative expression of iNOS was significantly downregulated
in the PPC plus LPS group compared with that of the LPS
group. Consistently, the expression of M1-specific chemokines,
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Fig. 1 PPC inhibited M1 polarization of LPS-activated macrophages.
RAW264.7 cells and BMDMs were stimulated with PPC (20 pg/mL)
with or without LPS (100 ng/mL) for 24 h. Cytokine concentrations in
the culture supernatants were measured by ELISA, and the relative
mRNA expression of cytokines was examined by real-time RT-PCR. a
Production and mRNA expression of IL-6 and TNF-« in RAW264.7

such as CXCL9, CXCL10, and CXCLI11, was significantly
decreased (P <0.05). Collectively, these results indicate that
PPC inhibits M1 polarization of LPS-activated macrophages.

PPC inhibited glycolysis and lipid synthesis
but promoted lipid oxidation in LPS-activated
macrophages

Specific metabolic reprogramming events have been re-
ported to determine the phenotype of immune cells [26,
27]. Among which, the pathways such as glycolysis and
lipid metabolism were extensively investigated. This
study investigated whether PPC regulates metabolic
reprogramming in macrophages. As shown in Fig. 2a
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cells. b Production and mRNA expression of IL-6 and TNF-« in
BMDMs. ¢ mRNA expression of M1 markers (iNOS and CXCL9,
CXCL10, and CXCL11) in RAW264.7 cells. The data are presented as
mean + SEM. Comparisons among multiple groups were done using one-
way ANOVA. vs PBS group, P <0.05, #P < 0.01, ™ P < 0.001; vs LPS
group, *P<0.05, **P<0.01, ***P< 0.001
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and b, PPC plus LPS co-stimulation inhibited the mRNA
expression of two rate-limiting glycolysis enzymes (PFK,
phosphofructokinase and PK, pyruvate kinase) and key
enzymes related to lipid synthesis (ACCI, acetyl-CoA
carboxylase 1; SREBP-1c, sterol-regulatory element bind-
ing protein-1c; and FAS, fatty acid synthase) compared
with that of LPS stimulation (P<0.01). However, the
mRNA expression levels of lipid oxidation-related en-
zymes (PPAR-vy, peroxisome proliferator-activated
receptor-y; PPAR-«, peroxisome proliferator-activated
receptor-oc; MCAD, medium chain acyl-CoA dehydroge-
nase; and CPT-1a, carnitine palmitoyltransferase-1a) were
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Fig. 2 PPC inhibited glycolysis and lipid synthesis but promoted lipid
oxidation in LPS-activated macrophages. RAW264.7 cells were stimulat-
ed with PPC (20 pg/mL) with or without LPS (100 ng/mL) for 4 h. The
mRNA expressions of key enzymes in the pathways of glycolysis (a),
lipid synthesis (b), and lipid oxidation (¢) were examined by real-time RT-
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significantly upregulated (P <0.05, Fig. 2c). These results
show that PPC inhibits glycolysis and lipid synthesis but
promotes lipid oxidation, indicating the reprogramming of
glucose and lipid metabolism in macrophages.

The reprogramming of glucose and lipid metabolism
was associated with the anti-inflammatory effect
of PPC

To explore the possible link between the metabolic
reprogramming and the anti-inflammatory effect of PPC,
we measured the level of cytokine production after
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PCR. The data are presented as mean + SEM. Comparisons among mul-
tiple groups were done using one-way ANOVA. vs PBS group, *P < 0.05,
##Pp<0.01, ¥ P<0.001; vs LPS group, *P<0.05, **P<0.01,
##kP < (0.001
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pretreatment with 2-DG (an inhibitor of the glycolytic
pathway), GW9662 (an inhibitor of PPAR-vy), or
GW6471 (an inhibitor of PPAR-) in the cell culture sys-
tem mentioned above. In the presence of LPS, 2-DG plus
PPC significantly inhibited the production of IL-6 and
TNF- compared with the PPC alone (P <0.05, Fig. 3a).
However, GW9662 and GW6471 pretreatment abolished
the anti-inflammatory effect of PPC in the presence of
LPS (P<0.001, Fig. 3b and c). These results indicate that
inhibition of glycolysis and activation of lipid oxidation is
associated with the anti-inflammatory effect mediated by
PPC.

PPC downregulated TLR-2 expression in LPS-activated
macrophages

As one of important pattern recognition receptors (PRRs),
TLR-2 is highly expressed in proinflammatory macrophages
[20, 21]. This study found that PPC significantly inhibited the

mRNA expression of TLR-2 in both RAW264.7 cells and
BMDMs regardless of the absence or presence of LPS
(P<0.05, Fig. 4), which suggests that TLR-2 may have an
essential role in the anti-inflammatory effect of PPC.

TLR-2 pre-activation inhibited the anti-inflammatory
effect of PPC

Pam3CSK4 is a well-known TLR-2 agonist [22, 23]. To
further elaborate the role of TLR-2 on anti-inflammatory
effect of PPC, we determined the cytokine levels in mac-
rophages stimulated with Pam3CSK4 for 1 h before the
addition of PPC. As shown in Fig. 5, PPC downregulated
the mRNA expression of IL-6 and TNF-a in BMDMs
activated by Pam3CSK4 (P < 0.05). However, PPC could
not downregulate their expression after Pam3CSK4 pre-
activation (P<0.001). Moreover, in the presence with
LPS plus PPC, Pam3CSK4 pre-activation even signifi-
cantly elevated IL-6 and TNF-« expression (P<0.001,
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Fig. 3 The reprogramming of glucose and lipid metabolism was
associated with the anti-inflammatory effect of PPC. BMDMs were stim-
ulated with PPC (20 pg/mL) and/or LPS (100 ng/mL) in the absence or
presence of inhibitors for 24 h. 2-DG, GW9662, and GW6471 were
added to the culture system for 2~3 h prior to PPC administration,

respectively. The production of IL-6 and TNF-« under the inhibition of
2-DG (a), GW9662 (b), and GW6471 (c) was determined by ELISA. The
data are presented as mean + SEM. Comparisons among multiple groups
were done using one-way ANOVA. *P < 0.05, **P < 0.01, ***P < (.001
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Fig. 4 PPC downregulated TLR-
2 expression in LPS-activated
macrophages. Macrophages were
stimulated with PPC (20 pg/mL)
with or without LPS (100 ng/mL)
for 24 h. a TLR-2 mRNA ex-
pression in RAW264.7 cells. b
TLR-2 mRNA expression in
BMDMs. The data are presented
as mean + SEM. Comparisons
among multiple groups were done
using one-way ANOVA. vs PBS
group, *P<0.05,"#P<0.01,
###P <0.001; vs LPS group,
*P<0.05, **P<0.01,

##kP < (0.001
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Supplementary Fig. 3). The results suggest that PPC me-
diates the anti-inflammatory response via downregulating
TLR-2 expression.

The anti-inflammatory effect of PPC was lost
in TLR-2”~ BMDMs

To confirm the role of TLR-2 in the anti-inflammatory
effect of PPC, we compared the changes of cytokine pro-
duction and the expression of M1 polarization-associated
markers in TLR-27" and wild-type (WT) BMDMs after
exposure to PPC and/or LPS for 24 h. As shown in
Fig. 6a, unlike the trend in WT BMDMs, LPS plus PPC
did not inhibit the production of TNF-o and IL-6 in TLR-
27 BMDMs (P> 0.05). Moreover, in compared with WT
BMDM, the mRNA expression of M1 polarization-
associated markers (iNOS, CXCL9, CXCL10, and

Fig. 5 TLR-2 pre-activation
inhibited the anti-inflammatory
effect of PPC. BMDMs were
stimulated with PPC (20 pg/mL)
in the absence or presence of
Pam3CSK4 (10 pg/mL) for 24 h.
For pre-activation of TLR-2,
Pam3CSK4 was added to the
culture system for 1 h prior to
PPC administration. The mRNA
expression of IL-6 and TNF-a
was determined by real-time RT-
PCR. The data are presented as
mean + SEM. Comparisons
among multiple groups were done
using one-way ANOVA. vs PBS
group, *P <0.05, ¥P<0.01,
##Hp <0.001; vs LPS group,
*P<0.05, **P<0.01,

%P <(0.001.
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CXCL11) was significantly elevated in TLR-27'"
BMDMs after stimulation by PPC plus LPS (P<0.05,
Fig. 6b and Supplementary Fig. 4A). These results con-
firm that TLR-2 is required for PPC-mediated inhibition
of M1 polarization.

The altered anti-inflammatory potential of PPC was
accompanied by the reprogramming of glucose
and lipid metabolism in TLR-2~/~ BMDMs

We further characterized the effect of PPC on the metabolic
profiles in TLR-2"~ and WT BMDMs. Notably, compared
with WT BMDMs, the mRNA expression of glycolytic path-
way enzymes (PFK and PK) was significantly elevated in
TLR-2"~ BMDMs after stimulation by PPC plus LPS and
was even almost restored to the level in LPS-activated WT
BMDMs (P < 0.05, Fig. 7a). Moreover, the mRNA expression
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Fig. 6 The anti-inflammatory effect of PPC was lost in TLR-27"~
BMDMs. BMDMs isolated from TLR-2 "~ and WT mice were stimulated
with PPC (20 pg/mL) in the absence or presence of LPS (100 ng/mL) for
4 h. Cytokine production and mRNA expression of genes were detected
by ELISA and real-time RT-PCR, respectively. a IL-6 and TNF-«

of lipid synthesis enzymes (ACC1, SREBP-1c, and FAS) was
significantly upregulated (P<0.05, Fig. 7b and
Supplementary Fig. 4B). In addition, the mRNA expression
of lipid oxidation enzymes (PPAR-~y, PPAR-&, MCAD, and
CPT-1a) was significantly downregulated (P < 0.05, Fig. 7c).
These results suggest that TLR-2-meditated reprogramming
of glucose and lipid metabolism participates in the anti-
inflammation effect of PPC.

Discussion

Previous studies have reported that PPC downregulates the
inflammatory response to improve the condition of arthritis
[18] and colitis [19]. However, the underlying mechanism is
still unclear. The present study showed that PPC inhibited M 1
polarization in LPS-activated macrophages. Mechanistically,
the anti-inflammatory effect of PPC was most likely depen-
dent on TLR-2 signaling and was mediated by inhibiting the
glycolytic pathway while promoting lipid oxidation. Taken
together, these results revealed a novel anti-inflammatory
mechanism of PPC.

PPC did not inhibit the proliferation of macrophages, indi-
cating that it will be safe for patients. Moreover, PPC signif-
icantly prevented the release of proinflammatory cytokines in
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production in the supernatants. b mRNA expression of specific markers
for M1 macrophages (iNOS, CXCL9, CXCL10, and CXCLI11). The data
are presented as mean + SEM. The results were repeated in triplicate.
Comparisons among multiple groups were done using one-way
ANOVA. #*P<0.05, **P <0.01, ***P < 0.001

LPS-activated macrophages (Supplementary Fig. 2), which
was consistent with its preventive effect in mice of arthritis
and inflammatory bowel disease [19, 30]. To better under-
stand PPC, this study further explored its regulatory
mechanism.

Previous studies have shown that macrophages maintain
considerable plasticity and can alter effector phenotypes in
response to different environmental signals [2, 6]. It is well
known that LPS at a low dose can be a positive stimulator of
M1 macrophages. Moreover, elevated levels of LPS have
been detected in the sera of patients with various diseases,
such as obesity and type 2 diabetes [31, 32]. This study found
that even in the presence of LPS, PPC-treated macrophages
exhibited reduced expression of M1 macrophage-associated
markers, showing that PPC inhibits M1 macrophage polariza-
tion. These results suggest that PPC could treat not only in-
flammatory diseases but also several metabolic diseases.

It is well known that TLR-2 can promote or inhibit the
inflammatory response. In LPS-activated macrophages,
TLR-2 is upregulated to initiate activation of downstream sig-
naling pathways and the expression of inflammatory factors,
ultimately causing a proinflammatory response [20, 21, 33];
however, upregulated expression of TLR-2 in B cells is also
necessary to induce the generation of regulatory B cells [34],
which inhibit the inflammatory response. Thus, TLR-2 is
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Fig. 7 The altered anti-inflammatory potential of PPC was accompanied
by the reprogramming of glucose and lipid metabolism in TLR-27~
BMDMs. BMDMs isolated from TLR-2"~ and WT mice were stimulated
with PPC (20 pg/mL) in the absence or presence of LPS (100 ng/mL) for
12 h. The mRNA expression of enzymes in the metabolic pathways was

believed to be an attractive target for drug development [35].
This study confirmed the pivotal role of TLR-2 signaling in
the anti-inflammatory effect of PPC. TLR-2 expression in
macrophages was significantly downregulated after exposure
to PPC. Moreover, PPC did not inhibit the release of proin-
flammatory cytokines in TLR-2~~ BMDM s in the presence of
LPS. Consistent with this, PPC did not show the anti-
inflammatory effect after TLR-2 pre-activation using
Pam3CSK4. In addition, PPC could inhibit the mRNA expres-
sion of M1 polarization-associated markers (iNOS, CXCLD9,
CXCL10, and CXCLI11) in a TLR-2-dependent way.
However, it has to be pointed out that the iNOS expression
of PPC plus LPS group in TLR-2”~ BMDMs was partially

@ Springer

detected by real-time RT-PCR. a mRNA expression of glycolytic en-
zymes. b mRNA expression of lipid synthesis enzymes. ¢ mRNA expres-
sion of lipid oxidation enzymes. The data are presented as mean + SEM.
Comparisons among multiple groups were done using one-way ANOVA.
*P<0.05, **P<0.01, ***P < 0.001

recovered compared with that in WT BMDMs. This sug-
gested that the effect of PPC on iNOS expression may be also
regulated by other receptor(s) or factors. In fact, iNOS has
diverse biological functions and can be regulated by multiple
biological processes such as oxidative stress [36, 37]. Overall,
these results indicate the preventive potential of PPC in sev-
eral TLR-2-mediated diseases such as arthritis and renal in-
flammation [38].

In recent years, immunometabolism has become a new
research hotspot [26, 27]. TLR-mediated metabolic
reprogramming determines the phenotype and function of im-
mune cells [27, 39]. M1 macrophages are characterized as
enhanced glycolysis, while M2 macrophages exhibit activated
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lipid oxidation [40, 41]. This study characterized the specific
metabolic events related to the anti-inflammatory effect of
PPC. Our results showed that PPC inhibited the glycolysis
pathway, but activated the lipid oxidation pathway. Such met-
abolic profiles were consistent with the anti-inflammatory sta-
tus of macrophages [42—44] . 2-DG is a synthetic analogue of
glucose, which competitively inhibits the reaction of hexoki-
nase and glucose to inhibit glycolysis [45, 46]. This study
further found that inhibition of glycolysis with 2-DG en-
hanced the anti-inflammatory effect of PPC. PPAR-« and
PPAR-y are ligand-activated transcription factors, which are
involved in the transcriptional regulation of lipid metabolism
[47, 48]. Inhibition of the two genes using GW9662 and
GWo6471 both hampered the anti-inflammatory effect of
PPC. These results showed that PPC inhibits inflammation
by reprogramming glucose and lipid metabolism. In addition,
the metabolic phenotype induced by PPC was partially lost in
TLR-2"~ BMDMs. Compared with the counterparts in WT
BMDMs, the mRNA expression of glycolytic pathway en-
zymes and lipid synthesis enzymes was significantly elevated,
but lipid oxidation associated genes were significantly down-
regulated in TLR-2"~ BMDMs. Notably, a significantly
downregulated expression of SREBP-1c was observed both
in TLR-2"" and WT BMDMs after exposure to PPC, which
suggested that this gene was not dependent on the TLR-2, but
other receptor(s) or factor(s). Thus, more attention should be
paid to investigate the role of TLR-2 in mediating metabolic
reprogramming and the anti-inflammatory effect of PPC.

Overall, the present study showed that PPC, a clinically
classic hepatoprotective drug, inhibited LPS-induced inflam-
mation in macrophages in vitro. Mechanistically, PPC inhibited
M1 polarization of macrophages, which was most likely de-
pendent on TLR-2-medited metabolic reprogramming. These
findings revealed a novel anti-inflammatory mechanism of
PPC.
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