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Vitamin D Inhibits COX-2 Expression and Inflammatory
Response by Targeting Thioesterase Superfamily Member 4*
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mechanisms remain unclear.

direct up-regulation of thioesterase superfamily member 4.

signaling.
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(Background: Vitamin D insufficiency has been associated with chronic inflammatory diseases. However, the underlying
Results: Vitamin D inhibits COX-2-mediated inflammatory response by modulating the Akt/NF-«B signaling pathway via

Conclusion: Vitamin D plays novel roles in anti-inflammation.
Significance: Supplemental vitamin D could protect against chronic inflammatory diseases by targeting THEM4/Akt/NF-«B

J

Inadequate vitamin D status has been linked to increased risk of
type 2 diabetes and cardiovascular disease. Inducible cyclooxygen-
ase (COX) isoform COX-2 has been involved in the pathogenesis of
such chronic inflammatory diseases. We found that the active form
of vitamin D, 1,25(OH),D produces dose-dependent inhibition of
COX-2 expression in murine macrophages under both basal and
LPS-stimulated conditions and suppresses proinflammatory medi-
ators induced by LPS. Administration of 1,25(OH),D signifi-
cantly alleviated local inflammation in a carrageenan-induced
paw edema mouse model. Strikingly, the phosphorylation of
both Akt and its downstream target IkBa in macrophages were
markedly suppressed by 1,25(OH),D in the presence and
absence of LPS stimulation through up-regulation of THEM4
(thioesterase superfamily member 4), an Akt modulator protein.
Knockdown of both vitamin D receptor and THEM4 attenuated
the inhibitory effect of 1,25(0OH),D on COX-2 expression in
macrophages. A functional vitamin D-responsive element in the
THEM4 promoter was identified by chromatin immunoprecipi-
tation and luciferase reporter assay. Our results indicate that
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vitamin D restrains macrophage-mediated inflammatory pro-
cesses by suppressing the Akt/NF-xB/COX-2 pathway, suggest-
ing that vitamin D supplementation might be utilized for
adjunctive therapy for inflammatory disease.

Vitamin D deficiency is widespread, especially in adults from
the middle East and Asia (1). It is believed that the main reason
for vitamin D deficiency is lack of proper sun exposure, because
many foods are naturally abundant in vitamin D (2). In the
human body, vitamin D is enzymatically converted to 25-hy-
droxycholecalciferol or 25-hydroxyvitamin D; in the liver and
then transformed to 1,25-dihydroxy-vitamin D (1,25(0OH),D),?
the biologically active form, in the proximal tubule of the kidney
(2). 1,25(OH),D exerts physiological roles by acting on its
receptor (vitamin D receptor (VDR)), which forms a het-
erodimer with the retinoid X receptor and regulates target gene
expression by binding to specific hormone response elements
(vitamin D-responsive elements (VDREs)) (3-5). 1,25(0OH),D
stimulates intestinal calcium absorption and bone calcium
mobilization; thus, insufficiency of vitamin D can lead to rickets
in children and osteopenia/osteoporosis in adults (2). Cross-
sectional studies have reported that vitamin D deficiency is
associated with increased risk of chronic inflammatory disor-
ders, including rheumatoid arthritis, cardiovascular disease,
diabetes, and even cancer (6).

Prostaglandins (PGs) are a class of bioactive lipid mediators
of an array of (patho)physiological conditions such as female
reproduction, gastrointestinal ulcer, inflammation, and cancer
(7, 8). Cyclooxygenase (COX), a membrane-bound protein, is

3The abbreviations used are: 1,25(0H),D, 1,25-dihydroxy-vitamin D; VDR,
vitamin D receptor; VDRE, vitamin D-responsive element; COX, cyclooxy-
genase; PG, prostaglandin; THEM4, thioesterase superfamily member 4;
NSAID, nonsteroidal anti-inflammatory drug; KD, knockdown; FFA, free
fatty acid.
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the rate-limiting enzyme for PG biosynthesis. There are two
isoforms encoded by distinct gene products: a constitutive
COX-1 and an inducible COX-2 (9). COX-1 is broadly distrib-
uted to maintain physiological functions, whereas COX-2 can
be induced rapidly in inflammatory cells by internal and exter-
nal stimuli such as IL-1 and LPS (10). Traditional nonsteroidal
anti-inflammatory drugs (NSAIDs) exhibit analgesic and anti-
pyretic effects by blocking COX-derived PG formation (11).
NSAIDs selective for inhibition of COX-2 retain anti-inflam-
matory efficacy with less adverse effects involving the gastroin-
testinal tract and reproductive system, but long term usage may
predispose to cardiovascular events such as stroke (11). Vita-
min D may regulate arachidonic acid release and modulate
PGE, production (12, 13) and displays antiproliferative and
chemopreventive activities probably by suppressing COX-2-
derived PG production in prostate and breast cancer cells (14,
15). Moreover, vitamin D exhibits robust immunomodulation
effects on inflammatory cells including macrophages, which is
consistent with the epidemiological associations between vita-
min D deficiency and a large number of autoimmune and
inflammatory diseases such as rheumatoid arthritis, lupus,
inflammatory bowel disease, type 1 diabetes, infections, malig-
nancies, transplant rejection, and cardiovascular diseases (16 —
18). These observations indicate vitamin D may play roles in
anti-inflammation by regulating COX-2 expression and PG
production, especially in inflammatory cells. However, the
underlying mechanisms remain to be determined.

In this study, we found that vitamin D down-regulates
expression of COX-2 and its PG products in macrophages and
reduces inflammatory cytokine secretion by suppressing Akt
phosphorylation and NF-«B signaling. Furthermore, vitamin D
induces transcription of THEM4 (thioesterase superfamily
member 4, a negative regulator of Akt) by activating VDR,
which binds to a functional VDRE in the THEM4 promoter.
Knockdown of either VDR or THEM4 attenuated vitamin D
suppression of COX-2 expression. Administration of vitamin D
also retards air pouch- and carrageenan-induced inflammation
in mice. Thus, vitamin D modulates inflammatory responses
through the VDR/THEM4/Akt/COX-2 pathway, which may
contribute to the cardiovascular protective effect of vitamin D.

EXPERIMENTAL PROCEDURES

Animal Husbandry—COX-2 KO and COXNeo'Nee (also
named COX-2 knockdown (KD)) mice were initially produced
on a mixed C57BL/6 X Sv129 genetic background (50%:50%)
and maintained on this hybrid C57BL/6/Sv129 background for
over 20 generations. Littermates were used for control in all
experiments. Age and sex were matched between experimental
group and control group. All animals were maintained and used
in accordance with the guidelines of the Institutional Animal
Care and Use Committee of the Institute for Nutritional Sci-
ences of the Chinese Academy of Sciences.

Isolation of Peritoneal Macrophages—Mice were sacrificed
by CO, asphyxiation, and the abdominal skin was sterilized
with 70% alcohol. Cold, sterile PBS (5 ml) was injected into the
peritoneal cavity as a washing solution. Peritoneal macrophages
were harvested with a syringe and stored in an ice bath. Har-
vested macrophages were washed twice with cold PBS and
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seededat 1 X 10” to 2.5 X 107 per 60-mm dish in 10% FBS RPMI
1640 medium supplemented with a 1% mixture of penicillin/
streptomycin solution.

Cell Culture and Drug Treatment—The RAW264.7 cell line
was obtained from the American Type Culture Collection
(Manassas, VA) and maintained in RPMI 1640 medium supple-
mented with 10% heat-inactivated FBS at 37 °C in a humidified
atmosphere of 95% air and 5% CO,. The cells were seeded onto
6-well culture plates at 5 X 10° cells/well unless otherwise spec-
ified. After seeding for 24 h, the cells were cultured in serum-
free medium and incubated with different concentrations of
1,25-dihydroxy-vitamin D, or Dj; as indicted (Sigma-Aldrich)
(final concentrations: 0, 10, 30, 50, and 100 nm) for 6 or 12 h.
The final concentration of LPS was 5 pug/ml.

RNA Extraction, Semiquantitative RT-PCR, and Quantita-
tive RT-PCR—Total RNAs were isolated from the macrophages
using TRIzol reagent according to the standard procedure
(Invitrogen) and then were reverse-transcribed with the Molo-
ney murine leukemia virus reverse transcriptase (TaKaRa). The
c¢DNAs were amplified by semiquantitative RT-PCR and real
time RT-PCR with the SYBR Green PCR system (Applied Bio-
systems). Primers were designed with Primer Premier 5.0
and were as follows: COX-2-F, 5'-TGTGACTGTACCCG-
GACTGG-3"; COX-2-R, 5'-TGCACATTGTAAGTAGGTG-
GAC-3'; COX-1-F, 5'-GATTGTACTCGCACGGGCTAC-3;
COX-1-R, 5'-GGATAAGGTTGGACCGCACT-3'; TNF-a-F,
5'-CCCTCACACTCAGATCATCTTCT-3'; TNF-a-R, 5'-
GCTACGACGTGGGCTACAG-3';1L-6-F,5'- ATGAAGTTCC-
TCTCTGCAAGAGACT-3'; IL-6-R, 5'-CACTAGGTTTGCC-
GAGTAGATCTC-3'; VDR-F, 5'-CGCTCCAACCAGTCTT-
TTACC-3'; VDR-R, 5'-AGCCCCACCTGGAACTTTATG-3;
c-Jun-F, 5'-TTCTACGACGATGCCCTCAAC-3'; c-Jun-R,
5'-CAGGTTCAAGGTCATGCTCTGTT-3'; THEM4-F, 5'-
CAAATGTCAAAGGCCCAACA-3'; THEM4-R, 5'-GCAC-
CTCCGTGAACAAATCC-3'; GAPDH-F, 5'-CGACTTCA-
ACAGCGACACTCAC-3'; GAPDH-R, 5'-CCCTGTTGCT-
GTAGCCAAATTC-3'; B-actin-F, 5'-GGCTGTATTCCCC-
TCCATCG-3'; and B-actin-R, 5'-CCAGTTGGTAACAAT-
GCCATGT-3'. The results were normalized with B-actin or
GAPDH mRNA.

Western Blotting—Protein samples were separated by 10%
SDS-PAGE and transferred onto PVDF membrane (Millipore)
by electroblotting. The membranes were blocked in 5% milk in
TBST (0.1% Tween 20, 150 mm NaCl, 50 mm Tris, pH 7.4) and
then incubated with rabbit anti-COX-2 polyclonal antibody
(1:1000; Cayman Chemical Co.), rabbit anti-COX-1 polyclonal
antibody (1:1000; Cayman Chemical Co.), rabbit anti-phospho-
Akt antibody (1:1000; Cell Signal Technology), rabbit anti-Akt
antibody (1:1000; Cell Signaling Technology), rabbit anti-phos-
pho-GSK-38 antibody (1:1000; Cell Signaling Technology),
rabbit anti-GSK-38 antibody (1:1000; Cell Signaling Technol-
ogy), rabbit anti-phospho-IkB antibody (1:1000; Cell Signaling
Technology), rabbit anti-IkB antibody (1:1000; Cell Signaling
Technology), rabbit anti-NF-kB (p65) antibody (1:1000; Cell
Signaling Technology), rabbit anti-phospho-ERK1/2 MAPK
antibody (1:1000; Cell Signaling Technology), mouse anti-
ERK1/2 MAPK antibody (1:1000; Cell Signaling Technology),
rabbit anti-phospho-p38 MAPK antibody (1:1000; Cell Signal-
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ing Technology), rabbit anti-HA-tag (1:1000; Cell Signaling
Technology), and mouse anti-B-actin monoclonal antibody
(1:5000; Cell Signaling Technology). Horseradish peroxidase-
conjugated goat anti-mouse IgG and horseradish peroxidase-
conjugated goat anti-rabbit IgG (1:2000; Cell Signaling Tech-
nology) were used as secondary antibodies. Signals were
detected by enhanced chemiluminescence (ECL; Pierce).

Enzyme-linked Immunosorbent Assay—The supernatants
collected from cell culture or exudates collected from air pouch
lavage were centrifuged for 15 min at 12,000 X gat 4 °C. ELISA
for TNF-a and IL-6 was performed according to the manufa-
cturer’s instructions (R&D Systems). Absorbance was mea-
sured with a microplate reader (Biotek), using a wavelength
fixed at 450 nm. A standard curve for both cytokines was used
to calculate protein levels.

PG Extraction and Analysis—Cell culture supernatant and
exudates from the air pouch model were collected after centri-
fugation for 15 min at 12,000 X g at 4 °C. PGs (PGE,, PGD,,
6-keto-PGF, ,, PGF,, and thromboxane B,) were extracted as
described previously (19) and quantified by LC/MS/MS (20).

SiRNA Knockdown—VDR, THEM4, and scramble siRNA were
obtained from GenePharma (VDR-siRNA-F-mus, 5'-GCAGC-
CAAGACUACAAAUATT-3'; VDR-siRNA-R-mus, 5'-UAUUU-
GUAGUCUUGGCUGCTT-3'; THEM4-siRNA-F-mus, 5'-AGU-
AUGCGAUGUUCUAUAAATT-3'; and THEM4-siRNA-R-mus,
5'-UUAUAGAACAUCGCAUACUTT-3"). RAW264.7 cells were
seeded in 6-well plates in DMEM containing 10% FBS at of
1.5-3.0 X 10° cells/well (corresponding to a density of 40 — 60% at
the time of transfection). After 12—-24 h, transfection was
performed using Lipofectamine RNAiMax (Invitrogen) according
to the manufacturer’s instructions, using 2 pmol of total siRNA
and 5 ul of RNAiMax reagent per well. Cells were harvested after
72 h and analyzed by Western blotting or quantitative RT-PCR to
determine the efficiency of gene knockdown.

Free Fatty Acid Measurement—Free fatty acids (FFAs) in the
RAW264.7 cells with or without 1,25(0OH),D, treatment and
plasma FFAs of vitamin D,-treated mice were measured using a
free fatty acid quantification kit (BioVision) according to the
manufacturer’s instruction.

Prediction of Transcription Factor Binding Sites—The frag-
ment between —2000 and *500 bp of the transcription start
site of the THEM4 gene from the RefSeq database was analyzed
for putative VDRE motifs in TRANSFAC version 10.2 using
PWMSCAN (21). A match score with a p value <5 X 10~ ® was
considered to be a high confidence binding site prediction.

Chromatin Immunoprecipitation—RAW?264.7 and HEK293-A
cells were transfected with VDR expression plasmids (Gene-
Copoeia Inc., Rockville, MD) using the Lipofectamine™ 2000 rea-
gent (Invitrogen). At 24 h post-transfection, cells were treated with
or without 1,25(OH),D, (100 nm) for 12 h. A ChIP assay was per-
formed with a Magna ChIP™™ A/G chromatin immunoprecipita-
tion kit (Millipore) according to the manufacturer’s protocol.
Briefly, cells were cross-linked with formaldehyde. The cross-
linking reaction was stopped by addition of glycine followed by
a washing step with PBS. The pellet was lysed and sonicated to
shear the chromatin into 200-1000-bp fragments. The chro-
matin extract was incubated with 10 pg of rat anti-VDR anti-
body (Abcom) or rat IgG (negative control) at 4 °C with rotation
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FIGURE 1. 1,25(0H),D; inhibits COX-2 expression in RAW264.7 macro-
phages. RAW264.7 cells were treated with different dosages of 1,25(0H),D,
(10 nm, 50 and 100 nm). A-C, the mRNA (A and B) and protein expression (C) of
COX-2 and COX-1 were analyzed by quantitative RT-PCR and Western blot-
ting. D and E, densitometric quantitation of COXs expression by comparison
with B-actin as shown in C. ¥, p < 0.05; **, p < 0.01; n = 4. Ctrl, control.

overnight, and the antibody-antigen-DNA complex was col-
lected by protein G-agarose. The immunocomplexes were
washed and the protein-DNA complexes were eluted, and then
proteinase K was used to reverse the cross-linking of protein-
DNA complexes to free the DNA. DNA was purified with the
DNA purification kit (Promega), dissolved in elution buffer,
and used for quantitative PCR analysis. The following primers
were used for detection of VDR binding sites: forward 5'-TCT-
TGCAGCTATCCCTAGCC-3' and reverse 5'-GGTGCCTG-
ACATGAAGGAAT-3' (for mRegionl); forward 5'-GTTTGA-
ACCACCCACCTCTG-3' and reverse 5'-GTCAAAGGGTG-
CACCAAGAT-3' (for mRegion2); forward 5'-CCCGGATTT-
GCATTATCTGA-3' and reverse 5'-TAGGCGCATACCTT-
CTGAGC-3' (for hRegionl); and forward 5'-CAACCCAGTC-
CGATTTCAAG-3' and reverse 5'-GCGCTTACGCCTTAA-
AAGACT-3’ (for hRegion2). Quantitative PCR products were
analyzed by electrophoresis on agarose gels.
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FIGURE 2.1,25(0OH),D; inhibits COX-2 expression and PG production in macrophages. RAW264.7 cells were treated with different dosages of 1,25(0H),D;
(10,50,and 100 nm) in the absence and presence of LPS. A-C, the mRNA (A and C) and protein expressions (B) of COX-2 and COX-1 were analyzed by quantitative
RT-PCR and Western blotting. D and E, densitometric quantitation of COXs expression by comparison with B-actin as shown in B.*, p < 0.05; **, p < 0.01;n =
4. F-J, effect of 1,25(0H),D; treatment on PG profile of RAW264.7 cell. *, p < 0.05; **, p < 0.01; n = 6. DXM, dexamethasone.

Luciferase Assay—HEK293-A cells were seeded in 48-well
plates and grown to 70 — 80% confluence. Transfection was per-
formed using the Lipofectamine™ 2000 reagent (Invitrogen).
Cells were co-transfected with 10 ng of the pRL-TK vector
DNA (Promega) and 100 ng of VDR expression plasmids and
either the empty pGL3-Basic plasmid (a promoterless control
from Promega) or pGL3-Basic plasmid containinga VDR bind-
ing sequence in the THEM4 promoter region. The pRL-TK
vector, which provided constitutive expression of Renilla lucif-
erase, was co-transfected as an internal control to correct for
differences in transfection and harvesting efficiency. After 24 h
of incubation, cells were harvested and analyzed for luciferase
activity using the dual luciferase reporter assay system (Pro-
mega). To characterize the dose-dependent effect, cells were
treated with 1,25(OH),D; for another 12 h before harvesting.
Promoter activity is reported in relative light units and normal-
ized against the activity of the empty pGL3-Basic vector.
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Carrageenan-induced Paw Edema Mouse Model—Mice (2-3
months old) were anesthetized by intraperitoneal injection of
20 mg/kg ketamine hydrochloride and subjected to subcutane-
ous injection of 25 ul of 1% A-carrageenan (Sigma-Aldrich) in
0.9% saline into the plantar region of the left hind paw, whereas
the right paw received the same amount of saline solution.
Intraperitoneal injection of 2 mg/kg vitamin D, per day or
intraperitoneal injection of 250 ug/kg vitamin D per day for 3
days was administered before carrageenan injection. We
assessed edema 4 h later by using calipers to measure paw thick-
ness at the metatarsal level (22). After A-carrageenan treatment,
the animals were euthanized, and the left hind paws were col-
lected for histopathology.

Carrageenan-induced Air Pouch Mouse Model—Mice (12
weeks old) were anesthetized by intraperitoneal injection of 20
mg/kg ketamine hydrochloride. Dorsolateral air pouches were
inflated by subcutaneous injection of 3 ml air on days 1 and 4.
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On day 6, 100 ul of 1% A-carrageenan (Sigma-Aldrich) diluted
in 1 ml of PBS was injected into the pouch. At 24 h after A-car-
rageenan treatment, the animals were euthanized. Vitamin D,
(2 mg/kg per day) was administered by intraperitoneal injection
3 days before dorsolateral air pouch. The air pouch lavage was
washed by repeat injection/aspiration using 2 ml of PBS, and
the exudates were collected by centrifugation for PG analysis
and proinflammatory cytokine detection.

Flow Cytometry Analysis—The infiltrated inflammatory cells
in pouch exudates were centrifuged and resuspended in PBS.
Phycoerythrin-conjugated anti-mouse F4/80 (eBioscience) was
used to label macrophages surface marker according to the
manufacturer’s instructions. The presence of F4/80™ cells were
determined and collected by BD FACSAria cell sorter (BD Bio-
sciences) and analyzed using FlowJo (version 7.6.1; Tree Star,
Inc.).

Histopathology—The left hind paw in the carrageenan-in-
duced paw edema model was fixed in 10% buffered formalin for
24 h, processed routinely, and embedded in paraffin for staining
with hematoxylin and eosin.

Statistics—The data are expressed as means = S.E.; analyses
were performed with the Student’s ¢ test or analysis of variance
analysis of variance test as appropriate; p < 0.05 was considered
statistically significant. Prism 5.0 software (GraphPad InStat 3)
was used for all calculations.

RESULTS

1,25(0OH)D Inhibits COX-2 Expression and PG Production in
Macrophages—We sought to determine whether vitamin D
influences the inflammatory response. Macrophages were pre-
treated with the active form of vitamin D-1,25(0OH),D,, and
COX-2 expression and PG production were examined in the
presence and absence of LPS stimulation. Although COX-2
expression is relatively low in RAW?264.7 without LPS stimula-
tion (Fig. 1), 1,25(OH),D, provided dose-dependent suppres-
sion of COX-2 expression at the mRNA and protein levels (Fig.
1, A, C,and D) but had no effect on COX-1 expression (Fig. 1, B,
C, and E). Similarly, induction of COX-2 mRNA (Fig. 24) and
protein (Fig. 2, B and D) in RAW264.7 upon LPS stimulation
were markedly attenuated by pretreatment with 1,25(0OH),D,
(including 30 nv; data not shown), whereas COX-1 expression
was unaltered (Fig. 2, B, C, and E). As such, we also observed
marked depression of 12-O-tetradecanoylphorbol-13-acetate-
induced COX-2 expression by 1,25(OH),D; (data not shown).
Then we tested the effects of 1,25(0OH),D, on PG generation
(PGE,, PGD,, 6-keto-PGF,,, PGF,_, and thromboxane B,) by
RAW?264.7 macrophages. All PG products induced by LPS, as
anticipated, were significantly repressed by 1,25(0OH),D, in a
dose-dependent fashion (Fig. 2, F-J]); indeed, its inhibitory
capability at 100 nm is comparable with the widely used anti-
inflammatory glucocorticosteroid dexamethasone (Fig. 2, F-)).

1,25(0OH),D; Inhibits Secretion of Proinflammatory Cytokines
in Macrophages—Along with COX-2 induction, large amounts of
proinflammatory mediators are generated by inflammatory cells
during the inflammatory process (23). We used semiquantitative
RT-PCR and ELISA to determine whether 1,25(0OH),D; may
restrain the expression and secretion of proinflammatory cytokine
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FIGURE 3. 1,25(OH),D; inhibits the expression and secretion of proin-
flammatory cytokines in macrophages. A and B, effect of 1,25(0OH),D; on
mRNA expression of TNF-a and IL-6 in RAW264.7 cells in presence and
absence of LPS stimulation.*, p < 0.05;n = 6. Cand D, effect of 1,25(0OH),D; on
secretion of TNF-aand IL-6 in RAW264.7 cells in absence and presence of LPS
stimulation. *, p < 0.05; n = 6. Ctrl, control.

in macrophages. 1,25(0OH),D; treatment suppressed mRNA tran-
scripts of both TNF-a and IL-6 in RAW264.7 cells in the absence
and presence of LPS at dose-dependent mode, (Fig. 3, A and B),
although their expression was up-regulated in response to LPS
stimulation. Consistently, secretion of both TNF-« and IL-6 was
also dose-dependently inhibited in supernatants of cultured
macrophages by addition of 1,25(OH),D; (Fig. 3, C and D).

COX-derived PGs, such as PGE,, regulate proinflammatory
cytokine release (24). To determine whether suppression of
TNEF-a and IL-6 by 1,25(0OH),D; is due to inhibition of COX-2
derived PGs, we analyzed the expression of TNF-« and IL-6 in
primary peritoneal macrophages from COX-2 KO mice. Secre-
tion of TNF-a and IL-6 from COX-2 KO peritoneal macro-
phages was much lower in comparison with wild type, although
both proteins were clearly increased by LPS stimulation (Fig. 4,
A and B). 1,25(0OH),D; pretreatment attenuated LPS-induced
secretion of TNF-« and IL-6 in peritoneal macrophages from
WT mice (Fig. 4, A and B). However, we did not observe notable
alterations of TNF-« and IL-6 secretion of peritoneal macro-
phages from COX-2 KO mice in response to 1,25(0OH),D, even
at 100 nm (Fig. 4, A and B). Similarly, COX-2 selective inhibitor
NS398 terminated this inhibitory effect on secretion of proin-
flammatory cytokines (Fig. 4, C and D). Thus, inhibition of
TNF-« and IL-6 secretion by 1,25(0OH),D, in macrophages is
mediated through suppression of COX-2.
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1,25(0OH),D; Inhibits Akt Phosphorylation and the NF-kB
Pathway—LPS promotes robust COX-2 expression through
activation of both Akt and MAPKs mediated by Toll-like recep-
tor 4 (25). Activation of Akt promotes nuclear translocation of
nuclear factor NF-«B p65 unit and drives target gene expres-
sion (i.e. COX-2) by degrading IxB (25). As expected, LPS treat-
ment enhanced phosphorylation of Akt and its substrate
GSK-3B and induced transcription of COX-2; and inhibitor
Ly294002 inhibited LPS-induced COX-2 expression (Fig. 5A4).
Interestingly, 1,25(0OH),D; inhibited Akt phosphorylation
induced by LPS in RAW264.7 cells and suppressed IkB phos-
phorylation in the cytoplasm and nuclear translocation of
NE-kB (p65) (Fig. 5, B—G). Knockdown of VDR by specific
siRNA (Fig. 5E) blunted the inhibitory effect of 1,25(0OH),D; on
phosphorylation of Akt and IkB phosphorylation (Fig. 5, F-H)
and subsequently restored the LPS-induced COX-2 expression
(Fig. 51). Thus, the suppression of COX-2 by 1,25(0OH),D, may
be mediated by the AKT/IkB/NF-«B pathway through activa-
tion of VDR.

Effect of 1,25(OH),D; on MAPK Pathways in Macrophages—
The classic MAPKs include well characterized ERK1/2, JNK,
and p38 (26). As shown in Fig. 4, LPS induced phosphorylation
of ERK1/2 and COX-2 expression; ERK inhibitor PD98059
MAPK (27), as expected, depressed phosphorylation of ERK1/2
and down-regulated its target gene—COX-2, not COX-1 (Fig.
6, A—C). In contrast to COX-2 expression with sharp reduction,
phosphorylation of ERK1/2 in macrophages was unchanged by
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FIGURE 6. Effect of 1,25(0OH),D; on ERK1/2 MAPK pathway in macro-
phages. A, effect of ERK1/2 MAPK inhibitor PD98059 (100 and 200 nm) on
COX-2 expression and phosphorylation of ERK1/2 (p-ERK1/2) in RAW264.7
cells. Band C, densitometric quantitation of expression of COXs by compari-
son with B-actin as shown in A. *, p < 0.05; **, p < 0.01; n = 4. D, the effect of
1,25(0H),D; on p-ERK1/2 in macrophages. Ctrl, control.

1,25(0OH),D; in the absence and presence of LPS (Fig. 6D). p38
MAPK regulates COX-2 expression by stabilizing the COX-2
mRNA (28), whereas JNK activation induces phosphorylation of
its substrate c-Jun and promotes transcription of COX-2 gene
through binding AP-1 (29). Thus, p38 MAPK and JNK inhibitors
(SB203580 and SP600125, respectively) suppressed the induc-
tion of COX-2 protein by LPS (Fig. 7, A and B), although we
failed to observe the visible influences of 1,25(OH),D, on
phosphorylation of p38 (Fig. 7C) and JNK (Fig. 7D) and c-Jun
mRNA expression levels (Fig. 7E). Taken together, the regu-
latory effect of 1,25(OH),D; on COX-2 expression is not
dependent on the MAPK pathway.

1,25(0H),D; Inhibits AKT Phosphorylation by Inducing
THEM4 Transcription via VDR Activation—AKT activity can
be modulated through its interaction with various binding part-
ners (30). For example, AKT activity can also be down-regu-
lated by the pseudokinase TRB3 (tribble3) (31) and CTMP (car-
boxyl-terminal modulator protein, also named THEM4), an
negative regulatory component of AKT (32). We found that
THEM4 expression was up-regulated in both RAW?264.7 cells
(Fig. 8, A and B) and primary peritoneal macrophages (Fig. 94)
by 1,25(0OH),D; treatment at protein levels, which could be
blunted by knockdown of VDR (Figs. 8, C and D, and 9B), sug-
gesting that 1,25(OH),D; modulates THEM4 expression by
activating VDR. Treatment with 1,25(OH),D, failed to influ-
ence PDK1 and TRB3 expression (data not shown). Interest-
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FIGURE 7. Impact of 1,25(0H),D; on p38 and JNK MAPK pathways in macro-
phages. A, effect of p38 MAPK inhibitor SB203580 on LPS-induced COX-2 expres-
sion in RAW264.7 cells. B, effect of INK MAPK inhibitor SP600125 on LPS-induced
COX-2 expression in RAW264.7 cells. C, effect of 1,25(0OH),D; on phosphorylation
of p38 (p-p38) in RAW264.7 cells. D, effect of 1,25(0OH),D; on phosphorylation of
INK (p-JNK) in RAW264.7 cells. E, effect of 1,25(0H),D; on mRNA expression of
c-Jun in RAW264.7 cells. p = NS; n = 6. Ctrl, control.
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FIGURE 9. 1,25(0H),D; inhibits COX-2 expression by up-regulating
THEM4 in primary peritoneal macrophages. A, effect of 1,25(0H),D; on
THEM4 expression in primary peritoneal macrophages. B, effect of knocking
down VDR knockdown (si-VDR) on 1,25(0H),D5;-mediated up-regulation of
THEM4 in primary peritoneal macrophages. C, effect of knocking down
THEM4 on 1,25(0H),D;-mediated inhibition of COX-2 expression and p-Aktin
primary peritoneal macrophages. The experiments were repeated three
times.
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ingly, we observed that the suppression of AKT phosphoryla-
tion and COX-2 expression by 1,25(OH),D; was restored by
THEM4 knockdown with specific siRNAs (Fig. 8E) in the pres-
ence and absence of LPS in both RAW264.7 (Fig. 8, F-H) and
primary peritoneal macrophages (Fig. 9C). Given that THEM4
belongs to the acyl-CoA thioesterases of the hot dog fold family,
which hydrolyze acyl-CoA esters to the FFA and coenzyme A
(CoASH) (33), we examined whether 1,25(OH),D; influences
the FFA generation in macrophages. Dose-dependent elevation
of cellular FFA production by 1,25(0OH)2D; was observed (Fig.
81). Thus, the inhibitory effect of 1,25(OH),D; on AKT activity
and COX-2 transcription in macrophages is attributed to up-
regulation of THEM4. One might speculate that VDR regulates
THEM4 expression by direct binding to the VDRE in the
THEM4 promoter. Indeed, three potential VDRE sites (one in
mRegion 1, AAAGTCCCTAATCCCTTTCCT; and two in
mRegion 2, CGCCGGCAATTGGGGTCAGG and TCAC-
CACCTGTCCCC) were predicted in the murine THEM4 pro-
moter by bioinformatics analysis (Fig. 104). VDR binding at
these sites of the murine THEM4 promoter were tested by ChIP
assays. Treatment of RAW264.7 cells with 1,25(0OH),D, signif-
icantly enhanced VDR binding at mRegion 1 (6-fold; p < 0.05),
but not mRegion 2 versus IgG controls. (Fig. 10, B and C). To
examine VDR-dependent promoter activation, we generated
THEM4 promoter luciferase reporters by inserting both
mRegion 1 and mRegion 2 into pGL3 vectors and co-trans-
fected these reporters with a VDR expression plasmid into
RAW264.7 cells. 1,25(0H),D, treatment induced robust
luciferase activities of pGL3 + region 1 in a VDR- and
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of two VDREs in the human THEM4 promoter. *, p < 0.05 versus IgG control; n = 6. C, gel electrophoresis of PCR-amplified VDRE-containing fragments.

1,25(0OH),D, dose-dependent manner (Fig. 10, D and E).
Likewise, we found one VDRE located —450 to —435 of the

ilar structure and biological activity and are further metabo-
lized in vivo (36). To determine whether vitamin D, has similar

transcriptional start site in human THEM4 gene promoter
using ChIP assay (Fig. 11, A-C). Therefore, 1,25(0OH),D,
represses COX-2 expression through the VDR-mediated
THEM4/AKT/NEF-«B pathway (Fig. 10F).

Vitamin D Inhibited Air Pouch-induced Inflammation in
Mouse—Vitamin D is mainly produced in the skin by sun
exposure, accounting for more than 90% of the vitamin D
requirement of the body (34), whereas vitamin D, is mainly
obtained from dietary supplements (35). Both forms share sim-

APRIL 25,2014 +VOLUME 289+-NUMBER 17

effect on COX-2 expression, macrophages were pretreated
with 1,25(OH),D,. The elevated phosphorylation of AKT and
expression of COX-2 after LPS stimulation were both sup-
pressed by 1,25(OH),D, and restored by transfection of VDR
siRNA (Fig. 12), indicating that 1,25(0OH),D, modulates COX-2
expression by activating VDR. Then the role of vitamin D, on air
pouch-induced inflammation was examined, and pouch exudates
after 24 h carrageenan injection were collected to assess infiltrated
inflammatory cells, cytokines, and PG products. Carrageenan
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injection triggered acute inflammatory response with massive
inflammatory cell infiltration, elevated proinflammatory cyto-
kines, and PGs in pouch exudates compared with saline control
(data not shown). Strikingly, vitamin D, administration in WT
mice significantly reduced infiltrated cells by 48% (p < 0.05; Fig.
13A), secretion of TNF-« and IL-6 by 29 and 38%, respectively
(p < 0.05; Fig. 13, B and C), and PGD,, PGE,, and PGF,_, pro-
duction by 70, 78, and 61%, respectively (Fig. 14, A—E) in pouch
exudates. These cytokine reductions caused by vitamin D, were
completely vanished in COX-2 KO mice (Fig. 13, B and C),
although weaker inflammatory reactions compared with the
WT controls. To further confirm the role of macrophage in
pouch-induced inflammation model, infiltrated macrophages
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FIGURE 12. 1,25(0H),D, inhibits LPS-induced COX-2 and phospho-
AKT™8 jn the RAW264. 7 cells. RAW264.7 cells were exposed to 250 nm
1,25(0H),D, or VDR siRNAs (si-VDR), and cell lysates were analyzed to Western
blotting. The experiments were repeated three times.

A * [JCul B
= 30

VD, <
\;E: BVvD; = 3600
o2 B
— 22400
X =
= 10 = 1200
= =

(

WT COX-2KO WT

.
=
‘_?, 1500
0

were sorted from pouch exudates by flow cytometry and then
subjected to semiquantitative RT-PCR analysis Interestingly,
vitamin D, reduced total infiltrated macrophages (Fig. 14F) and
also suppressed expression of COX-2, IL-6, and TNF-a in
macrophages (Fig. 14, G—I). Again, THEM4 expression level in
the infiltrated macrophages was doubled by vitamin D, treat-
ment (Fig. 14/). Thus, vitamin D, ameliorated the air pouch-
induced inflammatory response probably by suppressing
macrophage COX-2.

Vitamin D Suppressed Carrageenan-induced Paw Edema in
Mice—The carrageenan-induced paw edema mediated by PGs
and histamine represents a classical model of edema formation
and hyperalgesia (22). Edema measured as increased paw thick-
ness at the metatarsal level was significantly lower in COX-2
KD mice than in WT controls challenged with Carrageenan
(36% decrease, p < 0.01; Fig. 15A). Vitamin D, pretreatment
provided significant protection with a 31% decrease of paw
thickness in mice (0.92 * 0.11 mm versus 1.35 = 0.08 mm, p <
0.05; Fig. 15A). However, we failed to detect overt protection of
COX-2 KD mice by vitamin D, (0.83 = 0.15 mm versus 0.84 =
0.18 mm; Fig. 15A). Hematoxylin and eosin staining of inflamed
paw tissue conferred the analogous effects of vitamin D treat-
ment on local inflammation response (the thickness of epider-
mis and dermis of vitamin D;/WT group, 221.8 pixels = 16.6
versus nontreated WT group, 304.4 pixels = 25.9. p < 0.05 (Fig.
15, B and C). Consistently, we observed the protective effect of

4450
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FIGURE 13. Vitamin D, exhibits anti-inflammatory effects by suppressing macrophage COX-2 in a carrageenan-induced air pouch mouse model. Vitamin D,
(VD,, 2 mg/kg per day) was administrated by intraperitoneal injection 3 days before dorsolateral air pouch. Pouch exudates after 24 h of carrageenan injection were
collected. The infiltrated inflammatory cells (A) were counted, and the secretion of TNF-« (B) and IL-6 (C) was analyzed by ELISA. *, p < 0.05;n = 6.
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FIGURE 14. Vitamin D, suppresses PG secretion and expression of proinflammatory cytokines in macrophages in carrageenan-induced air pouch
mouse model. A-£, PGs (PGE,, PGD,, 6-keto-PGF, ,, PGF, , and thromboxane B, (TxB,)) in the cell exudates were analyzed by LC/MS/MS. *, p < 0.05; **,p < 0.01;
n = 6. F, F4/80 positive cells were sorted from pouch exudates by flow cytometry after 24 h of carrageenan injection. G-J, effect of vitamin D, on expression of
COX-2, TNF-q, IL-6, and THEM4 in phycoerythrin-conjugated F4/80 positive cells. *, p < 0.05; **, p < 0.01; n = 6. VD,, vitamin D,; Ctrl, control.
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mice and COX-2 KD mice. The results are displayed as increases in paw thickness. *, p < 0.05 versus WT; n = 8-10. B, representative hematoxylin and eosin
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FIGURE 16.Vitamin D, exhibits anti-inflammatory effects in carrageenan-
induced paw edema mouse model. Vitamin D, (2 mg/kg per day) was
administered by intraperitoneal injection 3 days before carrageenan injec-
tion. Carrageenan-induced paw edema was measured using calipers in WT
mice and COX-2 KD mice. The results are displayed as increases in paw thick-
ness. *, p < 0.05 versus WT; n = 8. VD,, vitamin D,; Carr, carrageenan.

vitamin D, against carrageenan-induced paw edema in WT
mice (0.93 = 0.11 mm versus 1.27 = 0.12 mm, p < 0.05; Fig. 16),
but not in COX-2 KD mice.

DISCUSSION

Vitamin D plays a vital role in calcium homeostasis through
its action in the kidney, intestine, bone, and parathyroid glands.
It is also involved in many noncalcemic activities including
antiproliferative, prodifferentiative, and immunomodulatory
effects (37). Thus, sufficient vitamin D supply has been linked to
decreased risks of many inflammation-related diseases such as
Crohn disease, asthma, type 2 diabetes, cardiovascular diseases,
and even cancers (6). In this study, we found (i) 1,25(OH),D
(including both 1,25(0OH),D, and 1,25(OH),D,) suppresses
secretion of proinflammatory cytokines in macrophages
through down-regulation of inducible COX-2; (ii) 1,25(OH),D
inhibits Akt/NF-«kB signaling and transcription of its targeting
gene-COX-2 in macrophages through activation of VDR; (iii)
1,25(0OH),D treatment increases VDR binding to putative
VDRE in the promoter region of an Akt endogenous modula-
tor-THEM4 and enhances its expression; and (iv) vitamin D

APRIL 25,2014 +VOLUME 289+-NUMBER 17

also inhibits carrageenan-induced inflammatory responses in
air pouch and paw edema models in a COX-2-dependent fash-
ion. Therefore, vitamin D inhibits Akt/NF-«kB/COX-2 axis-me-
diated proinflammatory cytokines by targeting THEM4, which
contributes to the effect of vitamin D in inflammatory-related
diseases.

Macrophages play a dominant role in the regulation of inflam-
matory and immune responses and activated macrophages can
produce and secrete proinflammatory cytokines and lipid media-
tors such as PGs. Macrophages participate in local conversion of
25(OH),D into an active 1,25(0OH),D (38). We observed that the
active form of vitamin D-1,25(OH),D repressed LPS-induced
COX-2 expression and decreased COX-2-derived PG produc-
tion and the expression of IL-6 and TNF« in macrophages;
thus, vitamin D administration decreased inflammatory cell
infiltration in the air pouch model of inflammation and allevi-
ated carrageenan-induced hind paw inflammation in mice.
Similar reductions of COX-2 expression by 1,25(0OH),D were
seen in cancer cells such as prostate and breast cancers (15, 39)
and in human myometrial cells (40). 1,25(0OH),D could also
retard PG-mediated signaling in cancer cells by increasing the
expression of 15-hydroxyprostaglandin dehydrogenase (39),
which degrades PG and suppresses PG receptor expression,
which in turn inhibits positive feedback signaling to increase
COX-2 expression (41). We failed to detect alternations of
PG receptors in macrophages by 1,25(0OH),D treatment. Surpris-
ingly, 1,25(0OH),D; and its derivative 1,25(OH),-16-ene-23-yne-D,
(IC50 at 5.8 nm) selectively inhibit COX-2 activity with no effect on
COX-1 activity (42). However, 1,25(0OH),D; also modulates
COX-1 expression in osteoclast-supporting stromal cells (43);
this effect may be involved in vitamin D-induced proliferation
and differentiation of growth plate chondrocytes (44 —46).

COX-2 expression is induced by various mitogenic and pro-
inflammatory stimuli and is regulated by multiple pathways
such as MAPKs and NF-«B in many different cell types (47). In
mammalian cells, three subfamilies of MAPKs have been well
characterized: ERK1/2, JNKs, and p38 MAPKs (48). JNKs and
ERK1/2 govern COX-2 mRNA transcription by binding the
AP-1 site of its promoter and modulating co-activator CBP/
p300, respectively (49). ERK1/2 maybe also mediates activation
of NF-kB (50), whereas p38 MAPK regulates COX-2 mRNA
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FIGURE 17. Effect of forced expression of amino-terminal domain of
THEM4 on COX-2 expression and Akt phosphorylation in macrophages.
The full length (FL-THEM4), the amino-terminal domain (1-109 amino acids,
N-THEM4), and the C-terminal domain (110-230 amino acids, C-THEM4) were
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RAW264.7 cells were transiently transfected with each pcDNA3/THEM4 vari-
antor pcDNA3 empty vector, and cell lysates were then subjected to Western
blot analysis for COX-2, Akt phosphorylation, and HA tag.

- - 4+ 4+

stabilization (28). 1,25(OH),D treatment has no notable effect
on phosphorylation of p38, JNK, and ERK1/2 in macrophages,
indicating that 1,25(OH),D down-regulates COX-2 through a
MAPK-independent pathway. In this study, 1,25(OH),D sup-
pressed LPS-triggered activation of Akt, leading to a reduction
in IkB phosphorylation mediated by IKK (51) and COX-2
expression by restraining nuclear translocation of the p65 sub-
unit. siRNA knockdown of VDR restored LPS-induced activa-
tion of the Akt/NF-«B axis and its mediated COX-2 translation
in macrophages, further confirming that 1,25(OH),D attenu-
ates COX-2 expression and the secretion of proinflammatory
cytokines by suppressing Akt/NF-«B signaling. Consistently,
1,25(0OH),D also modulates basal and cytokine-induced NF-«B
activity in cells such as fibroblasts (52) and human lymphocytes
(53). Likewise, a significant increase of NF-kB activity was
reported in mice lacking the VDR (54), and addition of a specific
VDR blocker to prostate cancer up-regulates NF-kB signaling
(55). Recently, 1,25(0OH),D has also been shown to interfere
with p38 MAPK signaling by targeting MAPK phosphatase-1in
peripheral blood mononuclear cells (56).

Akt, one of essential components in the PI3K signal pathway,
plays a critical role in the regulation of many (physio)patholog-
ical processes including inflammatory responses (57). Gener-
ally, Akt is activated by phosphorylation at Thr**® and Ser®”> by
pleckstrin homology domain containing serine/threonine
kinases-PDK1 and PDK2, respectively, and inactivated by an
endogenous AKT inhibitor the pseudokinase TRB3 (31) and
CTMP (also named THEM4) (32), which bind to AKT and pre-
vent its phosphorylation and downstream signaling. We found
that 1,25(OH),D induces THEM4 expression in both basal and
LPS-stimulated macrophages without influencing other regu-
latory genes, and this vitamin D-dependent induction of
THEM4 could be abolished by silencing VDR. Binding of VDR
to the THEM4 promoter induces recruitment of relevant co-
activators and mediator proteins (58), leading to THEM4 tran-
scriptional activation. ChIP and luciferase promoter assays
identified a functional VDRE in mouse and human THEM4
promoters. Thus, vitamin D modulates COX-2 expression in
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macrophages by targeting THEM4. The amino-terminal domain
of THEM4 could bind to Akt (59, 60), which restrains Akt activity
and COX-2 expression as observed in macrophages (Fig. 17), and
this binding does not influence its acyl-CoA thioesterase activity
(60). Likewise, THEM4 prevents Akt phosphorylation and
blocks downstream signaling through physical bindings (30),
suggesting that the effect of THEM4 on Akt may not be
dependent on its acyl-CoA thioesterase activity but requires
further investigation.

Epidemiologic studies demonstrate that vitamin D deficiency
increases the risk of a variety of inflammation related diseases
including cancers, and higher consumption of vitamin D is associ-
ated with better prognosis. We showed that vitamin D suppresses
the inflammatory reaction in mice by suppressing COX-2-depen-
dent prostanoids and proinflammatory cytokine production and
found that THEM4 is up-regulated by vitamin D, a novel mecha-
nism by which vitamin D suppresses the Akt/NF-«B pathway-
mediated inflammatory response in macrophages. These results
suggest the therapeutic potential of vitamin D as adjuvant therapy
for inflammatory diseases and even cancer.
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