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Abstract

Perilla frutescens (Lamiaceae) has strong anti-inflammatory as well as antioxidant, antimicrobial, anti-allergic,
antidepressant, anticancer, and neuroprotective effects and hence has diverse therapeutic applications. We have
previously reported that oral administration of the standardized perilla extract ameliorated the experimentally
induced colitis in mice by blocking the activation of two prototypic pro-inflammatory transcription factors, NF-kB
and STAT3. Upon inflammatory insult, tissue resident macrophages produce vasoactive and chemotactic media-
tors, which increase vascular permeability and promote the infiltration of leukocytes, especially neutrophils, into
the inflamed site where they eliminate or neutralize invading molecules. Neutrophils at the inflamed site undergo
apoptosis, and apoptotic cells are removed by macrophages through phagocytosis, a process termed ‘efferocyto-
sis’. This terminates the inflammatory responses. If resolution of inflammation fails, inflammation response be-
comes excessive and prolonged which can cause tissue damage and loss of the function implicated in pathogen-
esis of a broad spectrum of human disorders. Here, we report that the standardized leaf extract of P. frutescens
potentiates the efferocytic activity of macrophages in a zymosan-induced peritonitis model, which appears to be
mediated via the PPARy activation. We also validated the stimulatory effects of the perilla extract on efferocytosis
by isolated peritoneal and bone marrow derived macrophages co-cultured with apoptotic cells.
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1. Introduction thus are among the first immune cells to respond to tissue damage
by producing cytokines that initiate and orchestrate the recruitment

Acute inflammation is a physiological response to microbial infec- of neutrophils from the blood into the tissue (Soehnlein and Lind-

tion and tissue injury which neutralizes the harmful organisms and bom, 2010; Elliott etal., 2017). After performing their action at the
agents via the host innate immune system (Lee and Surh, 2012). inflamed site, neutrophils undergo apoptosis which is a character-
Upon inflammatory insults, the innate immune system alarms the istic of self-limiting inflammation upon acute injury or infection.
circulating neutrophils, leading to their recruitment to the inflamed Macrophages, and to a lesser extent by other “professional’ phago-
site. Tissue resident macrophages are key immune sentinels and cytes (e.g., monocytes and dendritic cells) and ‘non-professional’
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phagocytes (e.g., epithelial cells), ingest dead or dying neutrophils,
a process termed ‘efferocytosis’ essential for resolution of inflam-
mation (Boada-Romero et al., 2020).

The most obvious anti-inflammatory effect of efferocytosis is
the physical sequestration of dead or dying cells to limit the release
of intracellular damage-associated molecular patterns that can
drive inflammation (Elliott et al., 2017). Disruption of homeostatic
efferocytosis leads to accumulation of uncleared apoptotic cells,
which can provoke spontaneous inflammation by releasing inflam-
matory contents and autoimmune disease. However, apoptotic
cells are thought to be beneficial in self-resolving inflammation by
helping to reprogram tissue macrophages from a pro-inflammatory
to a pro-resolution state (Elliott et al., 2017). Thus, clearance of
apoptotic neutrophils prompts a switch from a pro- (M1) to an anti-
inflammatory/proresolving (M2) macrophage phenotype which is
a prerequisite for macrophage egress via the lymphatic vessels fa-
vouring return to tissue homeostasis (Ortega-Gomez et al., 2013).
Clearance of apoptotic neutrophils also triggers the production of
additional mediators such as transforming growth factor-beta and
interleukin (IL)-10 that suppress the progression of inflammation
and promote repair of damaged tissues (Barnig and Levy, 2015).

Proper termination of the inflammatory cascade is important
to allow execution of tissue repair and resolution responses re-
quired to restore normal tissue function. If timely resolution of
acute inflammation fails, inflammation persists and can progress
to a chronic state which is a root of many human disorders (Lee
etal., 2013). Resolution of inflammation is an active coordinated
process regulated by distinct anti-inflammatory and pro-resolv-
ing endogenous lipid mediators, such as resolvins and lipoxins
(Lee and Surh, 2012). However, their production is transient and
limited, and may be overwhelmed by extensive infection or in-
juries. In this context, it is worthwhile searching for exogenous
sources of proresolving as well as anti-inflammatory substances,
especially those that have been used for long period of time in
herbal medicine or for a culinary purpose, so their safety has
been somehow verified.

Perilla frutescens (L.) Britton var. belongs to an annual herb
of the mint family (Lamiaceae). It has been used as a valu-
able source of culinary and medicinal materials (Bachheti et
al., 2014). P. frutescens has been used in folk medicine in the
management of anxiety, depression, asthma, coughs, colds, al-
lergies, fever, headache, stuffy nose, constipation, abdominal
pain, indigestion, and intoxication (Ahmed, 2018). The leaves
of P. frutescens have strong anti-inflammatory as well as anti-
oxidant, antimicrobial, anti-allergic, antidepressant, anticancer,
and neuroprotective effects and hence have various therapeutic
applications. The ethanol extracts of P. frutescens leaves, could
significantly suppress Th2 responses and airway inflammation in
allergic murine model of asthma (Chen et al., 2015). The etha-
nol extract of perilla leaves significantly suppressed secretion
of IL-5 and IL-13 from ovalbumin-stimulated splenocytes of
Balb/c mice. The inflammatory mediators, such as eotaxin and
histamine, and total cells, particularly eosinophils in bronchoal-
veolar lavage fluid, were also reduced (Chen et al., 2015). The P.
frutescens leaf extract has been reported to ameliorate ultraviolet
radiation-induced extracellular matrix damage in hairless mouse
skin which was associated with reduced epidermal skin thickness
and MMP-13 expression. (Bae et al., 2017).

The protective effects of perilla against experimentally in-
duced airway inflammation were investigated. The ethanol extract
of P. frutescens (100 mg/kg) given orally to mice was found to
inhibit tumor necrosis factor-o. (TNF-a) production in the lung,
after intranasal administration of lipopolysaccharide (LPS) (Lim
et al., 2014). The ethanol extract of P. frutescens suppressed ex-

pression of pro-inflammatory cytokines (TNF-a, IL-1p and IL-6),
pro-inflammatory enzymes including inducible nitric oxide syn-
thase and cyclooxygenae-2 (COX-2) and their regulator NF-xB
in LPS-stimulated murine macrophage RAW 264.7 cells (Lee and
Han, 2012). Furthermore, a monoterpenoid and an alkaloid iso-
lated from P. frutescens showed a remarkable inhibitory effect on
the production of the inflammatory mediator, nitric oxide (NO) and
pro-inflammatory cytokines (TNF-a and/or IL-6) in LPS-stimulat-
ed RAW264.7 cells (Wang et al., 2018).

Perilla contains polyphenols such as rosmarinic acid, luteo-
lin, apigenin, and caffeic acid which have a large diversity of
biological activities including anti-inflammatory effects (Asif,
2012; Makino et al., 2001; Ueda and Yamazaki, 2001; Lim et
al., 2014; Kwak and Ju, 2015). It was reported that a standard-
ized perilla extract (SPE) dissolved in drinking water amelio-
rated dextran sulfate sodium (DSS)-induced colitis in mice by
suppressing production of proinflammatory cytokines (Urushima
et al., 2015). We also demonstrated that administration of SPE
(20 and 100 mg/kg) by gavage protected against DSS-induced
murine colitis by blocking the activation of two prototypic proin-
flammatory transcription factors, NF-xB and STAT3 (Park et al.,
2017). In addition, SPE treatment to CCD841CoN human normal
colon epithelial cells attenuated the TNF-a-induced expression/
activation of mediators of proinflammatory signaling (Park et al.,
2017).

In the present study, we have evaluated the proresolving po-
tential of SPE with focus on its capability to induce efferocytosis.

2. Materials and methods
2.1. Materials

Triton X-100, zymosan A, GW9662, and rosmarinic acid were
purchased from MilliporeSigma (Billerica, MA, USA). The zy-
mosan A-FITC, F4/80 antibody, Gr-1 antibody, bovine serum albu-
min (BSA), and peroxisome proliferator-activated receptor gamma
(PPARY) antibody were obtained from Thermo Fisher Scientific
(Waltham, MA, USA). The aqueous extract powder of P. fiute-
scens (leaves) supplied by Amino Up Co. Ltd. (Sapporo, Japan)
contained rosmarinic acid, 1.098%; caffeic acid, 0.136%; apigenin,
0.034%; apigenin  7-O-[B-glucuronosyl(1—2)B-glucuronide],
2.135%; apigenin 7-O-B-glucuronide, 0.104%; luteolin, 0.007%;
Iuteolin 7-O-[B-glucuronosyl(1—2)B-glucuronide], 0.632%; lu-
teolin 7-O-B-glucuronide, 0.062%; scutellarin, 0.498%; vicenin-2,
0.149%; total flavonoid, 3.621%.

2.2. Zymosan A-induced peritonitis

C57BL/6 (6-9 wk old) were obtained from Central Lab Animal,
Inc (Seoul, South Korea). Animal experiments were approved by
the Institutional Animal Care and Use Committee at Seoul Nation-
al University. The mice were injected with zymosan A (30 mg/kg)
intraperitoneally. After 12 h, the mice were given SPE (100 mg/
kg) or rosmarinic acid (20 mg/kg) by intraperitoneal injection. The
mice were killed 6 h later. The peritoneal exudates were collected
for analyses.

2.3. Invivo efferocytosis assay

To investigate the efferocytosis in vivo, exudate cells from mice
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peritoneum were stained with anti-F4/80-antibody (Thermo Fisher
Scientific; Waltham, MA, USA), permeabilized with 0.1% Triton
X-100, and then labeled with anti-Gr-1 antibody (Thermo Fisher
Scientific, Waltham, MA, USA). The macrophages engulfing apo-
ptotic neutrophils were analyzed by flow cytometry. All samples
were analyzed by using BD FACS Calibur flow cytometry and
Flow Jo software.

2.4. Isolation of peritoneal macrophages (PMs)

Six-week-old male C57BL/6 mice were treated intraperitonally
with 3% Brewer thioglycollate medium (1 ml). After 4 days, the
abdominal skin of the mice was retracted to expose the peritoneal
wall and through the wall, 10 ml of cold harvest buffer [3 mM
EDTA in phosphate buffered saline (PBS)] was injected. The fluid
was aspirated slowly and dispensed into a 50 ml conical tube. The
peritoneal exudates were centrifuge at 400 g for 8 min at 4 °C.
After removing supernatant, the pellet was suspended in 200 pl 1X
red blood cell (RBC) lysis buffer (eBioscience) and incubated in
ice for 30-60 sec. Then the cells were suspended with 4 ml PBS
and centrifuged at 400 g for 8 min at 4 °C. Finally, the cells were
divided into culture dishes with DMEM-F12 [with 10% fetal bo-
vine serum (FBS), antibiotic-antimycotic mixture, glutaMAXT™]
after cell counting.

2.5. Preparation of bone marrow derived macrophages (BM-
DMs)

The femur and the tibia were isolated from C57BL/6 mice. Bone
marrow cells were harvested from the femur and tibia of C57BL/6
with cold PBS containing 2% heat-inactivated FBS. The collected
cells were then filtered through a 70-um Falcon nylon cell strainer.
RBCs were then removed using RBC lysis buffer while incubating
on ice for 2 min. The remaining cells were resuspended in DMEM
containing 10% heat-inactivated FBS and 20 ng/ml M-CSF, seeded
in petri dishes and incubated at 37 °C for 7 days. Medium contain-
ing M-CSF was changed once after 3 days of incubation. BMDMs
were detached from petri dishes and used for experiments.

2.6. Efferocytosis assay with isolated macrophages

Thymus from C57BL/6 was ground to harvest thymocytes. To ob-
tain apoptotic thymocytes, the cells were treated with 0.1 pM dexa-
methasone, and then incubated at 37 °C in a humidified incubator
containing 5% CO, for 16 h. The apoptotic cells were labeled with
1 pl of 1 mg/ml of a pH sensitive dye, pHrodo-SE for 30 min at
room temperature and co-cultured for 1 h with PMs or BMDMs
pretreated with SPE. BMDMs were washed to remove free apop-
totic cells, labeled with anti-mouse F4/80 antibody and subjected to
flow cytometry for measuring the macrophages that engulf apop-
totic cells. To quench fluorescence from nonphagocytized pHrodo-
SE-labeled apoptotic cells, cells were washed and resuspended in
basic buffer (pH 8.8), and the flow cytometry assay was conducted.
Apoptotic thymocytes engulfed in PMs were visualized under a mi-
croscope without macrophage labeling.

2.7. Phagocytosis assay

The thioglycolate-elicited PMs were treated with SPE and they
were co-incubated with zymosan A-FITC for an additional 1 h.

The phagocytic activity of macrophages was analyzed by im-
munostaining using F4/80 antibody. The macrophages engulfing
zymosan A-FITC were visualized using an Eclipse Ti-U inverted
microscope (Nikon; Tokyo, Japan).

2.8. Immunocytochemical analysis

The thioglycolate-elicited PMs were treated with SPE (50 pg/
ml) for 4 h. After fixation with 10% formalin solution for 30 min
at room temperature, cells were permeabilized with 0.2% Triton
X-100, incubated with blocking agents (PBS containing 5% BSA),
washed with PBS, and incubated with a diluted (1:100) primary
PPARy antibody overnight at 4 °C. After washing with PBS, cells
were incubated with a diluted (1:100) secondary antibody. The
samples were examined by an Eclipse Ti-U inverted microscope
(Nikon; Tokyo, Japan).

2.9. Flow cytometry analysis for PPARy expression

To analyze the expression of PPARy in PMs, cells were fixed with
2% formaldehyde in PBS. The permeabilization of cells was pre-
ceded with 0.2% Tween-20 in PBS for 15 min at room tempera-
ture. The PPARy antibody in PBS containing 2% BSA was applied
for 1 h at 4 °C. After washing with PBS, cells were incubated with
FITC conjugated secondary antibody for 1 h. All samples were an-
alyzed by BD FACS Calibur flow cytometry and Flow Jo software.

2.10. Western blot analysis

For Western blot analysis, the total protein concentration was
determined by using the bicinconinic acid protein assay kit
(Pierce). Cell lysates (30-50 pg protein) were mixed and boiled
in a sodium dodecyl sulfate (SDS) sample buffer for 5 min before
8-15% SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
After separation by SDS-PAGE, the gels were transferred to a
polyvinylidene difluoride (PVDF) membrane (Gelman Labora-
tory). The blots were blocked in 5% fat-free dry milk in Tris-
buffered saline containing 0.1% Tween 20 (TBST) for 1 h at
room temperature. The membranes were incubated for 12-24 h
at 4 °C with dilutions of a primary antibody for PPARy (Milli-
poreSigma; Billerica, MA, USA). The membranes were washed,
followed by incubation with 1:4,000 dilution of respective horse-
radish peroxidase (HRP)-conjugated secondary antibodies (rab-
bit or mouse) (Zymed Laboratories) for 2 h, and again washed
with TBST. Protein expressed was visualized with an enhanced
chemiluminescence detection kit (Amersham Pharmacia Bio-
tech) and LAS-4000 image reader (Fuji film) according to the
manufacturer’s instructions.

2.11. Reverse transciptation polymerase chain reaction (RT-
PCR)

Total RNA was isolated by using TR1zol® (Invitrozen) according
to the manufacturer’s protocol. Ten pg of total RNA was reverse
transcribed with MLV reverse transcriptase at 42 °C for 50 min
and at 72 °C for 15 min. PCR was conducted according to the
3-step standard procedures. Amplified products were analyzed
on 2% agarose gel electrophoresis, stained with SYBR® Green
(Invitrogen) and photographed using fluorescence in LAS-4000.
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3. Results

3.1. Perilla extract enriched with rosmarinic acid promotes ef-
ferocytotic activity of macrophages in a zymosan A-induced mu-
rine peritonitis model

Considering an important role of macrophages in clearance of apop-
totic cells for resolution of inflammation, we investigated the effects
of SPE on ability of macrophages to engulf apoptotic neutrophils. To
determine effects of SPE on efferocytotic activity of macrophages in
vivo, we utilized the zymosan A-induced murine peritonitis model.
SPE was injected into the mouse peritoneum at 12 h, when the total
leukocyte count peaked in the zymosan A-induced peritoneal in-
flammation (Kim et al., 2015). The PMs were stained with the F4/80
antibody, followed by permeabilization to label the neutrophils with
the Gr-1 antibody. Six hours later, peritoneal cells with positive
staining of both F4/80 (macrophage marker) and Gr-1 (neutrophil
marker) were selectively detected by flow cytometry.

The proportion of macrophages engulfing apoptotic neutrophils
(F4/80*Gr-1%) is the indicative of efferocytic activity. As shown in Fig.
1a, mice treated with zymosan A and SPE (100 mg/kg) showed mac-
rophage-mediated efferocytosis to a greater extent than that achieved
in mice challenged with zymosan A alone as an adaptive response.
One of the principal anti-inflammatory ingredients of perilla is ros-
marinic acid (Makino et al., 2001). The higher proportion of mac-
rophages engulfing apoptotic neutrophils (F4/80*Gr-1*) was shown
in the mice treated with zymosan A and rosmarinic acid (20 mg/kg)
compared with the mice injected with zymosan A alone (Fig. 1b).

Phagocytosis of pathogens by macrophages is crucial for the
successful resolution of inflammation induced by microbial in-
fection. When the PMs isolated from thioglycollate-elicited mice
were treated with SPE (50 pg/ml), their phagocytic capability was
enhanced (Fig. lc).

3.2. Perilla extract potentiates the efferocytic activity of isolat-
ed macrophages

In the next experiment, we assessed the effects of SPE on efferocytic
activity of cultured macrophages. PMs pre-treated with PE for 4 h
were found to be more active than vehicle treated control cells in en-
gulfing apoptotic thymocytes (red puncta) compared to control cells
(Fig. 2a). Because macrophages have different properties depend-
ing on their origin, BMDMs from mice were also used to examine
the SPE effects. BMDMs isolated from C57/BL6 mice were mixed
with pHrodo-labeled apoptotic thymocytes and subjected to FACS
and immunocytochemistry. BMDMs were stained with anti-mouse
F4/80 antibody and analyzed for the proportion of F4/80+ pHrodop
cells+ representing the macrophages that engulfed apoptotic cells.
In SPE-treated macrophages, their ability to take up pHrodo-SE-
labeled apoptotic thymocytes was potentiated as determined by both
flow cytometry (Fig. 2b) and immunofluorescence (Fig. 2¢) analyses.

3.3. Perilla extract inhibits the proinflammatory gene expres-
sion while it induces anti-inflammaory gene expression

To figure out whether SPE also has anti-inflammatory effects as well
as proresolving activity in the macrophages, the PMs from 6-week-
old female C57BL/6 mice were pre-treated with SPE for 2 h before
LPS (100 ng/ml) treatment. The mRNA expression of inflammatory
cytokines, /L-6, IL-12,IL-23, and TNF-o was increased by LPS treat-
ment, and this was inhibited by SPE (Fig. 3a). We also determined

effects of SPE on expression of anti-inflammatory cytokines. The
mRNA expression of IL-10, a cordinal anti-inflammatory cytokine,
was upregulated at 1 h and 2 h. The expression of a prototypic anti-
inflammatory enzyme, HO-1 was also increased from 2 h and gradu-
ally decreased (Fig. 3b). The mRNA levels of IL-10 and HO-1 were
also enhanced in SPE-treated BMDM s (Fig. 3c).

3.4. Perilla extract induces efferocytosis through upregulation
of PPARy expression in PMs

PPARYy in macrophages has been considered to play a key role in
the efferocytosis for the resolution of inflammation (Croasdell et al.,
2015; Yoon et al., 2015). PPARY activation is known to prime human
monocytes into anti-inflammatory M2 macrophages. This prompted
us to determine PPARY expression in thiogycollate-elicited PMs. The
PMs from mice treated with SPE showed elevated PPARy expres-
sion in the zymosan A-induced peritonitis model (Fig. 4a). The thi-
oglycolate-elicited macrophages from mice administered with SPE
(100 mg/kg) showed increased PPARy expression as determined by
flow cytometric (Fig. 4b) and immunoblot (Fig. 4c) analyses. We
also measured the SPE-induced PPARY expression in cultured PMs.
The thioglycolate-elicited macrophages treated with SPE (50 pg/ml)
showed increased PPARy expression which was visualized by im-
munofluorescence staining (Fig. 4d). To further investigate whether
SPE could stimulate efferocytosis through PPARy activation, we
used a PPARy antagonist GW9662. The GW9662 treatment inhibited
SPE-induced efferocytotic activity of macrophages in the zymosan
A-induced peritoneal inflammation (Fig. 4¢).

4. Discussion

Acute inflammation is a physiologic response to tissue injury or in-
fection and is intrinsically beneficial as it can remove or inactivate
the harmful factors. In this context, normal inflammatory response
is self-limiting, as it resolves with the restoration of tissue homeo-
stasis. If resolution of inflammation fails, inflammation response
becomes excessive and prolonged which can cause tissue dam-
age and loss of the function implicated in pathogenesis of a broad
spectrum of human disorders. There is growing body of evidence
indicating that chronic inflammation results from the failure in the
resolution of inflammation (Nathan and Ding, 2010).

Upon inflammatory insult, tissue resident macrophages produce
vasoactive and chemotactic mediators, which increase vascular per-
meability and promote the infiltration of leukocytes, especially neu-
trophils, into the inflamed site where they eliminate or neutralize
invading molecules (Lee et al., 2013). During this process, neutro-
phils at the inflamed site undergo apoptosis, which are removed by
macrophages. After engulfing apoptotic neutrophils, which is called
efferocytosis, macrophages leave the inflamed tissue via the nearest
lymph nodes. This terminates the inflammatory responses (Elliott et
al.,2017; Lee et al., 2013). The resolution of inflammation is an active
and dynamic process regulated by several endogenous anti-inflamma-
tory and pro-resolving mediators of the innate immune system.

COX-2 is a rate-limiting enzyme in the arachidonic acid cas-
cade responsible for the production of a distinct set of prostaglan-
dins (PGs) in response to inflammatory stimuli. Non-steroidal an-
ti-inflammatory drugs (NSAIDs), such as aspirin, have been used
for the alleviation of inflammatory symptoms suppressing COX-2
activity/expression. Cancer preventive and therapeutic effects of
some NSAIDs have been reported (Thun et al., 2002; Baron et
al., 2003). However, pharmacological inhibition of COX-2 for the
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Figure 1. Potentiation of efferocytosis by the perilla extract and its pharmacologically active ingredient, rosmarinic acid in a zymosan A-induced murine
peritonitis model. (a) Twelve h after intraperitoneal injection of zymosan A (30 mg/kg), SPE (100 mg/kg) was given intraperitonally to C57BI/6 mice. Six
hours later, peritoneal exudates were collected, and the proportion of macrophages engulfing neutrophils (F4/80*Gr-1*) was measured by flow cytometry
as described in Materials and methods. (b) Rosmarinic acid (20 mg/kg) was administered by intraperitoneal injection 12 h after intraperitoneal injection of
zymosan A. The experimental conditions for analysis of efferocytosis are same as those described for (a). (c) The thioglycolate-elicited PMs treated with SPE
(50 pg/ml) for 4 h were co-incubated with zymosan A-FITC (green) for an additional 1 h. The phagocytic activity of PMs was analyzed by immunostaining
using F4/80 antibody (red). The macrophages engulfing zymosan A was visualized under a fluorescence microscope.
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Figure 2. Enhancement of efferocytic activity of macrophages by the perilla extract. (a) The apoptotic thymocytes were prepared as described in Materi-
als and methods. The apoptotic thymocytes labeled with a pH sensitive dye, pHrodo-SE were co-cultured with PMs pretreated for 4 h with SPE or vehicle.
After incubation for 1 h, the PMs were washed to remove free apoptotic cells, and subsequently subjected to microscopy. SPE pretreated PMs engulfed
apoptotic thymocytes (red puncta) more actively. (b) Macrophages were differentiated from bone marrow cells. BMDM:s treated with SPE (50 pg/ml) were
co-incubated with pHrodo-labeled apoptotic thymocytes for 4 h. The proportion of macrophages engulfing apoptotic cells was determined by flow cytom-
etry. (c) To confirm the enhanced efferocytic ability of macrophages induced by SPE, BMDMs engulfing apoptotic cells were detected by immunostaining
using F4/80 antibody (green; macrophage marker) and pHrodo-labeled apoptotic thymocytes (red).
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Figure 3. Inhibition of LPS-induced proinflammatory gene expression and induction of anti-inflammatory gene expression by perilla extract. (a) PMs
isolated from C57BL/6 mice were treated with SPE (50 pg/ml) for 4 h followed by exposure to LPS (100 ng/ml) for additional 1 h. The expression of pro-
inflammatory cytokines in PMs was measured by RT-PCR as described in Materials and methods. Data are expressed as means + standard deviation. (b) PMs
were treated with SPE (50 pug/ml) for the indicated time periods, and mRNA levels of IL-10, HO-1 and Nrf2 were determined by RT-PCR. Data are expressed
as means * standard deviation. (c) After SPE (50 pg/ml) treatment of BMDMs, anti-inflammatory and antioxidant gene expression was determined by RT-PCR

treatment chronic inflammatory disorders is controversial (Wong,
2019) as COX-2 contributes not only to the proinflammatory pro-
cess but also to the process leading to the resolution of inflamma-
tion (Luo et al., 2005; Park and Christman, 2006).

The so-called lipid mediator class switching spontaneously occurs
during inflammatory responses in which PGE,, a principal proin-
flammatory product of COX-2, activates the mechanism responsible
for biosynthesis of anti-inflammatory and pro-resolving lipid media-
tors (Levy et al., 2001). Such elaborate lipid mediator class switching
from proinflammatory to anti-inflammatory/pro-resolving status rep-
resents a critical event required for termination of inflammation (Lee
etal.,2013). Thus, the administration of a COX-2 inhibitor may ham-
per the resolution of inflammation. Moreover, prolonged administra-
tion of NSAIDs can attenuate the cytoprotective functions of inflam-
matory cells, such as chemotaxis, bacterial killing, and phagocytosis.
Therefore, mere suppression of inflammation may not be sufficient
for the successful prevention of certain cancers. As many synthetic
anti-inflammatory drugs have side effects and also hamper innate
proresolving capacity, it is desirable to use safe natural products with
proresolving as well as anti-inflammatory activities.

Perilla is a genus consisting of one major Asiatic crop species P,
frutescens and a few wild species belonging to the mint family (La-
miaceae). P. frutescence has been used as an important traditional
herbal medicine for treating various diseases including asthma, al-
lergy, cough, chronic bronchitis, vomiting, depression, anxiety, and
some intestinal disorders (Bachheti et al., 2014; Ahmed 2018). P.
frutescence and some of its ingredients such as rosmarinic acid have
been known to possess strong anti-inflammatory properties. We
have previously reported that the SPE protects against experimental-
ly induced colitis in mice and also inhibits activation of NF-kB and
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STAT3, two major proinflammatory transcription factors, in cultured
colon epithelial cells challenged with TNF-a (Park et al., 2017). We
extended this study to the evaluation of proresolving effects of SPE.
We found that SPE potentiated the efferocytic activity of PMs en-
gulfing the apoptotic neutrophils in the zymosan A-induced murine
peritonitis model and also engulfment of apoptotic cells by isolated
macrophages including PMs and BMDM . SPE also inhibited LPS-
induced expression of proinflammatory signaling molecules while
upregulating anti-inflammatory gene expression. By controlling the
balance between proinflammatory and anti-inflammatory cytokines,
SPE is likely to facilitate resolution of inflammation.

Engulfment of apoptotic cells by macrophages engages mul-
tiple sensing molecules that play important roles in recognizing
dying cells and controlling phagocytosis. One of the best defined
metabolic sensing molecules that links sensing of ingested apop-
totic cells and the macrophage-mediated efferocytosis machinery
is PPARy. (Elliott et al.). The roles for PPARy and its ligands are
emerging as they play an important role in all stages of the resolu-
tion of inflammation. Thus, PPARy alters macrophage trafficking,
induces neutrophil apoptosis and clearance, increases macrophage
phagocytosis, and promotes alternative M2 macrophage activation
(Croasdell et al., 2015). A PPARy ligand, rosiglitazone increased
M2 gene expression and enhanced efferocytosis of apoptotic neu-
trophils. Rosiglitazone and another PPARY ligand pioglitazone
attenuated airway neutrophilia in a corticosteroid-resistant mouse
model of pulmonary inflammation (Lea et al., 2014).

In order to carry out the efferocytosis, the macrophages express
surface scavenger receptors which recognize phosphatidyl serine
exposed at the outer leaflet of the plasma membrane of apoptotic
cells. One such scavenger receptor involved in efferocytosis is
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Figure 4. Role of PPARY in efferocytosis stimulated by perilla extract in the zymosan-induced murine peritonitis model. (a) The PPARy expression of PMs
from mice was measured by flow cytometry. (b, c) Upregulation of PPARy expression by SPE in PMs. SPE (100 mg/kg) was co-injected into mouse peritoneal
cavity with thioglycollate. After 4 days, the PMs were isolated and subjected to flow cytometry (b) and Western blot analysis (c). (d) The thioglycolate-elicited
murine PMs were treated with PE (50 pg/ml) for 4 h. The PPARy expression of macrophages was examined by immunofluorescence staining. (e) Mice in-
jected with zymosan A (30 mg/kg) for 6 h were given a single intraperitoneal injection of vehicle or GW9662 (3 mg/kg) 1 h before SPE (100 mg/kg) treatment.

The efferocytotic activity of macrophages was measured by flow cytometry.

CD36 that regulates the macrophage-mediated inflammatory re-
sponse. The recognition of apoptotic neutrophils and their engulf-
ment by macrophages then trigger secretion of anti-inflammatory
cytokines like TGF-B and IL-10 that dampen proinflammatory
responses (Korns et al., 2011). CD36 expression in macrophages
is mainly controlled by PPARy. Notably, inflammatory processes
negatively regulate CD36 expression in macrophages, which is as-
sociated with a failure in the expression and activation of PPARy.

In inflammatory conditions, the anti-inflammatory transcription
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factor Nrf2 controls CD36 expression, independently of PPARy
(Olagnier et al., 2011; Kim et al., 2017). The SPE-induced efferocytic
activity of macrophages appears to be mediated through PPARy acti-
vation as the pharmacologic inhibition of PPARY attenuated the effe-
rocytic activity of macrophages. Though not tested in macrophages,
SPE administration has been shown to induce expression of Nrf2 and
its target protein, HO-1 in mouse colon. We speculate that SPE-in-
duced activation of PPARy and/or Nrf2 may upregulate the CD36 ex-
pression in macrophages in mediating efferocytosis in vivo (Fig. 5).
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Perilla extract

Apoptotic neutrophils

Macrophage

macrophage egress to
draining lymphatics

Resolution of inflammation

Figure 5. Proposed scheme illustrating the stimulatory effects of perilla extract and its ingredient rosmarinic acid on macrophage-mediated phagocytic
removal of apoptotic neutrophils (efferocytosis). SPE activates the PPARy in macrophages, which upregulates the expression of CD36, a scavenger recep-
tor involved in the recognition of phosphatidylserine epitopes exposed on the surface of apoptotic cells. This will facilitate the phagocytic removal of dying
neutrophils, thereby completing the resolution of acute inflammation.
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Although the results are promising in preclinical studies, clini-
cal data are insufficient, and further studies will be necessary to
validate therapeutic effects of SPE and to ensure its safety.
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