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Macrophages are pleiotropic cells capable of performing a
broad spectrum of functions. Macrophage phenotypes are clas-
sified along a continuum between the extremes of proinflamma-
tory M1 macrophages and anti-inflammatory M2 macrophages.
The seemingly opposing functions of M1 and M2 macrophages
must be tightly regulated for an effective and proper response to
foreign molecules or damaged tissue. Excessive activation of
either M1 or M2 macrophages contributes to the pathology of
many diseases. Emodin is a Chinese herb-derived compound
and has shown potential to inhibit inflammation in various set-
tings. In this study, we tested the ability of emodin to modulate
the macrophage response to both M1 and M2 stimuli. Primary
mouse macrophages were stimulated with LPS/IFNy or IL4 with
or without emodin, and the effects of emodin on gene transcrip-
tion, cell signaling pathways, and histone modifications were
examined by a variety of approaches, including microarray,
quantitative real-time PCR, Western blotting, chromatin
immunoprecipitation, and functional assays. We found that
emodin bidirectionally tunes the induction of LPS/IFNy- and
IL4-responsive genes through inhibiting NFxB/IRF5/STAT1
signaling and IRF4/STAT6 signaling, respectively. Thereby,
emodin modulates macrophage phagocytosis, migration, and
NO production. Furthermore, emodin inhibited the removal of
H3K27 trimethylation (H3K27m3) marks and the addition of
H3K27 acetylation (H3K27ac) marks on genes required for M1
or M2 polarization of macrophages. In conclusion, our data sug-
gest that emodin is uniquely able to suppress the excessive
response of macrophages to both M1 and M2 stimuli and there-
fore has the potential to restore macrophage homeostasis in var-
ious pathologies.

Macrophages are a heterogeneous population of innate
immune cells found in most tissues of the body (1, 2). They are
capable of displaying a variety of functional phenotypes along a
broad spectrum, at the extremes of which are classically acti-
vated M1 and alternatively activated M2 macrophages (3, 4).
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Macrophages are induced to a proinflammatory M1 state by
Th1 cytokines (such as IFNyand TNF«) and bacterial products
(such as LPS). M1 macrophages play major roles in host defense
against bacteria or tissue remodeling after injury through pro-
duction of proinflammatory cytokines (such as IL12, TNFa,
and IL1), reactive oxygen species and NO, and proteases (such
as MMP 2 and 9). IFNvy and TNFa activate the JAK/STAT
cascade and lead to STAT1 activation, whereas LPS activates
the NFkB and MAPK cascade upon ligation with TLR4: (4, 5). A
combination of stimuli, including Th2 cytokines (such as IL4,
IL10, and IL13), growth factors (such as TGFB and CSF1), glu-
cocorticoids, and immune complexes, can polarize macro-
phages toward an anti-inflammatory M2 phenotype (6). M2
macrophages have major roles in tissue homeostasis and repair,
inflammation resolution, and immune regulation. M2 macro-
phages are characterized by high expression of Argl, YMI,
Mrcl, and IL10 and low expression of proinflammatory cyto-
kines (7). IL4/IL13 signal through the common IL4ra receptor
and lead to STAT6 phosphorylation and activation, which,
along with several other secondary transcription factors,
including IRF4, PPARYy,? and KLF4, fine-tunes transcriptional
responses in the cells (5, 8). Macrophage are also able to retain
a memory for the signals to which they have been exposed
through epigenetic modification, which results in increased
transcription (priming) or repressed transcription (tolerance)
upon future exposure (9—-11). Cytokines cause the addition of
the positive histone modifications H3K4m3 or H3K27ac to
gene promoters that lead to increased expression. The mecha-
nisms of tolerance are incompletely understood but could
involve the loss of positive histone modifications and/or an
increase in negative histone modifications (such as H3K27m3)
(11). The different macrophage functional phenotypes need to
be tightly controlled for a proper response to environmental
stimuli.

An imbalance in macrophage phenotypes has been shown to
contribute to the pathology of a large number of diseases (12—
14). Chronic M1 macrophage activation promotes tissue dam-
age in neurodegenerative disorders, arthritis, and autoimmune
diseases (12, 15, 16). Although necessary for the initial stages of
tissue repair, excessive M1 activation inhibits the healing of
damaged tissue through excessive matrix degradation and inhi-
bition of tissue regeneration (17, 18). Chronic M1 activation has

2 The abbreviations used are: PPAR, peroxisome proliferator-activated recep-
tor; m3, trimethylation; ac, acetylation; gPCR, quantitative PCR; IRF, inter-
feron regulatory factor; iNOS, inducible nitric-oxide synthase.
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also been shown to promote the development of cancer (19).
Increased inflammatory monocyte/macrophage infiltration
has been shown to correlate with disease severity for patients
with myocardial infarction, atherosclerosis, and metabolic dis-
orders (20-22). Shifting the balance toward M2 macrophages
has shown to be beneficial in experimental models; however,
prolonged or excessive M2 macrophage activation has also
been shown to be detrimental. M2 macrophages contribute to
lung inflammation and damage in allergy and asthma (13, 14).
They have also been shown to impair tissue functions through
promoting fibrosis (23). M2 macrophage infiltration correlates
with increased cancer growth and metastasis in multiple types
of cancer (14, 24). M2 macrophages promote cancer growth
and metastasis by supporting extracellular matrix remodeling,
angiogenesis, and immune suppression. Targeting macro-
phage-driven inflammation has shown benefits in many exper-
imental disease models; however, there have been many chal-
lenges in developing therapies for clinical use (25). If treatment
is administered too late during the disease, irreversible tissue
damage can occur; therefore, targeting the macrophage/in-
flammatory component of disease would likely require chronic
therapies administered early during disease progression. Fur-
thermore, most current treatments target one molecule or
pathway, but there are many redundant and compensatory
pathways built into the inflammatory response.

There is much interest in herb-derived compounds because
they can modulate multiple inflammatory pathways, are inex-
pensive, and have low toxicity for chronic treatment (26). Many
compounds have shown potential to inhibit macrophage acti-
vation; however, experimental studies with these compounds
haven been focused on response to stimuli that induce a narrow
range of activation (either M1 or M2 phenotypes but not both)
(26-29). A compound that could inhibit a broad range of
macrophage phenotypes through regulation of multiple signal-
ing pathways would have great clinical potential. Emodin is a
trihydroxy-anthraquinone that is found in several Chinese
herbs, including Rheum palmatum and Polygonum multiflo-
rum (30). Emodin has been shown to attenuate the severity of
experimental disease models, including arthritis, liver damage,
atherosclerosis, myocardial ischemia, and cancer (30). Studies
in our laboratory and others have shown that emodin has the
potential to regulate both Th1- and Th2-driven inflammation
(31-34), which indicates that emodin is able to regulate a broad
spectrum of macrophage phenotypes.

In this study, we tested the ability of emodin to regulate both
M1 and M2 macrophage activation. We stimulated primary
mouse macrophages with LPS/IFNvy as an M1 stimulus or IL4
as a M2 stimulus and investigated the mechanism of action of
emodin using a whole-genome microarray. Emodin was able to
inhibit the change in expression of a large percentage of both
M1- and M2-associated genes. Emodin inhibited the NF«B,
IRF5, and STAT1 pathways following LPS and IFNy stimula-
tion and the STAT6 and IRF4 signaling pathways following IL4
stimulation. We demonstrated the effects of emodin on macro-
phage functions such as phagocytosis, migration, and NO pro-
duction. Finally, our data showed, for the first time, that emodin
is able to regulate macrophage memory by inhibiting changes in
H3K27m3 and H3K27ac at the promoter regions of several key

11492 JOURNAL OF BIOLOGICAL CHEMISTRY

genes. Taken together, our data show that emodin has the abil-
ity to bidirectionally modulate macrophage activation by tar-
geting multiple pathways.

Experimental Procedures

Peritoneal Macrophage Isolation and Culture—Three milli-
liters of 4% thioglycolate solution was injected intraperitoneally
into 8- to 12-week-old C57BL/6 mice. Three days later, macro-
phages were collected by lavaging the peritoneal cavity with
PBS. The cells were then resuspended in DMEM containing
10% FBS. After 2 h, non-adherent cells were washed away with
PBS, and the macrophages were cultured overnight in serum-
free DMEM. The macrophages were then treated with DMEM
containing IL4 (10 ng/ml, BioAbChem Inc., Ladson, SC) or LPS
(100 ng/ml, Sigma-Aldrich) and IFNvy (20 ng/ml, BioAbChem
Inc.) with or without emodin. Emodin was purchased from
Nanjing Langze Medicine and Technology Co. Ltd. (Nanjing,
China) and dissolved in DMSO at a concentration of 10 mg/ml
as a stock solution.

For macrophage memory experiments, macrophages were
stimulated overnight with IL4, IFNy, and/or emodin. Then the
cells were washed three times with PBS and cultured for 2 or 5
days in DMEM with 2% FBS. The medium was changed every 2
days. The cells were then restimulated with IL4 or LPS for 6 h.

Microarray Analysis—Microarray analysis was carried out as
described previously (35) with a few alterations. Macrophages
were stimulated with IL4 for 6 h or LPS + IFNy for 24 h with or
without emodin (50 um). Samples were prepared in biological
replicates of four. Cells were lysed with Qiazol, and RNA was
extracted using the miRNeasy kit (Qiagen, Valencia, CA). Next,
an Agilent 2100 Bioanalyzer was used to determine the quality
and quantity of the RNA. All RNA samples had an RNA integ-
rity number (RIN) of 9.2 or higher. The RNA was amplified and
labeled with the Agilent Low Input Quick Amp labeling kit
according to the instructions of the manufacturer. Labeled
RNA was then purified using the Qiagen RNeasy mini kit, and
dye incorporation and cRNA yield were assessed. Labeled sam-
ples were hybridized to Agilent whole mouse genome microar-
rays 8 X 60,000 using a gene expression hybridization kit (Agi-
lent) according to the instructions of the manufacturer.
Microarray analysis was performed using an Agilent DNA
microarray scanner system (catalog no. G2565CA).

A heatmap of genes from relevant pathways identified by
Ingenuity pathway analysis was generated using R function
heatmap.2. A principle component analysis was performed
using all genes differentially expressed in at least one of the
treatment groups using the R function prcomp.

Phagocytosis Assay—Macrophages were seeded into a
96-well plate (2 X 10° cells/well) and stimulated with IL4 or
LPS + IENYy for 24 h with or without emodin. Then phagocy-
totic activity was measured using a Vybrant phagocytosis assay
kit (Molecular Probes). The medium was removed, and the cells
were washed with PBS. The fluorescent bioparticle suspension
was added to the cells and incubated up to 6 h. After the indi-
cated time, the bioparticle suspension was removed, any extra-
cellular fluorescence was quenched with trypan blue, and intra-
cellular fluorescence was detected using a Spectramax M5
microplate reader (Molecular Devices, Sunnyvale, CA).
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Macrophage Migration Assay—Macrophages were stimu-
lated with IL4 or LPS + IFNy for 24 h with or without emodin.
The media was then removed, and the cells were washed with
PBS. The cells were then resuspended in DMEM with scraping,
and 2 X 10° macrophages were seeded in triplicate into the top
chamber of transwell inserts with 8-um pores (Corning) and
placed in 24-well plates. Serum-free DMEM with 20 ng/ml
MCP1 was placed in the bottom of the wells. After 4 h, inserts
were fixed in 4% paraformaldehyde for 20 min. The cells in the
upper inserts were swabbed using cotton buds, and the cells left
on the membrane were stained with DAPI (1 ug/ml) for 1 min.
The inserts were then cut out, mounted onto slides, and imaged
under an Eclipse NI-U fluorescence microscope (Nikon Inc.,
Melville, NY) at X200 magnification (5 fields/insert). DAPI-
stained cells were quantified using Nikon NIS-Elements
software.

NO Production Assay—Macrophages were stimulated with
LPS + IFNv for 24 h with various concentrations of emodin
(0-50 uM). The culture media were then collected, and the NO
content was detected using a nitrite/nitrate colorimetric kit
(Sigma-Aldrich) according to the instructions of the manufac-
turer. The assay was read using a Spectramax M5 microplate
reader (Molecular Devices).

Western Blotting and Real-time PCR—Following stimulation
with IL4 or LPS + IFNvy with or without emodin for varying
periods, macrophages were lysed with cell signaling lysis buffer
(Millipore) for whole cell lysates. Cytoplasmic and nuclear
extracts were prepared using the Epiquik nuclear extraction kit
(Epigentek, Farmingdale, NY). Total protein was separated on
4-20% Tris/glycine precast gels (Pierce) and transferred onto
nitrocellulose membranes (Bio-Rad). Antibodies are shown in
supplemental Table 1. The membranes were then probed with
HRP-conjugated secondary antibodies, and signals were
detected using Pierce ECL Western blotting substrate (Pierce).

For qPCR, macrophages were lysed with Qiazol, and RNA
was extracted using a Zymo Research Direct-zol RNA isolation
kit. cDNA was then made from 1 pg of RNA using the iScript
c¢DNA synthesis kit (Bio-Rad). Primers are listed in supplemen-
tal Table 2. Run conditions were 95 °C for 10 s, 58 °C for 15 s,
and 70 °C for 15 s. Samples were run in duplicate on a Bio-Rad
CEFX real-time thermocycler.

ChiIP Assay—Macrophages were stimulated with IL4 or LPS +
IFNy for 24 h with or without emodin. They were then fixed in
1% formaldehyde. Excess formaldehyde was quenched with gly-
cine, and the cells were collected in PBS by scraping. The cells
were lysed (0.5% IGEPAL, 4 mm HEPES), and the nuclei were
resuspended in nuclear lysis buffer (1% SDS, 10 mm EDTA, and
50 mMm Tris (pH 8.1)). The DNA was sheared by sonication
using a Diagnode Bioruptor Pico for 15 cycles of 30 s on/30 s off.
Then 10 pg of chromatin was diluted 1:10 (0.01% SDS, 1.1%
Triton X-100, 1.2 mm EDTA, 16.7 mm Tris-HCI (pH 8.1), and
167 mMm NaCl), and 2% of the input was removed from each
sample and saved for analysis. Anti-H3K27m3 or anti-H3K27ac
(Abcam) was added to each sample along with 20 ul of protein
A+G magnetic beads (Millipore), and the samples were incu-
bated overnight at 4 °C. The beads were washed with low-salt,
high-salt, LiCl, and Tris-EDTA wash buffers sequentially, and
the DNA was eluted off the beads with proteinase K at 62 °C for
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2 h (elution buffer: 200 mm NaCl, 1% SDS, and 50 mm Tris). The
DNA was then analyzed by real-time PCR using primers listed
in supplemental Table 3.

Statistical Analysis—For the microarray analysis, data were
extracted from images with Feature Extractor software version
10.7.3.1 (Agilent). Background correction using detrending
algorithms was performed. Subsequently, background-cor-
rected data were uploaded into GeneSpring GX version 11.5.1
for analysis. In this process, data were log2-transformed, quan-
tile-normalized, and baseline-transformed using the median of
all samples. Then data were filtered by flags in a way that three
of the four biological replicates had a “detected” flag in at least
one of the three treatment groups. Differentially expressed
genes were determined by analysis of the data using Mann-
Whitney unpaired statistics. A cutoff p value of 0.05 and a -fold
change cutoff value of 2.0 were used to filter the data. Pathway
analysis was performed using Ingenuity Pathway Analysis
software.

For all other experiments, data were presented as mean *+
S.E. Statistical significance was calculated by Student’s ¢ test
(two-group comparison) using the GraphPad Prism statistical
program (GraphPad Software Inc., San Diego, CA). p = 0.05
was considered significant.

Results

Emodin Affects the Activation of Different Transcriptional
Programs Depending on the Nature of the Stimuli—LPS + IFNy
and IL4 induce macrophages to adopt opposing proinflamma-
tory or anti-inflammatory phenotypes, respectively, through
the activation of different, often mutually exclusive signaling
cascades. Therefore, we tested the ability of emodin to inhibit
both forms of macrophage activation.

To comprehensively characterize the effects of emodin on
macrophage activation and to determine the mechanism of
action, gene expression was analyzed using a whole-genome
microarray. Mouse peritoneal macrophages were stimulated
with LPS/IENvy or IL4 with/without emodin. We found that
LPS/IFNy stimulation changed the expression of over 4400
genes, and IL4 changed the expression of over 700 genes (=2-
fold, p = 0.05) (GEO accession number GSE73311). Fig. 1A
shows the effect of emodin treatment on the expression of
genes that are significantly increased (top panel) or decreased
(bottom panel) by LPS/IFNy. Emodin treatment attenuated the
LPS/IFNvy-induced changes in about 31% of the LPS/IFNvy-
responsive genes. Similarly, emodin inhibited IL4-induced
changes in almost 60% of IL4-responsive genes (Fig. 1B). These
results indicate that emodin significantly inhibited the tran-
scription programs induced by both M1 and M2 stimuli.

LPS/IFNYy and IL4 induce macrophage activation through
competing signaling pathways (STAT1 versus STAT6, IRF4
versus IRF5), resulting in little overlap between the transcrip-
tional programs induced by LPS/IFNvy or IL4. The majority of
genes changed by LPS/IENYy treatment and almost half of the
genes changed by IL4 were unchanged in the other treatment
group (Fig. 1C, top panel). The expression of almost 6500 genes
was changed by emodin under at least one of the conditions;
among them, only 1575 were changed in both groups (Fig. 1C,
bottom panel). Therefore, emodin treatment predominately
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FIGURE 1. Emodin inhibits LPS/IFNvy- and IL4-induced transcriptional changes in macrophages. A and B, mouse peritoneal macrophages were stimulated
with LPS (100 ng/ml) and IFNy (20 ng/ml) for 24 h (A) or IL4 (10 ng/ml) for 6 h (B) with or without emodin (Em, 50 um). Gene expression was then detected using
a whole-genome microarray. Genes significantly increased (top panel) or decreased (bottom panel) by LPS/IFN+y or IL4, respectively. The y axes correspond to
normalized intensity values for gene expression and the x axes to treatments. Each line represents one gene, and the red and green colors mark high and low
expression of genes, respectively, in the LPS/IFN+y or IL4 treatment groups. Con, control. C, Venn diagrams showing genes significantly changed by LPS/IFNy or
IL4 and by emodin under LPS/IFN+y or IL4 stimulation. D, principle component analysis of genes significantly changed in one of the treatment groups.

affected different transcriptional programs under the two dif-
ferent conditions. These results were confirmed with a princi-
ple component analysis of the genes that were significantly
changed in at least one of the treatment groups (~10,000 genes)
(Fig. 1D). The samples within each group cluster near each
other, with LPS/IFNvy-treated cells clustering much further
from naive cells than IL4 treated cells, indicating that M1 acti-
vation involves much greater transcriptional changes than M2,
in agreement with previous studies (36). Similarly, there is signifi-
cant distance between the two emodin treatment groups, indicat-
ing that emodin treatment differentially affected the expression of
transcriptional programs under the different conditions.

Emodin Inhibits the Induction of Signaling Pathways Associ-
ated with Macrophage Polarization and Function—Next we
investigated which cell signaling pathways might be targeted by
emodin by performing a canonical signaling pathway analysis
using Ingenuity IPA. The genes influenced by emodin treat-
ment were enriched for genes associated with immune cell sig-
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naling, inflammation, cell adhesion, and metabolism. Fig. 2
shows a list of pathways with the highest significance. Several
pathways were targeted by emodin under both conditions,
including communication between immune cells, granulocyte
adhesion, NFkB signaling, and Toll-like receptor signaling.
However, most of the pathways targeted by emodin were dif-
ferent under the different conditions. The genes changed by
emodin under LPS/IFNy stimulation were enriched for M1-as-
sociated pathways (antigen presentation, IL1 signaling, and
inducible nitric-oxide synthase (iINOS/NOS2) signaling),
whereas the genes changed by emodin under IL4 stimulation
were enriched for M2 associated pathways (IL4, JAK/STAT,
TGEB, and VEGF signaling).

The expression of genes in these pathways is shown in Fig.
3. Emodin significantly attenuated the LPS/IFNy-induced
changes in a large number of genes, including canonical M1-as-
sociated genes: the proinflammatory cytokines IL13, TNFa,
and IL6 (13.64-, 2.01-, and 3.25-fold reduction, respectively);
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FIGURE 2. Emodin inhibits the induction of signaling pathways associated with macrophage polarization and function. Shown are the most significantly
affected pathways relevant for macrophage activation as determined by Ingenuity IPA canonical pathway analyses.

the proteases MMP2/9 (11.86- and 28.87-fold reduction,
respectively); and the antigen presentation genes CD86 and
H2-Oa/b (7.74-, 3.85-, and 6.42-fold reduction, respectively)
(Fig. 3A). Similarly, emodin inhibited the IL4 induced expres-
sion of the canonical M2 genes Argl, Mrcl, and Ch3l3 (7.69-,
2.29-, and 4.24-fold reduction, respectively) and the transcrip-
tion factors SOCS1 and IRF4 (22.9- and 97.43-fold reduction,
respectively), which have both shown to be necessary for M2
activation (8, 37, 38) (Fig. 3B). Emodin also increased the
expression of CDKN1A (p21), which has been shown to inhibit
macrophage proliferation and activation (39, 40).

Interestingly, we also found that emodin treatment had
inverse effects on a subset of 86 genes under the two different
stimuli (supplemental Table 4). For examples, emodin
increased the expression of some proinflammatory genes,
including TNFa, CXCL2, and CXCL10 (2.7-, 60.6-, and 15.5-
fold, respectively) under IL4 stimulation while significantly
decreasing them (—2.47-, —10.31-, and —2.01-fold, respec-
tively) under LPS/IFNy stimulation (Fig. 3). Similarly, emodin
increased the expression of the M2 genes YM1 and Mrc1 under
LPS/IFNYy stimulation (2.04- and 8.72-fold, respectively), while
reducing them in IL4-stimulated cells (Fig. 3 and supplemental
Table 4). These results show the ability of emodin to tune
macrophage phenotype back toward the center between the
extremes of the M1 or M2 activation states.
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The expression of several important genes for macrophage
activation was confirmed by qPCR (Fig. 4, A and B). Emodin
inversely regulated the M1 genes TNFa, CXCL2, and CXCL10
and the M2 gene Mrcl in the two settings. Interestingly, emo-
din inhibited the expression of the transcription factors IRF5
and SOCS1 and the chemoattractant CCL2 under both IL4 and
LPS stimulation. In agreement with the microarray, emodin
inhibited the expression of many proinflammatory mediators,
including IL13, iNOS, and IL6, as well as the proteases MMP2
and MMP9 under LPS/IFNy stimulation and inhibited the M2
genes Argl and Chi3l3 under IL4 stimulation. Emodin also
inhibited the expression of the receptors TLR4 and CSFrl
under LPS/IFNy or IL4 stimulation, respectively, which could
further inhibit macrophages from detecting activation signals
in the environment. IRF4, a major regulator of M2 macrophage
activation, was the most down-regulated gene by emodin under
IL4 stimulation in the microarray dataset. We examined the
production of IRF4 protein and found that emodin dose-depen-
dently inhibited IRF4 production (Fig. 4C).

Emodin Inhibits Functions of Activated Macrophages—Next
we investigated the effects of emodin on the functions of
macrophages, which are predicted to be inhibited by emodin in
one or both of the groups based on pathway analysis of the
microarray results. We examined the phagocytic ability of acti-
vated macrophages. Macrophages were pretreated with LPS/
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FIGURE 3. Effects of emodin on the expression of genes that regulate macrophage activation. A and B, heat maps showing the expression of genes
associated with the most significantly affected macrophage canonical signaling pathways. Right panels, the -fold changes of genes caused by LPS/IFNvy or IL4
treatment compared with control (Con) and emodin (Em) treatment compared with LPS/IFN or IL4 for select macrophage activation genes.

IFNy or IL4 with or without emodin for 24 h. Then the cells
were incubated with FITC-labeled E. coli bioparticles. In agree-
ment with previous studies (41, 42), emodin treatment alone
was able to increase the phagocytic activity of naive cells at the
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6-h time point. However, emodin decreased phagocytosis in
IL4- or LPS/IFNy-treated cells. Both IL4- and LPS/IFNy-stim-
ulated macrophages showed time-dependent increases in bio-
particle uptake (6- 8-fold increase at 6 h). However, emodin
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significantly inhibited particle uptake under both conditions
(by almost 2-fold) (Fig. 54). Next, macrophages were stimu-
lated with LPS/IFNy or IL4 with or without emodin, and then
their migration potential was detected. Macrophages were
seeded into the top chamber of transwell inserts, and medium
containing MCP1 (20 ng/ml) was placed in the bottom. Emodin
significantly reduced macrophage migration under both condi-
tions (Fig. 5B). We then verified the ability of emodin to inhibit
M1 activation by detecting NO production. Macrophage pro-
duction of NO was measured in the culture media following
stimulation with LPS/IFN+y for 24 h. The result showed that
emodin dose-dependently inhibited NO production (Fig. 5C).
Emodin Modulates IL4- and LPS/IFN"y-induced Activation of
Cell Signaling Pathways—We next attempted to identify the
cell signaling pathways targeted by emodin under the different
conditions. Macrophage polarization is controlled by multiple
different signaling pathways, several of which have been shown
to be antagonistic, promoting the exclusive nature of the M1
and M2 phenotypes (4, 5). Nuclear translocation of transcrip-
tion factors was investigated by Western blotting using cyto-
plasmic and nuclear cell fractions. In agreement with results
published previously (30, 31, 33), emodin was able to drastically
inhibit NFkB p65 nuclear translocation in response to LPS/
IFNy stimulation (Fig. 64) and STAT6 nuclear translocation in
response to IL4 stimulation (Fig. 6B). Emodin also inhibited
nuclear IRF4 (Fig. 6B), in agreement with our gene expression
data. Furthermore, we found that emodin inhibited STAT1 and
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IRF5 nuclear translocation (Fig. 6A4). These results indicate that
emodin is able to inhibit the key signaling pathways necessary
for macrophage polarization.

Emodin Inhibits IL4- and LPS/IFNvy-induced Changes in
the Epigenetic Landscape in Macrophages—The microarray
revealed that emodin changed the expression of several his-
tone-modifying enzymes, including those that regulate H3K27
methylation and acetylation under both IL4 and LPS/IFNvy
stimulation (supplemental Table 5). H3K27me3 attenuates M2
polarization by inhibiting the expression of IRF4; therefore, its
removal by the demethylase JMJD3 promotes M2 activation
(37, 43). H3K27ac has been shown to prime both M1 and M2
genes for expression upon subsequent stimulation (43, 44).
Therefore, we next investigated the effects of emodin on these
histone modifications in macrophages. We investigated the
global expression of these histone modifications using Western
blotting and found that emodin had no effect on the global
expression of either H3K27m3 or H3K27ac (Fig. 7A). We then
examined gene-specific changes in histone modifications using
ChIP assays. We found that emodin attenuated the LPS/IENy-
induced decrease of H3K27m3 in the promoter of the iNOS,
TNFa, and IL6 genes and reversed the IL4-induced decrease of
H3K27m3 in the promoter of the IRF4, Argl, and YM1 genes.
Emodin also suppressed the LPS/IFNvy-induced increase of
H3K27ac in the promoters of the iNOS, TNFa, and IL6 genes
and the IL4-induced increase of H3K27ac in the promoter of
the IRF4 and YM1 genes (Fig. 7, B and C). These data, for the
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first time, show that emodin epigenetically regulates macro-
phage activation. Furthermore, unlike the effects of emodin on
signaling pathways, the effects of emodin on histone modifica-
tion are not stimulus-dependent but gene-specific.
Macrophages are able to retain a memory of the environmen-
tal signals to which they have been exposed, allowing them to
alter their response upon subsequent stimulation (9, 44, 45).
Therefore, we next investigated the effects of emodin on
macrophage memory. Macrophages were stimulated with
IENw or IL4 for 24 h with or without emodin. Then they were
cultured in fresh medium for 2—5 days before being stimulated
again with LPS or IL4 for 6 h without emodin (Fig. 84). The
expression of iNOS returned to baseline levels by 5 days after
stimulation with IFNy, whereas the expression of Argl was still
elevated 5 days after IL4 treatment (Fig. 8, Band C). IFNy treat-
ment significantly increased the response of the macrophages
to a subsequent LPS treatment, with an 11.5- and 3.3-fold
increase in iNOS expression after 2- and 5-day washout after
the first IFNy treatment, respectively, compared with cells
without IFNy treatment (Fig. 8D). Similarly, after 2- and 5-day
washout after the first treatment with IL4, macrophages
responded significantly more robustly to a second IL4 treat-
ment, with 2.4- and 1.9-fold increases in Argl expression,
respectively (Fig. 8E). However, when the cells were first con-
comitantly treated with emodin with IFNy or IL4, their
responses to the second LPS or IL-4 treatment were signifi-
cantly diminished (Fig. 8, D and E). Interestingly, in a crossover
experiment, IL4 pretreatment showed no effects on macro-
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phage response to LPS 2 or 5 days after the pretreatment, and
co-pretreatment with emodin did not have any effects (Fig. 8F).
However, pretreatment with IFNy increased the macrophage
response to IL4 2 days after IFNy treatment, but this effect was
diminished within 5 days after IFNy treatment, and emodin
co-pretreatment decreased the response to the secondary IL-4
stimulation (Fig. 8G). After 5 days of the washout period, there
was no significant difference in the nuclear STAT1 or STAT61in
IENy- or IL4-pretreated cells, respectively, regardless of
whether the cells were also treated with emodin (Fig. 8, Hand I).
The lack of differences in the STAT1 and STAT6 signaling
pathway prior to restimulation indicates that emodin may reg-
ulate macrophage memory through epigenetic modification of
the key genes in macrophage activation.

To examine whether emodin has any effects on naive macro-
phages and whether emodin pretreatment alone may affect the
subsequent response to polarization signals, we first treated
mouse peritoneal macrophages with emodin at 25 or 50 um for
24 h and found no effects of emodin on the expression of the
macrophage polarization markers iNOS, Argl, and YM1 (Fig.
9A). We then pretreated macrophages with 50 um emodin
alone for 24 h and, after a 2-day washout period, stimulated
them with LPS or IL4 for 6 h. Emodin pretreatment had no
effect on macrophage response to LPS but significantly reduced
their response to IL4 (Fig. 9B). These data further suggest that,
although emodin may not influence the basal phenotype of
macrophages, it can change their response to subsequent polar-
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ization signals, particularly M2 polarization signals, possibly by ~ 60% of genes altered by IL4. Emodin mostly targeted different
altering the epigenetic landscape of the cells. transcriptional networks in the two different stimulation set-
tings, indicating the ability of emodin to differentially affect a
broad spectrum of signaling pathways, depending on the

This study reveals the ability of emodin to inhibit both M1  microenvironment. Further analysis revealed that emodin
and M2 polarization of macrophages through transcriptional inversely regulated a subset of genes, including Mrcl, YM1,
and epigenetic regulation. Gene expression analysis of emodin- TNFa, CXCL2, and CXCL10, in LPS/IEN+y- or IL4-treated
treated macrophages revealed that emodin attenuated the tran-  macrophages. Emodin was able to inhibit numerous signaling
scriptional changes in 31% of genes altered by LPS/IFNy and  pathways, including NF«B, STAT1, and IRF5, following LPS/

Discussion
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Treatment =

IFNvy stimulation and STAT6 and IRF4 signaling triggered by
IL4 stimulation. Finally, our data showed that emodin modu-
lates macrophage training/memory. Taken together, our data
show that emodin has great potential as a treatment for pathol-
ogies driven by an imbalance in macrophage activation and
polarization.

It has been implied in the literature that emodin may have
different effects on macrophages depending on the environ-
ment of the cells being studied. The majority of studies per-
formed on emodin have focused on its ability to shift the Thl
inflammatory response to Th2 (30). Lin et al. (46) showed that
emodin shifted the Th1/Th2 balance toward Th2 by decreasing
[FNvyand IL2 and increasing IL4 levels in the serum of rats that
received orthotopic liver transplantation. Emodin has also
shown effectiveness in treating acute models of inflammation
in the pancreas, lungs, kidneys, and liver at least partly through
inhibiting NF«B signaling (47-50). Our laboratory has shown
that emodin is able to attenuate liver inflammation in an exper-
imental model of non-alcoholic fatty liver disease by inhibiting
inflammatory cell infiltration in the liver (31). Emodin has also
been shown to promote expression of the M2-associated mol-
ecules TGFBand PPARY (30, 51). On the other hand, there have
been a few studies that have implied that emodin may also sup-
press Th2 responses. Emodin significantly inhibited the secre-
tion of the Th2 cytokines IL4, IL5, and IL13 in the lungs of mice
challenged with ovalbumin (34, 52). Furthermore, our labora-
tory has found that emodin inhibits breast cancer metastasis to
the lungs in mice by reducing macrophage infiltration and M2
polarization through inhibiting STAT6 and CCAAT/enhancer-
binding protein B signaling (33). But the interesting dual effects
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of emodin on macrophages have not been comprehensively
studied further.

Our data suggest that emodin is a bidirectional regulator of
macrophage activation by targeting multiple signaling path-
ways to return the macrophage phenotype to the homeostatic
center between the extremes of M1 or M2 in various environ-
mental settings. Our results showed that emodin inhibited pro-
inflammatory cytokine/chemokines expression through block-
ing NF«B signaling as well as STAT1 signaling in response to
LPS/TIFNy stimulation and also inhibited M2 activation mark-
ers through blocking STAT6 signaling. Emodin was found to
regulate the IRF signaling pathways. IRF4 and IRF5 have been
shown to be inversely regulated, pushing macrophages toward
an M2 or M1 phenotype, respectively (4, 53). IRF5 is activated
by TLR4 ligation and promotes the transcription of proinflam-
matory genes (e.g. IL12b) while suppressing the expression of
anti-inflammatory genes (e.g. IL10) (5). IRF4 competitively
binds to MyD88 and is a negative regulator of IRF5 signaling.
IRF4 is regulated through the removal of H3K27m3 by the his-
tone demethylase JMJD3 (37, 53). Our results show that emodin
inhibits both IRF4 and IRF5 signaling. Taken together, these
data indicate that emodin targets multiple signaling pathways
to inhibit macrophage activation and return them to a homoeo-
static state.

Emodin is a poorly selective tyrosine kinase inhibitor, and it
has been reported to directly interact with a variety of proteins
that are able to regulate macrophage activation (54). Emodin is
a potent inhibitor of casein kinase 2 (CK2), which regulates
JAK/STAT signaling (55). Furthermore, emodin has been
shown to directly inhibit JAK activity (56). Emodin has also
been reported to be an agonist for PPARYy (51). PPARYy activa-
tion can inhibit M1 macrophage activation. Yang et al. (57)
showed that emodin could inhibit LPS-induced inflammatory
responses by activating PPARYy in mouse epithelial cells . Emo-
din may also directly act on many other kinases, including acti-
vated protein kinase (AMPK), phosphoinositide 3-kinase
(PI3K), Ca*>*/calmodulin-dependent protein kinase (CAMK),
and protein kinase D1 (54). Unfortunately, analysis of our
microarray results using Ingenuity IPA was unable to narrow
down what the direct target(s) of emodin might be. Most likely, the
effects of emodin on macrophage polarization are due to direct
interaction with a combination of these kinases/receptors,
depending on the microenvironment to which the cells are
exposed.

Cytokines such as IFNvy can prime genes for increased
expression by the recruitment of transcription-promoting his-
tone markers (such as H3K4m3, H3K9m3, and H3K27ac) to the
promoter or enhancer regions (58). Similarly prolonged expo-
sure to foreign molecular patterns could lead to increased or
decreased immune responses (for examples, 3-glucan or LPS,
respectively) (44). Our microarray analysis revealed that emo-
din significantly changed the expression of several histone-
modifying enzymes, particularly those responsible for regulat-
ing H3K27 trimethylation and acetylation. Emodin had no
effects on genome-wide levels of H3K27ac and H3K27m3. Instead,
it significantly increased H3K27m3 levels while decreasing
H3K27ac levels on the promoters of many M1 genes following
LPS/IENYy treatment and M2 genes following IL4 treatment.
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Our data further showed that emodin modulated macro-
phage memory. Prestimulation of macrophages with IFNvy
resulted in an enhanced response to LPS up to 5 days later and
to IL4 up to 2 days later. However, prestimulation with IL4
increased the macrophage response to subsequent IL4 stimula-
tion while having no effect on LPS stimulation 2 or 5 days later.
Emodin co-treatment during the prestimulation stage signifi-
cantly diminished the exaggerated responses even though
iNOS and Argl expression returned to near baseline levels
prior to the second stimulation. Similarly, there was no differ-
ence in STAT1 or STAT6 activation prior to the second stim-
ulation. Therefore, these data suggest that at least part of the
effects of emodin on macrophage activation and memory could
be attributed to gene-specific epigenetic modifications.

A few studies have shown that emodin delivered orally could
attenuate the severity of some inflammatory diseases; however,
the potential therapeutic benefits of emodin are limited by its
low oral bioavailability (59). In humans, emodin acts as a laxa-
tive and reduces water absorption in the colon (60). Studies in
rodents have shown that, following intravenous administra-
tion, the half-life of emodin is only 23 min (61). Emodin in the
serum predominately exists as glucuronides/sulfates, whereas
the free form is mainly found in organs such as the liver and
kidneys (62). For emodin to be effectively developed into a clin-
ical therapy, methods will need to be developed to improve its
bioavailability.

In summary, emodin effectively inhibited macrophage acti-
vation in response to both M1 and M2 stimuli by suppressing
the activation of multiple signaling pathways, including NF«B,
IRF5, MAPK, STAT1 or STAT6, and IRF4, depending on the
environmental settings. Emodin thus regulated a subset of
genes depending on whether the cell was exposed to M1 or M2
stimuli, pushing the phenotype of the cell back toward the cen-
ter of the two poles. This phenomenon opens the possibility
that emodin may exert very different homeostasis-maintaining
effects on macrophages in different locations and thus target
two very different pathologies within the same individual. Our
data showed overall more profound effects of emodin on M2
polarization, suggesting that emodin could be most beneficial
for patients with M2 macrophage-driven diseases.
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