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ABSTRACT
Opioid receptor agonists induce broad immunomodula-
tory activity, which substantially alters host defense and
the inflammatory response. Previous studies have
shown that the MOR selective agonist DAMGO has the
capacity to increase the expression of the proinflam-
matory chemokines CCL2, CCL5, and CXCL10 in human
PBMCs. NF-�B is a transcription factor that plays a piv-
otal role in innate and adaptive immune responses. We
report that NF-�B is a vital player in the DAMGO-in-
duced, MOR-mediated regulation of chemokine expres-
sion. Results show that NF-�B inhibitors prevent the in-
duction of CCL2 expression in response to DAMGO ad-
ministration and that the NF-�B subunit, p65, is
phosphorylated at serine residues 311 and 536 in re-
sponse to MOR activation. Furthermore, we demon-
strate that PKC� is phosphorylated following DAMGO-
induced MOR activation, and this kinase is essential for
NF-�B activation as well as CCL2 expression and tran-
scriptional activity. Finally, ChIP analysis shows that
DAMGO administration induces binding of p65 to the
enhancer region of the CCL2 promoter. These data are
consistent with the notion that MOR activation pro-
motes a proinflammatory response, which involves
NF-�B activation. Our results also suggest a significant
and novel role for PKC� as an essential participant in
the MOR-mediated regulation of proinflammatory che-
mokine expression. J. Leukoc. Biol. 89: 301–309;
2011.

Introduction
Opioid receptors are expressed in the CNS and on cells of the
immune system, and the MOR has been identified in mono-
cyte/macrophage and T cell populations [1–3]. �-Opioid ago-
nists, including morphine, are known to modulate cellular and
humoral acquired immune responses in vivo and in vitro [4,

5]. However, a more detailed analysis has shown that �-opioids
are capable of up-regulating the production of certain proin-
flammatory cytokines [6, 7]. We have previously reported that
the MOR-selective agonist DAMGO can elevate the expression
of the chemokines CCL2, CXCL10, and CCL5 in resting and
activated PBMCs at the mRNA and protein levels [7]. Our
studies have shown that the induction of chemokine produc-
tion by DAMGO is apparent within the first 2 h, and this is
then followed by a second phase of expression at 24–48 h [7,
8]. Moreover, we have found that the second phase of this re-
sponse is mediated, at least in part, by the coincident induc-
tion of TGF-� expression [8]. However, the precise biochemi-
cal basis for the direct �-opioid induction of chemokine ex-
pression has remained undefined.

NF-�B is a DNA-binding factor that plays an essential role in
the activation of several inflammatory mediators, such as
TNF-� [9], CXCL8 [10, 11], IL-1� [12], and IL-6 [13], as well
as two chemokines, CCL2 and CCL5, which we find are up-
regulated significantly by DAMGO [14–16]. The promoter re-
gion of CCL2 is well described [17, 18] and has been shown
to contain putative consensus-binding sites for a variety of
transcription factors including NF-�B [19], and NF-�B consen-
sus sequences in the proximal promoter region (�90 bp up-
stream of the transcriptional start site) and two NF-�B-binding
sequences in the distal enhancer region (–2612 and –2603 bp)
have been indentified and found to be required for maximal
transcriptional activity in response to stimulation with LPS or
TNF-� [20–22]. Although several studies have demonstrated
opioid modulation of NF-�B activation [23, 24], it is important
to point out that the influence of MOR on the activation of
this transcription factor appears to vary based on a variety of
parameters, including the cell type and stimulus. At this time,
it is not clear whether activation of MOR at physiological ago-
nist concentrations results in a direct activation of NF-�B.
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The NF-�B family of transcription factors regulates the tran-
scription of an exceptionally large number of genes, particu-
larly those involved in innate, adaptive, and inflammatory re-
sponses [25, 26]. The canonical activation pathway is typically
induced by activation of the IKK complex. IKK activation re-
sults in the phosphorylation of I�B� at serine residues 32 and
36 [27, 28]. I�B phosphorylation is a prerequisite for the sub-
sequent polyubiquitination and degradation of I�B by the pro-
teosome [28]. Proteolysis of I�B frees the prototypical NF-�B
complex, which is typically a 50/p65 heterodimer. Activated
NF-�B complexes then translocate to the nucleus, bind DNA,
and initiate transcription of NF-�B target genes [29, 30]. Tran-
scription of target genes is controlled by various NF-�B post-
transcriptional modifications, as well as through the recruit-
ment of transcriptional coactivators and corepressors [31]. p65
is the NF-�B subunit primarily responsible for transactivation,
and the transcriptional activation activity of p65 requires a
phosphorylation event. Identification of the kinase(s), which
carry out this phosphorylation event, is critical for an under-
standing of the molecular basis for the activation of this tran-
scription factor.

There is increasing evidence that PKC�, a member of the
atypical subfamily of PKC enzymes, is a critical component of a
number of intracellular pathways induced by various stimuli. It
is apparent that PKC� is required for induction of NF-�B acti-
vation in response to IL-1 and TNF-� [32, 33]. Serine 311 lies
in the TAD of p65 and is inducibly phosphorylated by the
atypical PKC� in response to TNF stimulation [34]. PKC�-defi-
cient fibroblasts show IKK activation and normal nuclear trans-
location of p65 but reduced DNA-binding activity supporting a
role for this serine residue in transcriptional activity [32]. Fur-
ther experiments indicate the serine 311 phosphorylation pro-
motes the interaction of p65 with CBP and the recruitment of
CBP and RNA Polymerase II to the IL-6 promoter [34].

We hypothesized that the direct early/immediate induction
of CCL2 is dependent on NF-�B activation. We report results
here from experiments that show that CCL2 mRNA and pro-
tein levels are elevated (three- to fourfold) as early as 4 h fol-
lowing DAMGO treatment of PBMCs. Using primary human
leukocytes as well as HEK-293 cells transduced to express
MOR, we demonstrate that pretreatment with the NF-�B inhib-
itors HNE, BAY 11-7082, or MG132 significantly reduces
DAMGO-induced CCL2 expression. Furthermore, our results
show that the activation of NF-�B and the induction of CCL2
expression are dependent on the activation of PKC�.

MATERIALS AND METHODS

PBMC isolation and culture
PBMCs were obtained from whole blood of normal donors as described
[8]. Cell cultures were maintained in RPMI-1640 medium, supplemented
with 10% heat-inactivated (56°C, 30 min), endotoxin-free FBS (Hyclone,
Logan, UT, USA), 10 �g/ml gentamicin (Life Technologies, Rockville,
MD, USA), and 1 mM L-glutamine and maintained at 37°C, 5% CO2.

Cell culture treatments
Cells were treated with DAMGO (Multiple Peptide Systems, San Diego, CA,
USA), diluted in PBS, and administered at the designated concentrations.

For certain experiments, PBMCs were pretreated with the inhibitors HNE
(Alexis Biochemicals, San Diego, CA, USA), BAY 11-7082 (Alexis Biochemi-
cals), PKC� PSI (Calbiochem, Gibbstown, NJ, USA), and MG132 (Biomol
Research Laboratories, Plymouth Meeting, PA, USA) at the designated con-
centration, 30–60 min prior to DAMGO administration.

Preparation of cytosolic and nuclear fractions
Nuclear extracts were prepared from 5.5 � 107 PBMCs isolated from blood
donors using the Panomics nuclear extraction kit following the manufac-
turer’s protocol (Panomics, Fremont, CA, USA). PBMCs were seeded at
1.1 � 107 cells/well into a six-well cell culture plate. PBMCs were left un-
treated or treated with 100 nM DAMGO for the designated time.

TranSignal protein/DNA array
TranSignal protein/DNA Array I was used according to the manufacturer’s
protocol (Panomics). Briefly, 15 �g nuclear extract was incubated with the
TranSignal probe mix. DNA/protein complexes were washed, and the
DNA was separated from the protein and hybridized on the membranes at
42°C overnight in a hybridization oven. Following hybridization, the arrays
were washed sequentially with Hybridization Wash I (2�SSC/0.5% SDS)
and Hybridization Wash II (0.1�SSC/0.5% SDS). Arrays were then blocked
with blocking buffer and detected using streptavidin-HRP and the detec-
tion buffer. Signal was detected through the use of ECL-Hyperfilm (GE
Healthcare, Piscataway, NJ, USA), and semiquantitative analysis was per-
formed based on the number of pixels present and the mean intensity of
the spots in the untreated verus treated samples. All results were normal-
ized to hybridization control spots (provided in the array) to ensure that
results were not biased by loading viability. The results shown are represen-
tative of three independent donors.

ELISA: chemokine analysis
The concentrations of chemokines present in culture supernatants were
determined by ELISA. Matching CCL2 capture and biotinylated detection
antibodies were used for sandwich ELISA analysis (R&D Systems, Minneap-
olis, MN, USA). Briefly, capture antibody was diluted in capture buffer (0.1
M sodium carbonate, pH 9.5), transferred to an ELISA plate, and allowed
to incubate overnight at room temperature. Plates were washed with wash
buffer (0.05% Tween 20 in PBS) and blocked with 1% BSA, 5% sucrose,
and 0.05% NaN3. Biotinylated detection antibodies and HRP-linked strepa-
vidin (R&D Systems) were used to detect the chemokines. Tetramethylben-
zidine/hydrogen peroxide was used as the substrate solution, and OD was
determined at 450 nm using a Multiskan RC ELISA reader (ThermoFisher,
Waltham, MA, USA). Data are represented as the mean of at least three
donors and expressed as mean protein concentration � sd.

Real-time PCR
CCL2 mRNA transcript levels were measured using real-time PCR. Cells
were cultured in the presence or absence of HNE, BAY 11-7082, MG132, or
a PKC� PSI for 1 h, followed by treatment for 4 h with the indicated con-
centration of DAMGO, as reported previously [8]. Target gene cDNA con-
centrations were determined based on the cross-point and compared with
�-actin to determine the concentration ratio, which was then correlated
with the untreated sample to establish the normalized ratio. The results are
presented as a collective analysis of five independent donors.

Western blot analysis
Whole cell lysates were prepared using RIPA buffer (150 mM NaCl, 1%
Nonidet P-40, 0.5% deoxycholic acid, 0.1% SDS, 50 mM Tris). Protease
inhibitor cocktail Set II (EMD Chemicals, Gibbstown, NJ, USA) and phos-
photase inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA) were added
to RIPA buffer immediately prior to use. Whole cell lysates (15–30 �g)
were run on a 4–12% gradient gel (Invitrogen, Carlsbad, CA, USA) with
1� SDS MOPS running buffer (Invitrogen). The gels were then transferred
onto a nitrocellulose membrane (ThermoFisher), and membranes were
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blocked for 30 min; primary antibody was added and incubated overnight
at 4°C. Antibodies used include: anti-NF-�B p65, anti-phospho-p65
(Ser311), anti-GAPDH, and anti-PKC�/� from Santa Cruz Biotechnology
(Santa Cruz, CA, USA) and anti-phospho-p65 (Ser536) and anti-phospho-
PKC�/� (Thr410/403; Cell Signaling Technology, Danvers, MA, USA). The
following day, membranes were washed, and secondary antibodies were
added. Anti-mouse IgG-HRP and anti-rabbit IgG-HRP were obtained from
Cell Signaling Technology and Santa Cruz Biotechnology, respectively.
Membranes were then washed and developed with SuperSignal West Pico
chemiluminescent reagent (ThermoFisher) or ECL Plus (GE Healthcare),
according to the manufacturer’s protocol. Chemiluminescent signals were
recorded using autoradiography film (Lab Scientific, Livingston, NJ, USA)
and developed.

ViraPower™ lentiviral expression system
The ViraPower lentiviral expression system (Invitrogen) was used to gener-
ate a lentiviral system for protein expression. The MOR coding sequence
was first amplified using the expression vector pcDNA3-MOR-FLAG as a
template. The primers used for subcloning MOR were as follows: forward
5�-CGGTACCCCATGAAGACGATCATCGCCC-3� and reverse 5�-CGATATC-
CGTAGGGCAACGGAGCAGTTTCTGC-3�. The DNA sequences generated
for cloning include a 5� FLAG tag and bacterial-derived signal sequence for
membrane trafficking. This fragment was then subcloned into the interme-
diate Gateway� vector, pENTR4. Positive clones were verified by restriction
digest and sequencing. A sequence-specific LR recombination between the
pENTR4 entry clone and the destination vector pLenti4/V5-DEST (Invitro-
gen), using LR Clonase™ II enzyme mix (Invitrogen), was then carried
out, and positive clones were purified using Qiagen (Valencia, CA, USA)
mini preps and verified by DNA sequencing. Expression of MOR was veri-
fied by flow cytometry.

The human 293FT producer cell line (Invitrogen) was used to produce
lentivirus. pLenti4/V5-DEST-MOR was transfected along with ViraPower™
packaging mix using Lipofectamine 2000 (Invitrogen), as described by the
manufacturer. The virus was then concentrated using ultracentrifugation,
and the virus was resuspended in 1 ml PBS containing 0.1% BSA and
stored at –80°C for further use. The human fibrosarcoma line HT1080
(American Type Culture Collection, Manassas, VA, USA) was used to titer
the lentivirus following �14 days of selection with 150 �g/ml Zeocin. Crys-
tal violet (1%) was used to detect blue-stained colonies, which could then
be counted and used to determine the titer based on the lentiviral dilu-
tions.

Lentivirus transduction
HEK-293 was seeded into 10 cm cell culture plates and grown to 30–50%
confluency for transduction. MOR lentivirus at a MOI of �0.025 in R10
medium was added, and the following day, the medium containing the vi-
rus was removed and replaced with fresh medium. Every 3–4 days, medium
was changed and replaced with new medium containing 150 �g/ml Zeocin
until antibiotic-resistant colonies could be identified (2–3 weeks). Colonies
were then expanded, and expression was verified by flow cytometry, West-
ern blot analysis, and calcium mobilization analysis.

SEAP assays
HEK-293 cells stably transduced with MOR lentivirus were used for SEAP
reporter analysis. The SEAP NF-�B reporter vector pNF-�B-SEAP (Clon-
tech, Palo Alto, CA, USA) was used to measure activation of the NF-�B sig-
nal transduction pathway. HEK-MOR cells were transfected with the SEAP
construct using Lipofectamine 2000 (Invitrogen). In designated experi-
ments, cells were pretreated with a PKC� PSI, and after 45 min, cells were
then treated with DAMGO at the designated concentrations. Following
treatment, supernatants were collected at 0.5, 1, 2, and 4 h time-points.
The Great EscAPe SEAP Chemiluminescence Kit 2.0 (Clontech) was used
for SEAP detection. SEAP signal was read with a FB 12 (V 2.3) single-well
luminometer (Berthold Detection Systems, Oak Ridge, TN, USA) with a 2-s

delay and 10-s measurement. Data are represented as the mean of four
samples and expressed as mean relative light units � sd.

Chromatin preparation
Chromatin for ChIP analysis was prepared using the EZ-Zyme chromatin
prep kit (Millipore, Billerica, MA, USA). PBMCs were seeded at 1.0 � 108

cells in 150 cm tissue-culture plates containing 40 ml medium for each
chromatin preparation. Cells were treated with 100 nM DAMGO, and ChIP
assays were performed over a 2-h period. Following DAMGO treatment,
PBMCs were treated with 1% paraformaldehyde, and 1.25 M glycine was
then added to quench unreacted formaldehyde. Cells were then collected,
and cell pellets were snap-frozen in a dry-ice/alcohol bath and stored at
–80°C until ready for isolation of nuclei. Cell pellets were resuspended in
EZ-Zyme lysis buffer containing the Protease Inhibitor Cocktail II (Milli-
pore) and subjected to three freeze-thaw cycles in a dry-ice/alcohol bath.
EZ-Zyme enzymatic cocktail (Millipore; 1 U) in EZ-Zyme digestion buffer
was added to the nuclear extracts and incubated in a 37°C water bath for
10 min. Reactions were stopped and supernatants containing cleaved chro-
matin stored at –80°C for further use.

ChIP assay and PCR analysis
ChIP assays were performed using the EZ-Magna ChIP A kit (Millipore),
according to the manufacturer’s protocol. Briefly, 0.5 �g antibodies were
added to 15–30 �g of the chromatin mixture with 20 �l protein A mag-
netic beads and incubated overnight at 4°C with continuous rotation for
mixing. The following day, Protein A bead-antibody/chromatin complexes
were washed. To reverse paraformaldehyde cross-links, samples were incu-
bated at 62°C for 3 h in ChIP elution buffer with Proteinase K and placed
at 95°C for 10 min. DNA samples were then purified using spin filters and
eluted into 50 �l 0.5 mM Tris (pH 8.0). PCR analysis was performed with
Accuprime Pfx Supermix (Invitrogen) using 2–6 �l PCR product. PCR
primers located in the enhancer region of CCL2 are as follows: sense 5�-
CAAGGTTTGTGCCAGAGCCTAACC-3�; antisense 5�-GGGAAGGT-
GAAGGGTATGAATCAG-3�. GAPDH primers included: sense 5�-TAC-
TAGCGGTTTTACGGGCG-3�; antisense 5�-TCGAACAGGAGGAGCA-
GAGAGCGA-3�. PCR conditions were 95°C for 10 min, followed by �35
cycles of 94°C for 30 s, 58°C for 40 s, and 72°C for 40 s, followed by a final
extension of 72°C for 10 min and cooling to 4°C. PCR products were then
analyzed by agarose gel electrophoresis.

Statistical analysis
The data are presented as the mean � sd. The assessment of significant
difference was made using ANOVA, and the treatment comparisons with a
P value �0.05 were considered to be statistically different and therefore,
significant.

RESULTS

Activation of MOR induces NF-�B, and this
transcription factor is required for induction of
CCL2 expression
We have previously demonstrated that DAMGO administration
to PBMCs induces expression of the chemokine CCL2 [7, 8],
and to understand the molecular mechanism, experiments
were carried out to determine the transcription factors in-
volved in this pathway. We used a protein/DNA array to exam-
ine the transcription factors that showed a twofold or more
increase in DNA binding in response to DAMGO administra-
tion, as compared with the controls. PBMCs were treated with
100 nM DAMGO, and transcription factor activity analysis was
carried out. The protein/DNA array revealed a 6.4-fold in-
crease in NF-�B binding to its consensus-binding sequence fol-
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lowing DAMGO administration, as compared with the un-
treated cells (Fig. 1). The general transcription factor, TFIID,
which can bind DNA in a sequence-specific manner and is
part of the RNA Polymerase II preinitiation complex, also
showed 2.4-fold increased association with its consensus se-
quence in response to DAMGO treatment (Fig. 1), suggesting
initiation of transcription. Most of the transcription factors in
this analysis failed to exhibit a change following DAMGO ad-
ministration, including the metal response factor, which is well
expressed in these cells.

Because of the importance of NF-�B in the inflammatory
response, we were particularly interested in investigating the
potential role of this transcription factor in the �-opioid in-
duction of CCL2 expression. PBMCs were treated with
DAMGO following pretreatment with the NF-�B inhibitors
HNE, BAY 11-7082, and MG132. HNE and BAY 11-7082 were
used, as they block the NF-�B signaling pathway by inhibiting
the phosphorylation of I�B, and MG132 is a proteasome inhib-
itor that will inhibit the degradation of phosphorylated I�B.
These inhibitors allow us to explore the role of NF-�B in the
regulation of CCL2 expression. As previously reported, we
show that chemokine expression in the supernatants of these
cells was increased approximately threefold following 4 h of
DAMGO treatment. However, pretreatment with HNE or
MG132 resulted in a significant inhibition of the DAMGO-in-
duced increase in CCL2 protein levels 4 h after treatment
(Fig. 2A and B). To determine the role of NF-�B in the regu-
lation of CCL2 mRNA transcription, cells were treated with
HNE and BAY 11-7082 for 45 min prior to DAMGO treatment
and were analyzed for CCL2 mRNA expression by RT-PCR.
The results (Fig. 2C) show that DAMGO administration re-
sulted in the expected increase in CCL2 levels of mRNA, but
pretreatment with HNE or BAY 11-7082 resulted in a complete
abrogation of the DAMGO-induced up-regulation of CCL2.
Taken together, these results suggest that the NF-�B signaling

pathway plays a significant role in the DAMGO induction of
CCL2 expression.

To understand the molecular mechanisms that regulate the
MOR induction of chemokine expression, a cell line model
system was developed to permit more extensive analysis of
these regulatory effects. We used a lentiviral expression system
to create stably transduced HEK-293 cells (designated HEK-
MOR cells). Flow cytometry, Western blot analysis, and cal-
cium mobilization assays were used to verify expression of
functionally active MOR by these cells and the ability of
DAMGO to induce CCL2 expression (data not shown).

MOR induction of the NF-�B activation pathway
To understand the biochemical basis for the activation of the
NF-�B pathway in the induction of chemokine expression, we
first chose to investigate the post-translational regulation of
the p65 subunit of NF-�B. Cells were treated with 100 nM
DAMGO over a period of 2 h, and we examined the levels of
p65 and phospho-p65 (Ser536 and Ser311) expression. The
results (Fig. 3A) from Western blot analysis show an increase
in p65 phosphorylation at serine residue 536 in response to
DAMGO administration in HEK-MOR cells (which appears as
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bind to their DNA consensus sequences, and protein/DNA complexes
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early as 30 min following treatment). We also detected in-
creased phosphorylation at serine residue 311 as early as
30–60 min following DAMGO treatment, which reaches a
peak at �120 min (Fig. 3A). In additional experiments, we
consistently observed phosphorylation of p65 at Ser536 and
Ser311 in response to 100 nM DAMGO administration as early
as 10–30 min using primary cells (data not shown).

Additional experiments were carried out with the protea-
some inhibitor MG132 to further characterize the phosphory-
lation of p65. Cells were pretreated with MG132 for 45 min
prior to DAMGO administration, and the phosphorylation sta-
tus of p65 was determined. Our results showed a significant
inhibition of p65 phosphorylation at both serine residues in
the presence of MG132 (Fig. 3A). These results suggest that
26S-mediated proteasomal degradation is required for phos-
phorylation of p65 at both of these residues. Furthermore,
pretreatment with CHX resulted in increased phosphorylation
of p65 (we observed a fivefold increase at serine 536 and a
threefold increase in phosphorylation at serine 311 following
DAMGO treatment) compared with DAMGO treatment alone
(Fig. 3A). We hypothesized that this is a result of the effect of
CHX on the synthesis of I�B. As CHX prevents new protein
synthesis, and I�B is a known NF-�B target gene, it is possible
that the absence of newly synthesized I�B results in extended
NF-�B activation, as it cannot effectively shut off the signal af-
ter termination of the stimulus.

Role of PKC� in the induction of NF-�B following
MOR activation
Currently, only one kinase known to phosphorylate p65 at
serine residue 311 is known, and that is PKC�, a member of
the atypical subfamily of PKC enzymes. Therefore, we wanted
to explore the possibility that PKC� may play a role in the
MOR-induced phosphorylation of p65. HEK-MOR cells were
pretreated with a PKC� PSI for 45 min prior to DAMGO ad-
ministration, and the phosphorylation of p65 was examined.
Our results (Fig. 3A) show that phosphorylation of p65 at
S536 is particularly apparent, and S311 is less strongly phos-
phorylated in response to DAMGO. As expected, the phosphory-
lation at S311 in response to DAMGO is inhibited in the pres-
ence of the PKC� inhibitor. Moreover, phosphorylation of p65
S536 is also inhibited by the PKC� PSI, suggesting that this kinase

has an apparent role in the phosphorylation of this residue as
well.

Activation of PKC� following MOR activation
We wished to explore the possibility that MOR may directly in-
duce the activation and phorphorylation of PKC�. This kinase is
activated, in part, through a phosphorylation event at residue
T410 [35, 36]. HEK-293-MOR cells were pretreated a PKC� PSI
or MG132 followed by 100 nM DAMGO administration. Western
blot analysis of PKC� and phosphorylated PKC� (T410) expres-
sion showed that PKC� T410 was phosphorylated in response to
DAMGO treatment (Fig. 3B). We detected a threefold increase in
PKC� phosphorylation at 30 min following DAMGO administra-
tion, and this reached a sixfold elevation at 60 and 120 min for
the T410 phosphorylation (Fig. 3B). Additional studies show that
PKC� is also phosphorylated in response to DAMGO treatment in
PBMCs (data not shown). Data collected from studies with PKC�

PSI pretreatment, as expected, show (Fig. 3B) that this inhibitor
completely abrogated this DAMGO-induced PKC� phosphoryla-
tion. Furthermore, the presence of the proteosome inhibitor
MG132 did not have a detectable effect on the level of PKC�

phosphorylation (Fig. 3B). This suggests that MOR-induced PKC�

phosphorylation and activation are upstream of NF-�B signaling.

Role of PKC� in the induction of CCL2 following
MOR activation
To determine the role of PKC� in the DAMGO induction of
CCL2 expression, PBMCs were pretreated with PKC� PSI, and
the DAMGO-induced expression of CCL2 was determined. In
the presence of the PKC� PSI, the inhibitor competes for
binding to the kinase region of PKC�, and PKC� substrates do
not have access to this region, which prevents activation of
PKC�. The data show (Fig. 4A) that PKC� PSI pretreatment
significantly attenuated the induction of CCL2 mRNA expres-
sion following 1 or 100 nM DAMGO administration. Similar
results were observed following PKC� PSI pretreatment at the
CCL2 protein level (Fig. 4B).

MOR-induced activation of NF-�B transcriptional
activity
To directly assess the ability of MOR activation to induce
NF-�B transcriptional activity, we carried out experiments us-
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ing HEK-MOR cells transfected with the phosphorylated NF-
�B-SEAP reporter plasmid. This molecular construct contains
the SEAP reporter gene [37, 38] and is designed for monitor-
ing the activation of NF-�B [39–41]. HEK-MOR cells were
treated with 100 nM DAMGO, and at the designated times,
supernatants were removed for the SEAP assay to detect the
binding of transcription factors to the � enhancer, which ini-
tiates transcription of SEAP. We found increased SEAP enzy-
matic activity as early as 30 min following DAMGO administra-
tion and reached a peak at 60 min (Fig. 5A). To determine
the role of PKC�, we also pretreated cells with the PKC� PSI
45 min prior to DAMGO treatment. We found that the PKC�

PSI significantly inhibited the DAMGO-induced increase in
NF-�B transcriptional activity (Fig. 5B). These results suggest
that PKC� is an essential regulator of the DAMGO-induced,
NF-�B-dependent signal transduction pathway. These results
are also consistent with previous results, indicating that PKC�

functions upstream of the NF-�B signaling pathway.

ChIP analysis demonstrates MOR-induced binding of
NF-�B to the CCL2 promoter in vivo
Studies up to this point have examined DAMGO-induced
NF-�B activation and regulation of the CCL2 promoter activity.
We wanted to examine whether the NF-�B subunit, p65, is ac-
tually induced to bind to the CCL2 promoter in vivo in re-
sponse to MOR activation in PBMCs. Cells were treated with
100 nM DAMGO, and ChIP analysis was carried out to exam-
ine the interaction of p65 with the CCL2 promoter. Chroma-
tin preparations were obtained at various times following MOR
activation using anti-acetyl-histone H3 and anti-p65 antibodies.
There are two NF-�B-binding sites located within the distal 5�

region of the CCL2 gene that are important for the inducible
expression of CCL2 [22]. Based on these studies and our pre-
liminary experiments, we designed PCR primers to span both
of the NF-�B-binding elements in the CCL2 enhancer region
for PCR analysis following ChIP. The results show that p65
bound the CCL2 enhancer very strongly, 30 min following
DAMGO treatment (Fig. 6). Additionally, our results showed
an increase in the CCL2 PCR product following DAMGO ad-
ministration when immunoprecipitated with an anti-acetyl H3
antibody (Fig. 6). Acetylation of histone H3 is commonly ob-
served in genes that are being actively transcribed into RNA;
these results suggest that the NF-�B enhancer region is under-
going remodeling of the nucleosome structure to an open
conformation that is more accessible to transcription com-
plexes [42]. Therefore, the conformational change of the
DNA organization results in increased amplification of the in-
put DNA. These results are consistent with published data that
suggest that NF-�B binds to the distal regulatory region of the
CCL2 promoter [43]. As a control, we also observed (Fig. 6)
that when immunoprecipitated with the anti-acetyl histone H3
antibody, PCR analysis showed equals amounts of GAPDH,
which was used at each time-point, as our loading control. To-
gether, we conclude that p65 recruited to the CCL2 promoter
in vivo in response to DAMGO administration.
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DISCUSSION

We have previously reported that activation of MOR induces
the expression of several proinflammatory chemokines, includ-
ing CCL2 and CCL5 [7], and this effect can be reversed in the
presence of the MOR antagonist H-d-Phe-c[Cys-Tyr-d-Trp-Arg-
Thr-Pen]-Thr-NH2 [7]. Our results have suggested that the
production of these chemokines proceeds in two phases: an
early phase that is apparent as early as 2–4 h and a second
late phase that peaks at �48 h. Our earlier results have shown
that the late phase of the CCL5 response is dependent on the
intervening induction of TGF-� [8]. The results reported here
show that the early induction of CCL2 expression following
MOR activation is dependent on the rapid activation of NF-�B.
We believe that this is the first report showing that MOR in-
duction of this highly proinflammatory transcription factor
NF-�B is responsible for a significant part of the inflammatory
response and specifically, the regulation of CCL2 expression.

Based on the data presented here, we propose that MOR
activation initiates a downstream signal transduction path-
way(s) that lead to the activation of PKC� and this is most
likely through the G protein �� subunit, PI3K, and PDK-1.
Stimulation of MOR has been shown to activate PI3K and indi-
rectly induce the activation of Akt, a serine/threonine kinase
[44]. The activation of Akt can be mediated by PDK-1, and
PKC� is a known substrate for PDK-1 [35, 45]. Active PKC� can
activate the IKK complex through phosphorylation of IKK�

[46], and activation of the IKK complex by PKC� and other
kinases results in phosphorylation of I�B at serine residues 32
and 36 [28]. This phosphorylation is a prerequisite for the
subsequent polyubiquitination by a ubiquitin ligase belonging
to the Skp-1/Cul/F box family [47]. The ubiquitin-marked I�B
proteins are rapidly degraded by the proteosome, thereby free-
ing the NF-�B complex of p65/p50, and PKC� and other ki-
nases can then phosphorylate p65 at serines 311 and 536 [30].
Additional post-translational modifications, as well as the un-
masking of the nuclear localization signal on p65, allow nu-

clear translocation. Activated NF-�B complexes then translo-
cate and enter the nucleus, bind DNA, and initiate transcrip-
tion of NF-�B target genes including CCL2.

Proteasome inhibitors are well-known inhibitors of NF-�B
activity and are considered potential therapeutic agents for
treatment of inflammatory diseases. However, a recent report
by Nakayama et al. [48] suggests that the proteasome inhibitor
MG132 is able to induce CCL2 expression at the level of tran-
scription in rat mesangial cells. Further analysis of this effect
revealed that MG132 rapidly induced JNK activation and ex-
pression of c-jun and AP-1 activity. Transcriptional activation by
MG132 was not only observed for CCL2 but also for other AP-
1-dependent genes, including stromelysin and MAPK phospha-
tase 1 [48]. Nevertheless, in light of these results, we have
used additional NF-�B inhibitors (HNE and BAY 11-7082) in
our studies to address the role of this transcription factor in
the MOR-induced expression of these chemokines.

The induction of NF-�B following MOR activation may pro-
vide a partial explanation for previous reports, showing that
�-opioids induce the expression of proinflammatory cytokines
that are known to be regulated by this transcription factor
[9–16]. Apte et al. [49] have shown that endorphins and en-
kephalins induce an increase in the production of IL-1. Roy et
al. [50] have shown that morphine administration, at relatively
low concentrations, can synergize with LPS and augment the
expression of IL-6 and TNF-�. A more recent report from
Peng et al. [51] has shown that macrophages from morphine-
treated mice exhibit augmented IL-12 and TNF-� responses in
vitro. However, it should be pointed out that �-opioids have
also been reported to inhibit the production of these and
other proinflammatory cytokines. For example, Wang et al.
[52] show that morphine-treated mice exhibit significantly re-
duced levels of IL-1, IL-6, and TNF-� in the BAL fluid. The
molecular basis for the opposing results obtained from these
studies is not clear at this time.

Previous studies have shown that MOR activation by
DAMGO treatment is able to increase NF-�B DNA-binding ac-
tivity in primary rat cortical neurons [53]. Liu and Wong [23]
showed that MOR is capable of initiating NF-�B activition
through the phosphorylation of IKK as well as p65 in the hu-
man neuroblastoma SH-SY5Y cells. Roy et al. [50] demon-
strated that morphine treatment differentially modulates LPS-
inducible gene expression through the regulation of NF-�B in
murine macrophages. In this case, nanomolar concentrations
of morphine resulted in an increase in NF-�B DNA-binding
activity, and morphine treatments at micromolar concentra-
tions led to a significant decrease in NF-�B activation [50].
Although the effects can be diverse and often cell type-depen-
dent, NF-�B can be a critical component in opioid function
and receptor gene expression [24]. Moreover, NF-�B has re-
cently been implicated in the transcriptional regulation of
MOR [54], 	-opioid receptor [55], as well as �-opioid receptor
[56] expression.

Recent studies investigating the mechanism of TNF-�-induced
CCL2 gene expression in murine fibroblasts have suggested com-
munication between the distal and proximal regions of the CCL2
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Figure 6. MOR-induced binding of NF-�B to the enhancer region of
the CCL2 promoter in vivo. Chromatin was prepared from human
PBMCs and digested into one to two nucleosome fragments that were
used for ChIP analysis. Chromatin (15–30 �g) was incubated with pro-
tein A magnetic beads and an anti-acetyl-H3 (Anti-ac-H3) antibody or
an anti-p65 antibody overnight. Protein/DNA complexes were then
washed and separated. Purified DNA was then subjected to PCR analy-
sis for GAPDH or the CCL2 enhancer region (ER).

Happel et al. NF-�B regulation of opioid-induced chemokine expression

www.jleukbio.org Volume 89, February 2011 Journal of Leukocyte Biology 307



promoter control histone acetylation and the transcriptional reg-
ulation of CCL2 [57]. In the inactive state, only the distal region
of the CCL2 promoter appeared to be accessible to transcription
factors. Following activation, NF-�B binds to the distal regulatory
region of the CCL2 promoter, and this leads to the recruitment
of the transcriptional coactivators CBP and p300 [43]. Recruit-
ment of CBP and p300 leads to histone modifications that allow
binding of Sp1 to the CCL2 proximal promoter region [43].
However, our examination of transcription factor binding using
the transcription factor-binding array analysis reported here failed
to show a significant change in Sp1 binding following MOR acti-
vation in PBMCs. Nevertheless, we cannot rule out the possibility
that other transcriptional regulatory factors, in addition to NF-�B,
may also play a role in the MOR induction of chemokine expres-
sion.

In this report, we show that NF-�B inhibitors can prevent the
MOR-induced activation of CCL2 and that the NF-�B subunit,
p65, is phosphorylated at serine residues 311 and 536 in response
to opioid receptor activation. Phosphorylation of p65 at Ser-536,
a site located in the TAD, can be carried out by the kinases
IKK�/� and ribosomal S6 kinse 1 [58–61]. This site is phosphor-
ylated in vivo in response to a variety of stimuli, including TNF-�,
LPS, T cell costimulation, lymphotoxin B, or phorbol ester/iono-
mycin [61–63]. Despite its wide occurrence, the function of
serine 536 phosphorylation for p65 activity is largely uncertain. In
contrast, serine 311 lies in the TAD of p65 and is inducibly phos-
phorylated by PKC�, in response to TNF-� stimulation [34]. For
PKC� to interact with p65 in cytokine-activated cells, I�B is first
degraded by the proteosome to allow access to this serine resi-
due. Additionally, PKC�-deficient fibroblasts show IKK activation
and normal nuclear translocation of p65 but reduced DNA-bind-
ing activity, indicating a role for this serine residue in transcrip-
tional activity [32]. Further experiments indicate that the serine
311 phosphorylation promotes the interaction of p65 with CBP
and the recruitment of CBP and RNA Polymerase II to the IL-6
promoter [34]. Interestingly, rPKC� has also been shown to
phosphorylate IKK� directly in vitro at serine 177 and 181,
leading to IKK� activation and I�B degradation [46]. Fi-
nally, an in vitro interaction between PKC� and the MKK-
MAPK complex has been demonstrated and together with
the NF-�B pathway, may contribute to the mechanism by
which PKC� controls cell proliferation [64].

Our studies reported here have focused on understanding the
effect of the MOR activation on chemokine expression, and we
believe that this is the first report showing that MOR induces the
activation of PKC�, and this signaling event is necessary for opti-
mal induction of NF-�B activity. The requirement for PKC� in
the induction of chemokine expression is consistent with pub-
lished reports showing that this kinase can play an important role
in the function and activation of the inflammatory response [32,
65, 66]. It is likely that there are several signaling pathways rele-
vant to the immune response that are initiated through the acti-
vation of MOR. It will be interesting to determine whether activa-
tion of NF-�B and/or PKC� is involved in the induction of other
proinflammatory genes, which are known to be induced follow-
ing activation of MOR.
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