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Abstract

Selenium (Se), in the form of selenoproteins, imparts many health benefits with antiinflammatory properties. Previous
studies have shown that Se supplementation of macrophages negatively regulates the LPS-dependent production of
inducible NO synthase (iNOS), a proinflammatory gene. Therefore, we hypothesized that L-arginine, a substrate for iNOS,
is acted upon by arginase-l (Arg-/), contributing to the resolution of inflammation. We investigated the antiinflammatory
activity of Se using LPS and IL-4-treated C57BL/6 murine bone marrow-derived macrophages (BMDM) from mice fed Se-
deficient and Se-adequate diets. Supplementation with Se (100 nmol/L) of IL-4-treated macrophages significantly
increased the expression of alternatively activated macrophage (M2) markers, Arg-l, Fizz1, and Mrc-1. Se treatment also
increased the enzymatic activity of Arg-I and surface expression of Mrc-1. Conversely, expression of classically activated
macrophage (M1) markers, TNFea, and IL-18, was significantly decreased in LPS-treated macrophages that were cultured
in Se and IL-4, suggesting a synergistic effect between Se and IL-4. Additionally, Arg-l activity was decreased in BMDM
harvested from glutathione peroxidase (GPX) knockout mice compared to GPX wild-type mice, further establishing an
important role for selenoproteins. Furthermore, BMDM treated with inhibitors of PPARy and STATS, pivotal transcription
factors that mediate the activity of Se and IL-4, respectively, showed complete ablation of Se-dependent expression of M2
markers. In summary, these studies suggest that Se supplementation of macrophages produces endogenous activators
to mediate the PPARy-dependent switch from M1 to M2 phenotype in the presence of IL-4, possibly affecting pathways

of wound healing and inflammation resolution.

J. Nutr. 141: 1754-1761, 2011.

Introduction

Macrophages are key components of the innate immune system
that play a pivotal role in pathogen clearance and resolution of
inflammation (1). It is well established that macrophages are
activated along 2 distinct pathways: the classical (M1) pathway
and the alternative (M2) pathway (2). Known to initiate an
inflammatory response, M1 macrophages possess an enhanced
phagocytic and antimicrobial phenotype (3-3). Moreover, M1
macrophages become primed to release increased amounts of
reactive oxygen nitrogen species. NO, a known reactive oxy-
gen nitrogen species, is produced by the enzyme iNOS® from
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L-arginine (L-Arg), an available substrate found in macrophage
cells (6).

Alternatively activated macrophages are stimulated by the
T helper 2 cytokines, IL-13 and IL-4 (2,7-9). M2 macrophages
function in resolving inflammation while promoting cell prolif-
eration and wound healing (3,5). The stimulation of M2 macro-
phages by IL-4 leads to the production of arginase-I (Arg-I)
(3,6). Arg-T acts on L-Arg, the same substrate that is acted upon
by iNOS, to produce L-ornithine (L-Orn) and urea, precursors of
polyamines and collagen (5,10). This competition for substrate
acts as a way to control the production of NO (10,11). In
addition to Arg-I, IL-4 stimulates the expression of other M2
markers, such as Fizz-1 (found in inflammatory zone-1), and
Mrc-1 (mannose receptor 1) (9,12,13), while also playing a role
in the activation of STAT6 and PPARYy (4,5,7). PPARY, perox-
isome proliferator-activated receptor, a fatty acid sensor that
plays a critical role in atherosclerosis and glucose metabolism
(14), can be activated by both exogenous and endogenous
ligands (14). Cyclopentenone prostaglandins (e.g. 15d-PGJ,) are
cyclooxygenase- and H-PGDS—catalyzed products of arachi-
donic acid that are known to function as endogenous ligands of
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PPARY (14,15). In addition, the transcription factor STAT6 has
been implicated as an integral participant of many cellular
functions, including Arg-I expression (5,16). IL-4 causes dimer-
ization of STAT6 followed by translocation into the nucleus
to modulate the expression of antiinflammatory markers by up-
regulating the expression of PGC-18, a PPARYy coactivator
(5,16). Thus, in the presence of IL-4 and 15d-PG]J,, both the
pathways synergize to drive the expression of M2 pathway
markers. Previous studies in our laboratory demonstrated
enhanced activation of PPARY via the increased production of
15d-PGJ, in macrophages that were supplemented with sele-
nium (Se).

Se, an essential micronutrient, has both antiinflammatory
and cancer chemopreventative properties (17-20) and is found
in the body in the form of selenoproteins; proteins that contain
an Sec group covalently bound to Se (17,19,21). Sec, also
known as the 21st amino acid, is coded for by the UGA codon
and is recognized by a specific tRNA, 5 tRNA (17,20). Among
the identified selenoproteins, GPX and thioredoxin reductase are
the 2 most well characterized and abundantly expressed (15,17).
Recent research has shown an inverse causal relationship
between Se deficiency and many diseases and disorders
(17,21). The Se found in foods is in its organic form, with the
most common form being Se-Met (22). A commonly used
inorganic form is sodium selenite (22). Both forms of Se are
metabolized via hydrogen selenide (H,Se) for incorporation into
selenoproteins (22). Due to the lack of lyase expression in cell
culture models, Se in most organic forms is not readily bioavail-
able. To circumvent this major metabolic limitation, MSA, a
readily available organo-Se source, has been used in most cancer
prevention studies (23).

Previously, we demonstrated the ability of Se to down-
regulate the LPS-induced expression of iNOS (24) and other
proinflammatory genes (15) in macrophages. Here, we dem-
onstrate the ability of Se, in the form of selenoproteins, to
effectively switch macrophage activation from M1 toward a M2
phenotype, upregulating the expression of M2 markers while
decreasing the expression of M1 markers. Using murine mac-
rophages, we examined the effect of Se on Arg-I at the
transcriptional, protein expression, and enzymatic activity levels,
as well as other M2 markers, following stimulation with LPS
or IL-4. We describe specific pathways that are important in
mediating the effects of Se. In conclusion, our data show that
optimal Se status is critical for alternative macrophage acti-
vation, leading to attenuated expression of proinflammatory
mediators.

Materials and Methods

Cell culture. BMDM were prepared from 3-mo-old C57Bl/6 mice main-
tained on Se-deficient (SE-Dj; 0.01 mg/kg), Se-adequate (Se-A; 0.1 mg/kg),
and Se-supplemented (Se-S; 0.4 mg/kg) diets (Harlan Teklab custom
diets). All mice, purchased from Charles River Laboratories, were 3 wk
old upon arrival to the animal facilities. In accordance with Penn State
University IACUC guidelines, all mice were appropriately maintained
and ethically treated. Mice were killed using a CO, chamber. BMDM
cells were collected and cultured as previously described (15). Previous
studies have been done to establish the Se status of each group of mice.
Total blood and erythrocyte levels were used as part of a standard
procedure (15). Additionally, BMDM were prepared from GPX KO mice.
The specific procedure used to create the GPX KO mice has been previously
described (25). All mice used to collect BMDM were age and sex matched.
RAW 264.7 macrophage cells were obtained from ATCC and maintained
as previously described (15). Specific concentrations of exogenous Se were
as follows: 0 nmol/L in Se-D cells and 100 nmol/L in Se-A cells.

Custom diet compositions. All custom diets were purchased from
Harlan Teklab. The 3 diets, Se-D, Se-A, and Se-S were all composed of
the same base materials: torula yeast, 300 g/kg; bL-methionine, 3 g/kg;
sucrose, 590 g/kg; corn oil, 50 g/kg; mineral mix (Harlan Teklab product
no. 80313) (26), 35 g/kg; calcium carbonate, 11 g/kg; and vitamin mix
(Harlan Teklab product no. 40060) (26), 10 g/kg. The sodium selenite
concentrations within each diet were as follows: Se-D diets, 0 g/kg; Se-A
diets, 0.178 g/kg; and Se-S diets, 0.89 g/kg.

Treatments. Upon reaching 80% confluency, macrophages were
pretreated for 2-3 h with synthetic compounds in various combinations:
rosiglitazone (PPARYy agonist; 2 umol/L), GW9662 (PPARYy antagonist;
1 umol/L), leflunomide (STAT6 inhibitor; 100 wmol/L), and HQL-79
(H-PGDS inhibitor; 25 umol/L). Rosiglitazone, GW9662, and lefluno-
mide were purchased from Sigma-Aldrich and HQL-79 was purchased
from Cayman Chemicals. Following pretreatment, the cells were
stimulated with 5 or 10 pg/L of recombinant mouse IL-4 (R&D
Systems) for 20 h or 0.1-1 mg/L LPS (Sigma-Aldrich) for 2-12 h.
Rosiglitazone, GW9662, and leflunomide were dissolved in DMSO, and
HQL-79 was dissolved in 0.1 mol/L citric acid. Cells were stimulated
with DMSO (0.1%, Sigma-Aldrich) and citric acid (0.1 mol/L, Sigma-
Aldrich) for 20-23 h as vehicle controls. In addition, organo-Se
compounds were added to cells. BMDM’s and RAW 264.7 cells were
also supplemented with either SeMet (100 nmol/L, Sigma-Aldrich) or
MSA (100 nmol/L, Sigma-Aldrich).

Immunoblotting. Whole cell lysates from BMDM’s and RAW 264.7
cells were prepared as previously described (15). The following primary
antibodies were used to probe the membranes: purified anti-mouse Arg-I
(BD Transduction Laboratories), anti-rabbit polyclonal GPX1 (Abcam),
and anti-mouse monoclonal GAPDH (Fitzgerald). Near equal loading of
protein was confirmed using GAPDH as the control. Chemiluminescent
detection by autoradiography was used to visualize bands followed by
densitometric evaluation using Image J program (NIH).

Arg assay. Arg activity, assessed by a colorimetric assay that detects
urea production generated by Arg hydrolysis of L-Arg, has been
previously described (27). Se-D and Se-A BMDM and RAW264.7
macrophages assayed, were cultured as described earlier (15). OD at
560 nm was recorded on a Packard plate reader. We used a urea standard
calibration curve (0-1 pwmol; y = 9 X 107 5x + 0.0007; R* = 0.99) to
calculate the Arg-I activity. Enzyme activity is expressed as wmol of urea
produced/mg of protein (27).

Real-time PCR. Total RNA from BMDM and RAW 264.7 cells was
extracted using Isol-RNA lysis reagent (5 Prime). RNA purity and
concentrations were determined by agarose gel electrophoresis and UV
spectroscopy, respectively. Precisely 1 ug total RNA was reverse
transcribed into ¢cDNA using a High Capacity cDNA Reverse Tran-
scriptase kit per the manufacturer’s instructions (Applied Biosystems).
For the analysis of M1 and M2 markers, cDNA was analyzed using
TagMan probes for Arg-1, Fizz1, Ym1, IL-12, iNOS, MSR, IL-8, TNFa,
and Mrc-1. A GAPDH probe was used as an internal control to
normalize the data. Amplifications were performed using PerfeCTa
qPCR SuperMix Master mix (Quanta Biosciences) in a 7300 real-time
PCR system (Applied Biosystems). ACt (Ct Gene— Ct cappn) was
calculated for each sample and used for analysis of transcript
abundance with respect to the untreated negative control as described
(28).

Flow cytometry. RAW 264.7 cells were cultured in their appropriate
media and prepared for FACS analysis. Cells were washed with ice-cold
2% FBS in PBS. Samples were blocked with purified rat anti-mouse
CD16/CD32 Fc Block (BD Pharmingen) for 10 min on ice. Without
removing the Fc block, samples were treated with anti-mouse Mrc-1
antibody (Abcam) for 40 min on ice, followed by anti-mouse IgG1 FITC-
labeled secondary antibody for 40 min on ice in the dark. Samples were
centrifuged, washed twice in 2% FBS, and resuspended in 500 uL of 2%
FBS in PBS. Samples were analyzed on the FC500 Benchtop Cytometer
using CXP software (Beckman Coulter).
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Statistical analysis. Results are presented as mean = SEM. Significant
differences between 2 groups were analyzed by Student’s ¢ test using
GraphPad Prism. Significant differences comparing more than 2 groups
were analyzed by ANOVA, with appropriate post hoc testing, using
GraphPad Prism. Results were considered significant at P < 0.05. Three-
way ANOVA with appropriate testing was used to analyze the interaction
among diets, treatment groups, and stimulation (diet X treatment X
stimulation). All experiments were performed in triplicate, where triplicate
indicates BMDM came from 3 separate mice. RAW 264.7 cells were
cultured in triplicate. The sum of means of treatments (Se and IL-4) was
used to determine additive compared to synergistic relationship.

Results

Effect on GPX1 expression in macrophages supplemented
with Se. To determine the most effective Se concentrations to
use in our experiments, we used BMDM from mice fed Se-D
(0.01 mg/kg) and Se-A (0.1 mg/kg) diets and RAW264.7 macro-
phages cultured in media containing 0 nmol/L or 100 nmol/L Se.
Using cytosolic GPX1 as a marker of Se status, we examined the
expression of GPX1 in BMDM cell lysates treated with LPS or
IL-4 in the presence or absence of Se. There was a clear distinction
in GPX1 expression between Se-D and Se-A cell lysates, indicating
an increased expression of GPX1 in BMDM from mice fed Se-A
diets (Supplemental Fig. 1A). Similarly, RAW264.7 cells treated
with LPS or IL-4 increased in GPX1 expression in those cultured
in the presence of 100 nmol/L Se but not in those cultured in
0 nmol/L Se (Supplemental Fig. 1B). Furthermore, the presence of
IL-4 or LPS did not affect the expression of GPX1 in the Se-D or
Se-A BMDM or RAW264.7 cells (P > 0.05).

Se supplementation of macrophages increases Arg-I
expression and activity. Given that the BMDM responded
to exogenous Se by increasing the GPX1 expression levels, we
examined if supraphysiological (250 nmol/L) levels of exoge-
nous Se would further increase the activity of Arg-I. Arg-I
activity in BMDM from Se-A mice treated with IL-4 (20 h) was
greater than the activity in BMDM from Se-D mice (P < 0.05)
(Fig. 1A). However, there was no significant difference between
BMDM from Se-A mice and Se-S mice (data not shown). Thus,
given that supraphysiological levels of Se do not necessarily
increase the Arg-I activity, we examined the modulation of Arg-I
within mice fed Se-D and Se-A diets. Arg-I activity in IL-4—
stimulated BMDM was greater than LPS-stimulated and
unstimulated BMDM from Se-A mice (Fig. 1B). IL-4-stimulated
BMDM increased in activity in Se-A—fed compared to Se-D—fed
mice (P < 0.001) (Fig. 1B). Similar results were obtained in
experiments performed with Se-D (0 nmol/L Se) and Se-A (100
nmol/L Se) RAW 264.7 macrophages (P < 0.001) (Fig. 1C).
Furthermore, RT-PCR analysis of Arg-I in BMDM indicated a
similar pattern; Arg-I mRNA expression in BMDM treated with
IL-4 from Se-A mice was significantly greater than in Se-D
BMDM with IL-4 treatment (Fig. 1D). Western-blot analysis of
BMDM extracts showed a greater expression of Arg-I in IL-4-
stimulated BMDM from Se-A mice compared to BMDM from
Se-D mice (Supplemental Fig. 2, compare lanes 3 and 6).
Surprisingly, Arg-I protein expression was greater in Se-A
BMDM than in Se-D BMDM prior to treatment with LPS or
IL-4 (Supplemental Fig. 2, compare lanes 1 and 4) (P < 0.035).
Taken together, these data clearly indicate that Se status plays an
important role in the expression of Arg-I in macrophages.

Se supplementation of macrophages leads to differential
modulation of M1 and M2 markers. Having established that
Se supplementation significantly increases Arg-I expression, we
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FIGURE 1 Effect of Se on the expression and activity of Arg-l in
bone marrow-derived macrophages (BMDM) and RAW264.7 macro-
phages. (A) Arg-1 activity measured in BMDM from Se-deficient diet
(Se-D) and Se-adequate diet (Se-A) fed mice, stimulated with 5 mg/L
IL-4. (B) BMDM from Se-D and Se-A mice and (C) RAW 264.7 cells,
stimulated with IL-4 (10 mg/L, 20 h) and LPS (1 mg/L, 12 h). (D) Arg-/
mMRNA expression determined in BMDM from Se-D and Se-A mice by
real-time RT-PCR. Values are means = SEM, n = 3. (A) *Different
from Se-D, P < 0.05. (B-D) Means without a common letter differ,
P < 0.01.

examined the modulation of 3 other M2 macrophage markers:
Mrc-1, Fizz1, and Ym-1 (29,30). RAW 264.7 macrophages and
BMDM were treated with IL-4 (20 h) and LPS (4 h). IL-4
treatment only, but not LPS, increased the expression of Mrc-1 in
Se-A RAW 264.7 cells compared to Se-D cells (P < 0.001) (Fig.
2A). Expression of Fizz-1 and Ym-1 in Se-A BMDM treated with
IL-4 was greater than that in IL-4-treated Se-D BMDM (P <
0.01) (Fig. 2B,C). Furthermore, flow cytometric analysis of
IL-4-treated RAW 264.7 macrophages had a greater surface
expression of Mrc-1 in Se-A cells than in Se-D cells (P < 0.05)
(Fig. 2D). These data complement the real-time PCR results
described above.

Given that Se status of macrophages determined whether M1
or M2 pathway was activated, we also examined Se’s modula-
tion of an array of M1 markers; TNFa, IL-18, IL-12,iNOS, and
MSR. Stimulation of Se-A BMDM with LPS alone showed
significantly decreased marker expression compared to their Se-
D counterparts (Fig. 2E-I). Treatment with IL-4 did not induce
the expression of the M1 markers compared to their Se-D
counterparts (P > 0.05). Upon further examination, Mrc-1 and
Ym-1 showed a >2-fold change in transcript expression in Se-A
cells treated with IL-4 compared to Se-D cells similarly treated
(Fig. 2A,C). IL-12 showed similar changes in Se-A BMDM
treated with LPS compared to Se-D BMDM (Fig. 2G).
Conversely, Fizz-1, TNFa, IL-18, iNOS, and MSR showed
additive changes in transcript expression in Se-A cells, treated
with either IL-4 or LPS, compared to their Se-D counterparts
(Fig. 2B,E,E,H,]I). These results indicate that Se synergizes with
IL-4 to upregulate the expression of M2 markers, while
downregulating the expression of LPS induced M1 markers,
facilitating the switch toward an alternative pathway of mac-
rophage activation.

Selenoproteins are required for Arg-l expression. Because
Se is incorporated into proteins via a cotranslational mechanism
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as Sec, we examined if Se in the form of selenoproteins were
required for the expression of Arg-I. RAW 264.7 macrophage
cells were supplemented with 2 different organic forms of Se: Se-
Met and MSA. The difference between Se-Met and MSA is that
MSA can form selenoproteins, whereas Se-Met is unable to
release Se without y-lyase, particularly in macrophages. Much
like sodium selenite, MSA also increased Arg-I activity com-
pared to Se-D cells (P < 0.001) (Fig. 3A). Interestingly, RAW
264.7 macrophages supplemented with Se-Met did not show
any increase in Arg-I activity compared to Se- and MSA-
supplemented RAW 264.7 cells (P > 0.05) (Fig. 3A). Further-
more, IL-4 treatment did not increase the Arg-I activity in
Se-Met-supplemented RAW cells (P > 0.05) (Fig. 3A). Western-
blot analysis of GPX1 mimicked these results, exhibiting a clear
expression in MSA and sodium selenite-supplemented cells,
whereas Se-Met cells showed no GPX1 expression (Supplemen-
tal Fig. 3).

To further confirm the effects of selenoproteins on Arg-I
expression, we utilized a GPX1 KO mouse model. BMDM
macrophages from WT and GPX1 KO mice were cultured and
treated with LPS (12 h) and IL-4 (20 h). Arg-I activity was higher
in the WT BMDM treated with IL-4 compared to the GPX1 KO
cells treated with IL-4 (P < 0.001) (Fig. 3B). Interestingly,
untreated and LPS-treated BMDM from GPX1 KO, compared
to GPX 1 WT mice, did not show an increase in Arg-I activity
(Fig. 3B). Both the ex vivo and in vivo results clearly demon-
strate a requirement for Se in the form of selenoproteins to
increase Arg-1 activity.

PPARy and STATE6 are both essential for the Se-dependent
upregulation of Arg-I. To connect the increased activation of
PPARY to Arg-I expression in the context of Se status, we used
rosiglitazone, a synthetic PPARy agonist, and GW9662, a
PPARYy antagonist (31). RAW 264.7 and BMDM were pre-
treated with either rosiglitazone or GW9662 for 2 h. Following
pretreatment, cells were stimulated with IL-4 as described
earlier. Both rosiglitazone and GW9662 remained on the cells
for a total of 22 h. Pretreatment of cells with rosiglitazone at
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1 wmol/L significantly increased the activity of Arg-I in IL-4—
treated Se-A RAW264.7 macrophages compared to Se-D RAW
264.7 macrophages treated with IL-4 (P < 0.001) (Fig. 4A).
Moreover, rosiglitazone pretreatment increased Arg-I activity in
IL-4-treated Se-A RAW 264.7 macrophages compared to vehicle
control IL-4—treated Se-A RAW 264.7 macrophages (P < 0.001)
(Fig. 4A). Pretreatment of BMDM from Se-A mice with
GW9662 at 1 wmol/L completely blocked the effect of Se while
greatly inhibiting activity in IL-4—treated cells, such that the Arg-
L activity in Se-A BMDM did not differ from that in IL-4—treated
Se-D BMDM (Fig. 4B). In contrast to the rosiglitazone treatment,
GW9662 treatment decreased Arg-1 activity in IL-4—treated Se-A
BMDM compared to vehicle control IL-4-treated Se-A BMDM
(P < 0.01) (Fig. 4B). Furthermore, GW9662-treated Se-A
RAW264.7 cells inhibited the IL-4-dependent increase in Mrc-1
expression compared to the vehicle control, suggesting a critical
role for PPARYy in the regulation of M2 markers by Se (P <
0.001) (Fig 4C).

IL-4 mediates PPARy-dependent gene expression through a
STAT6-dependent mechanism involving enhanced recruitment
of PGC-18, a well-known PPARY coactivator (5). To examine
the role of STAT6, we utilized leflunomide, which inhibits the
phosphorylation of STAT6, preventing the nuclear translocation
and subsequent binding to cognate sites on the DNA (32).
BMDM were pretreated with 100 umol/L leflunomide for 2 h,
followed by IL-4 treatment as described earlier. Consistent with
the PPARYy antagonist results, leflunomide treatment inhibited
Arg-T activity in IL-4-treated Se-A BMDM (compare vehicle
control Se-A BMDM to leflunomide—treated Se-A BMDM) (P <
0.001) (Fig. 5A). These data suggest Se upregulates Arg-I ex-
pression through a STAT6-dependent pathway.

Se-dependent upregulation of Arg-l expression is mediated
via arachidonic acid metabolism by H-PGDS. To provide a
mechanistic explanation of the effect of Se on the PPARy-
dependent expression of Arg-I, we examined the role of endog-
enous ligands of PPARY, particularly 15d-PG]J, formed through
an H-PGDS pathway. Se-A BMDM were pretreated with
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FIGURE 3 Se in the form of selenoproteins is essential for Arg-I
expression in RAW 264.7 macrophage cells and bone marrow-derived
macrophage cells. (A) RAW 264.7 cells were cultured with 100 nmol/L
methylseleninic acid (MSA) or 100 nmol/L selenomethionine (Se-Met)
for 4 d and stimulated with IL-4 (5 mg/L, 20 h). Values are means *+
SEM, n=3. **P < 0.01, ***P < 0.001. All means were compared to
one control (Se-deficient diet RAW 264.7 cells) and analyzed using
ANOVA with Dunnett’'s post hoc testing. (B) Bone marrow-derived
macrophage cells isolated from glutathione peroxidase-1 (GPX1)
knockout (KO) and glutathione peroxidase-1 wild-type (WT) C57bl/6
mice were cultured with 100 nmol/L sodium selenite for 3 d and
stimulated with IL-4 (5 mg/L, 20 h) and LPS (1 mg/L, 12 h). Values are
means = SEM, n = 3. Within each graph, means without a common
letter differ, P < 0.01. Se-A, selenium-adequate; Se-D, selenium-
deficient.

25 umol/L HQL-79 for 2 h, followed by IL-4 and LPS treatments
as described earlier. HQL-79 inhibits H-PGDS, a cytosolic enzyme
responsible for the synthesis of PGD, from PGH,, an arachidonic
acid-derived cyclooxygenase metabolite (33,34). Treatment of Se-
A BMDM with HQL-79 and IL-4 decreased the Se-dependent
expression of Arg-I (compare vehicle control Se-A BMDM to
HQL-79—treated Se-A BMDM) (P < 0.01) (Fig. 5B). Though IL-
4—treated Se-A BMDM had higher activity than unstimulated and
LPS-treated samples, they were still lower than vehicle control-
treated Se-A BMDM. Taken together, these results suggest that the
arachidonic acid pathway plays a critical role in mediating the
effect of Se.

Discussion

Macrophages are well-known effectors that have a significant
bearing on the duration, magnitude, and quality of the immune
response. Mounting evidence describes a more complex model
that involves multiple macrophage phenotypes, which influences
immunity not only via their ability to downregulate the pro-
duction of proinflammatory mediators but also to facilitate

1758 Nelson et al.

pathways of resolution and wound healing. The latter property
arises from a subset of macrophages (M2a-c) that express a
battery of cytokines and cell surface receptors to promote
catabasis responses leading to tissue repair and angiogenesis
(2,35). We present here novel findings that Se status of macro-
phages is critical to promote the expression of an alternatively
activated phenotype that is linked to wound healing and col-
lagen synthesis. Such a switch from the M1 toward the M2
pathway is further complemented by a substantial decrease
in the expression of NF-«kB—dependent proinflammatory genes,
such as TNFa, IL-18, and iNOS, which are markers of the
classically activated macrophages (15,24). Our studies have
shown that macrophages cultured with Se produce an endogenous
lipid mediator, 15d-PG]J,, which activates PPARy-dependent
pathways of anti-inflammatory gene expression (15), while re-
pressing expression of proinflammatory genes. In addition, we
demonstrate the ability of Se to synergize with IL-4-dependent
activation of STAT6 to activate PPARYy.
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FIGURE 4 Se acts through PPARYy to upregulate the expression of
Arg-l and Mrc-1. (A) RAW 264.7 cells were prestimulated with
1 wmol/L rosiglitazone for 2 h, followed by IL-4 (5 mg/L, 20 h) and LPS
(1 mg/L, 12 h). (B) Bone marrow-derived macrophages isolated from
Se-deficient (Se-D) diet and Se-adequate (Se-A) diet-fed mice were
prestimulated with 1 uwmol/L GW9662 for 2 h followed by IL-4 (5 mg/L,
20 h) and LPS (1 mg/L, 12 h). (C) RAW 264.7 macrophage cells were
cultured with and without Se followed by pretreatment with 1 wmol/L
GW9662 for 2 h prior to stimulation with IL-4 (5 mg/L, 20 h) and LPS
(0.1 mg/L, 4 h). Values are means = SEM, n = 3. Within each graph,
means without a common letter differ, P < 0.01.
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adequate (Se-A) macrophages. (A) Bone marrow-derived macro-
phages isolated from Se-deficient (Se-D) and Se-A mice were
pretreated with 100 uwmol/L leflunomide for 2 h, followed by IL-4 (5
mg/L, 20 h) and LPS (1 mg/L, 12 h). (B) Bone marrow-derived
macrophages isolated from Se-deficient and Se-A mice were pre-
treated with 25 umol/L HQL-79 for 2 h followed by stimulation with IL-
4 (5 mg/L, 20 h) and LPS (1 mg/L, 12 h). Values are means = SEM, n =
3. Within each graph, means without a common letter differ, P < 0.01.

Previously, it was shown that IL-4 can act as a stimulus to
drive the expression of many M2 markers, such as Arg-I, Mrc-1,
and Fizz-1 (9,29,30). In Se-A cells, IL-4 treatment significantly
increased Arg-I at the activity, protein, and transcript levels.
Arg-T activity increased in both the Se-D and Se-A macrophages.
However, the greatest increase in activity levels was in the Se-A
macrophages treated with IL-4 compared to their Se-D coun-
terpart, suggesting a synergistic effect between IL-4 and Se.
Further assessment revealed there was no interaction. Addition-
ally, Arg-I activity levels were assessed using IL-13, another T
helper 2 cytokine shown to act as a stimulus of M2 marker
expression (9,29). Although IL-13 treatment of Se-A macro-
phages increased the activity of Arg-I, the magnitude of the
increase was much lower than with IL-4 (data not shown). Seen
even in a proinflammatory state, Se shifts the L-Arg metabolism
from LPS-induced production of NO via iNOS toward produc-
tion of L-Orn and polyamines that are important for wound
healing. Arg-I is a key determinant of M2 macrophage activa-
tion that is widely studied as a marker of M2 macrophages in
murine macrophages; however, Arg-I is not expressed in human
macrophages (2). Given that Fizz-1 and Ym-1 are also restricted
to the murine system, we examined Mrc-1, which is expressed in
both murine and human systems (2,30). As reported earlier, IL-4
stimulation greatly enhanced the expression of Mrc-1 (9,30).
Upon Se supplementation and IL-4 treatment, our data showed a
significant increase in Mrc-1 transcript levels compared to the
cells cultured in Se-D media with IL-4. Intriguingly, exogenous
addition of Se showed no increase in the levels of Mrc-1
expression with LPS compared to the Se-D cells cultured in the
presence of LPS. A similar pattern was also observed with Fizz1

expression. Although expression of Ym-1 was significantly
increased by LPS treatment of Se-A macrophages compared to
the Se-D cells, its levels were far below those with IL-4
treatment. Although the repression of IL-4—dependent M2 genes
by LPS is thought to be an event required for the polarization of
macrophages toward the M1 pathway, Se supplementation
appears to favor the polarization toward a resolution response,
which might be essential to prevent the exacerbated activation of
proinflammatory genes leading to tissue destruction and inflam-
mation. On the other hand, IL-12, iNOS, IL-18, and TNFa, all
M1 markers, showed the opposite trend upon stimulation with
LPS. LPS increased IL-1B8 and IL-12 transcript expression,
whereas 1L-4 had very little to no effect. Interestingly, 1L-4
significantly increased transcript expression of TNFa. However,
their expression levels were far below those seen with LPS.
Indeed, expressions of all markers were significantly decreased
with Se supplementation. Although there were differences
between BMDM and RAW264.7 cells, which represent primary
and immortalized cultures, respectively, the trend toward
increased M2 markers in Se-A cells with IL-4 was near identical.
Such a concordance in results further lends credence to the idea
that Se status indeed does play a pivotal role in the expression of
some of the M2 markers.

The mechanisms for the upregulation of Arg-I by Se are still
not well understood. Our earlier work conclusively showed
that Se-supplemented macrophages produced high amounts of
the endogenous PPARYy agonist, 15d-PG]J,, to accompany the
activation of PPARYy (15). Such an activation of PPARy was
inhibited by the antagonist, GW9662. Given that PPARYy
activation upregulated Arg-I expression (5) and our results
showed that the use of HQL-79 (H-PGDS inhibitor) completely
blocked the effect of the Se-dependent increase in Arg-I, these
results further confirm the ability of Se to enhance the produc-
tion of an endogenous ligand that plays a major role in the
expression of Arg-1. In addition to PPAR Yy, the use of leflunomide
also indicates a potential cross-talk between IL-4 activation of
STAT6 and PPARvy, where Se plays a key role as a positive
modulator, perhaps by recruiting PGC-1, a PPARy coactivator
(Fig. 6). Intriguingly, the ability of Se to increase Arg-I activity
was only seen with those selenocompounds that led to the
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FIGURE 6 A proposed mechanism underlying Se-dependent upre-
gulation of Arg-I, Mrc-1, and other M2 markers through the modulation
of STAT6 and PPARy-dependent pathways in macrophages.
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cellular synthesis of selenoproteins. Given that GPX1 is an
abundant selenoprotein whose expression is increased by bio-
available Se, the use of a genetic GPX1 KO mouse model was
pertinent in confirming this observation. Our results conclu-
sively show that the absence of GPX1 significantly decreases
Arg-I activity compared to WT, confirming the need for Se in the
form of selenoproteins to effectively modulate the redox status
of cells. Furthermore, the addition of IL-4 confirmed the syn-
ergistic relationship observed with Se. Further examination of
the Arg-I promoter for the binding of transcription factors and
accessory proteins as a function of Se status is awaited to obtain
a complete picture of the underlying basis of the molecular
transition of M1 to M2 phenotypes by specific selenoproteins.

In conclusion, our results clearly demonstrate that Se sup-
plementation shunts macrophage activation from a proinflam-
matory M1 state toward an antiinflammatory M2 state. In doing
so, we speculate that such macrophages become prone to helping
cell proliferation and promoting cell growth after insult or
injury. This is reminiscent of a recent report where Se status in T-
cells was shown to be critical for activation, differentiation, and
proliferation (36). Further work to validate these ex vivo studies
is needed to examine the role of such a phenotypic switch in
models that are known to trigger highly polarized immune
responses associated with increased M2 signatures, such as
helminth models, leading to parasite expulsion and regulation of
inflammation.
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