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Tissue Engineering and Regenerative Medicine

Crosstalk Between Adrenergic and Toll-Like
Receptors in Human Mesenchymal Stem Cells and
Keratinocytes: A Recipe for Impaired Wound Healing

MOHAN R. DASU,a SANDRA R. RAMIREZ,a THI DINH LA,a FARZAM GOROUHI,a CHUONG NGUYEN,a

BENJAMIN R. LIN,a CHELCY MASHBURN,b HEATHER STEWART,c THOMAS R. PEAVY,b JAN A. NOLTA,c

ROSLYN R. ISSEROFFa,d

Key Words. Mesenchymal stem cells x Cell signaling x Cell migration x
Stem cell-microenvironment interactions x Tissue regeneration

ABSTRACT

Previous studies demonstrate that skin wounds generate epinephrine (EPI) that can activate local ad-
renergic receptors (ARs), impairing healing. Bacterially derived activators of Toll-like receptors (TLRs)
within the wound initiate inflammatory responses and can also impair healing. In this study, we ex-
amined the hypothesis that these two pathways crosstalk to one another, using EPI andmacrophage-
activating lipopeptide-2 (MALP2) to activate ARs and TLR2, respectively, in human bone marrow-
derived mesenchymal stem cells (BM-MSCs) and neonatal keratinocytes (NHKs). BM-MSCs exposed
toEPI significantly (p< .05) increasedTLR2message (sevenfoldBM-MSCs), TLR2protein (twofold), and
myeloiddifferentiation factor88 (MyD88) (fourfold). Conversely, activationofTLR2byMALP2 in these
cells increasedb2-ARmessage (twofold inBM-MSCs, 2.7-fold inNHKs),b2-ARprotein (2.5-fold), phos-
phorylation of b-AR-activated kinase (p-BARK, twofold), and induced release of EPI from both cell
types (twofold). Treating cells with EPI and MALP2 together, as would be encountered in a wound,
increased b2-AR and p-BARK protein expression (sixfold), impaired cell migration (BM-MSCs-
21%↓ and NHKs- 60%↓, p < .002), and resulted in a 10-fold (BM-MSCs) and 51-fold (NHKs) increase
in release of IL-6 (p < .001) responses that were remarkably reduced by pretreatment with b2-AR
antagonists. In vivo, EPI-stressed animals exhibited impaired healing, with elevated levels of TLR2,
MyD88, and IL-6 in thewounds (p< .05) relative tononstressed controls. Thus, ourdatadescribe a rec-
ipe for decreasing cell migration and exacerbating inflammation via novel crosstalk between the
adrenergic and Toll-like receptor pathways in BM-MSCs and NHKs. STEM CELLS TRANSLATIONAL

MEDICINE 2014;3:745–759

INTRODUCTION

Chronic wounds are a major global health prob-
lem, with annual costs in the United States alone
exceeding $23 billion [1]. The precise molecular
pathogenesis of the impairment of healing in
chronic wounds is unclear [2] except for two con-
stants: a prolonged inflammatory response and
the bacterial colonization of the wound bed.
These two interrelated factors are thought to con-
tribute to the chronicity of the wounds [3–5].

The b-adrenergic receptors (b2-ARs) serve as
endogenous receptors for catecholamines [6, 7].
Dramatic elevations in the levels of plasma cate-
cholamines have been amply demonstrated to
occur as part of the neurophysiological stress
response to major trauma and infection [8–10].
Experimental evidence indicates that increased
b2-AR activation by agonists is detrimental to
wound healing [11–13]. For example, b2-AR
activation by isoproterenol decreases the kera-
tinocyte migratory speed, delays healing of

a scratch wound in confluent keratinocyte mono-
layers, impairshealingof anexcisional humanskin
wound in organ culture, and delays healing of
acute surgical wounds in vivo [11–13].

The recognition of microbial components or
injury signals by mammalian Toll-like receptors
(TLRs) plays an important role in activation of
the innate immune response and subsequent
proinflammatory reactions [14, 15]. Compelling
experimental evidence indicates that engage-
ment of the TLRs by endogenous ligands may
be a major trigger of inflammation in response
to ischemia, hemorrhagic shock, ischemia/
reperfusion, burn injuries, and full-thickness ex-
cisional wounds [15]. Among the TLRs, TLR2 plays
a critical role in detecting tissue damage and epi-
thelial barrier function, enabling proinflammatory
cytokine release and subsequent wound healing
[15]. TLR2 is present in normal human skin, and
its expression and function increase following epi-
dermal damage or microbial infection [16, 17].
Thus, both TLR2 activation and epinephrine (EPI)
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generation are important components of the wound and moder-
ate the healing response.

Bone marrow-derived mesenchymal stem cells (BM-MSCs),
as a result of their remarkable plasticity, ease of isolation, and ex-
pansion in culture, are widely used for healing wounds in both
mice and humans [18–21]. Human keratinocytes play a critical role
in cutaneous wound healing by mediating the re-epithelialization
process, the final step in wound closure [22]. Besides, both cells
constitutively expressb2-ARs and TLR2 [11, 23–25]. Recent studies
inmacrophages suggest thatb2-AR stimulation serves as a link be-
tween innate immune system activation and the sympathetic ner-
vous system [10, 26] by regulating TLR expression and cytokine
production in lymphocytes [26]. Thus, it is possible that the com-
bined effects of EPI and TLR2 activation in BM-MSCs and keratino-
cytes, two key cell types for wound repair, could impact upon
woundhealing.How,or if, TLR2 ligandscouldalterb2-ARactivation
is another unanswered question. In a wound environment, the
combined stimulatory actions of EPI and increased TLR2 activity
could be altering the proreparative functions of BM-MSCs and ker-
atinocytes. We hypothesize that the ability of pathogenic bacteria
touse the host’s neurophysiological response (increasedEPI levels)
topropagateandmodulateTLR2expressionand inflammationmay
be detrimental to wound healing. In the present study, we exam-
ined the effects of increased EPI and TLR2 ligands (macrophage-
activating lipoprotein-2 and heat-killed Staphylococcus aureus)
stimulation in BM-MSCs and keratinocytes and analyzed the cross-
talk between the b2-AR and TLR2 signaling pathways.

MATERIALS AND METHODS

Mesenchymal Stem Cells

Human bone marrow aspirations obtained from four healthy
donors were purchased from Lonza. Mesenchymal stem cells
(MSCs) were harvested from bonemarrow (BM) following estab-
lished protocols [26, 27] and used between passages 3 and 5.
Characterization ofMSCs includeddifferentiation intoosteogenic
and adipogenic lineage cells, as described previously [27]. The
stem cell research oversight review board at the University of
California, Davis, approved all the human cell protocols.

Neonatal Human Keratinocytes

Neonatal human keratinocytes (NHKs)were isolated fromhuman
neonatal foreskins, cultured, and maintained, as reported earlier
[28, 29]. NHKs isolated from at least three different foreskins and
between passages 3 and 7 were used in all the experiments. The
Institutional Review Board at University of California, Davis, ap-
proved the protocol for obtaining discarded neonatal foreskins.

Cell Treatments

Epinephrine (EPI; Sigma-Aldrich, St. Louis, MO, http://www.
sigmaaldrich.com) and TLR2 ligand (macrophage-activating
lipoprotein-2 [MALP2] that specifically activates TLR2/6 heterodi-
merization, and heat-killed S. aureus [HKSA]; Invivogen, SanDiego,
CA, http://www.invivogen.com) treatments were carried out at
the indicatedtimesandconcentrations.All thecellsweremaintained
in 0.5% fetal bovine serum containing culture medium overnight
before treatment. Cells were exposed to different treatments in
fresh serum-freemedium. In someexperiments, cellswerepretreated
for 30minutes with Timolol (10mM; Sigma-Aldrich) or erythro-dl-1-
(7-methylindan-4-yloxy)-3-isopropylaminobutan-2-ol (ICI)-118,551

(ICI; 10 mM; Tocris Bioscience, Bristol, U.K., http://www.tocris.
com), followed by EPI and MALP2 treatment, as described previ-
ously [11–13, 30].

Single-Cell Migration

NHKs and BM-MSCs were plated on collagen I-coated plates, as
reported previously [11–13, 30]. Time-lapse images of the cell
migration were captured every 5 minutes for 1 hour. The dis-
tance that cells travel in a 1-hour time period is recorded and in-
dicated as the average speed (mm per minute). Significance was
set at p, .05, and Student’s t test (unpaired) was used to com-
pare the means of two cell populations, as reported previously
[11–13, 30].

Animals With EPI Osmotic Pumps and Full-Thickness
Cutaneous Wounds

C57BL/6J (male; 8–10 weeks of age; Jax Mice, The Jackson Lab-
oratory, Sacramento, CA, http://jaxmice.jax.org)with ad libitum
access to food and water were anesthetized using isoflurane,
and one 6-mm circular diameter full-thickness wound was
placed on the dorsal shaved skin [31]. Micro-osmotic pumps
(0.25 ml/hour; Alzet micro-osmotic pump Model 1002; Alzet,
Cupertino, CA, http://www.alzet.com) were implanted on the
right flank of the mice to deliver 7 mg/kg body weight/day EPI
and 0.7 mg/kg body weight/day of ICI), as we have previously
reported [11–13, 30]. At 7 or 11 days after injury, the mice were
euthanized, and thewound tissuewasharvestedby8-mmpunch
excision and stored frozen or formalin-fixed until further analysis.
Animal protocols were approved by the Institutional Animal Care
and Use Committee at University of California, Davis.

Real-Time Polymerase Chain Reaction

mRNA expressionwas determined by real-time polymerase chain
reaction, using sequence-specific primers and probes. Total RNA
was extracted from the cells using Qiagen (Hilden, Germany,
http://www.qiagen.com) RNeasy mini kit. The first strand of
cDNA was synthesized using 1 mg of total RNA. cDNA (50 ng)
was amplified using primer probe sets for TLR2, b-2-adrenergic
receptor, and three housekeeping genes: b-2-microglobulin,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and hu-
man ribosomal protein, large P0 using standard cycling parame-
ters. Datawere calculated using the22DD cycle thresholdmethod
and are presented as fold change (ratio of transcripts of gene nor-
malized to the three housekeeping genes) [11–13, 31].

Enzyme-Linked Immunosorbent Assay

Levels of interleukin-6 (IL-6) were measured with an enzyme-
linked immunosorbent assay kit (R&D Systems, Minneapolis,
MN, http://www.rndsystems.com). IL-6 levels were normalized
to total cell protein and expressed as pg/mg protein [31].

Western Blots

A total of 25 mg of total protein was resolved, transferred, and
probed with antibodies for b2-ARs (Abcam, Cambridge, U.K.,
http://www.abcam.com), phospho-b-adrenergic receptor-
activated kinase-1 (BARK-1/GRK2 referred to as BARK-1 from
hereafter; GeneTex, San Antonio, TX, http://www.genetex.com),
TLR2(Imgenex, SanDiego,CA,http://www.imgenex.com),myeloid
differentiation factor 88 (MyD88; Imgenex), phospho-interleukin
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receptor-activated kinase-1 (pIRAK-1 and IRAK-1; Cell Signaling
Technology, Beverly, MA, http://www.cellsignal.com), phospho-
extracellular regulatedkinase(ERK)1/2(Santa Cruz Biotechnology,
Santa Cruz, CA, http://www.scbt.com), phenylethanolamine
N-methyltransferase (PNMT), and tyrosine hydroxylase (TH); strip-
ped membranes were further incubated with respective total
antibodies or GAPDH or a-tubulin. TLR2 (Imgenex) and b2-AR
(Santa Cruz Biotechnology) antibodies were used for coimmuno-
precipitation assays, and antibody protein complexes were fur-
ther probed with above antibodies [31]. Protein A/G-Sepharose
beads and isotype-matched IgG antibodies were used as negative
controls in all the coimmunoprecipitation experiments alongwith
the antibody used for the pull down as a positive control. Band
intensities were determined, as described previously, and normal-
ized to GAPDH/a-tubulin or total protein (BARK-1), and densito-
metric ratios are presented as fold change versus control [31]. For
some experiments, cell lysates from three independent experi-
ments were pooled to get enough protein for the assay and re-
peated three times for densitometry purposes.

Scratch Wound Assays

The rate of healing scratch wounds made in confluent NHK
cultures was determined, as reported previously [30, 32].
Briefly, cells were pretreated with 10 mg/ml mitomycin
(EMD Millipore, Billerica, MA, http://www.emdmillipore.com)
for 1 hour to inhibit cell proliferation that could skew the data
analysis. Wounded cultures were incubated in growth medium
(control) containing EPI, TLR2 ligands, and/or Timolol or ICI.
Velocity Image analysis software (PerkinElmer, Waltham, MA,
http://www.perkinelmer.com) was used to measure the scratch
wound area, which is expressed as percentage of closed wound.

High-Performance Liquid Chromatography Detection
of Catecholamines

Cell culture samples fromat least three independent experiments
were acidified with perchloric acid to 0.2 N before storage at280°C
for future analysis. The supernatant was applied to conditioned
MonoSpin phenylboronic acid solid-phase extraction spin columns
(GL Sciences, RollingHills Estates, CA, http://www.glsciences.com),
and purificationswere performed according to themanufacturer’s
specifications. Catecholamines were eluted in 200 mL of 2% acetic
acid.

High-performance liquid chromatography (HPLC) separation
was performed using a Synergi 4 mm Fusion reverse-phase
250 3 4.6-mm column (Phenomenex, Torrance, CA, http://
www.phenomenex.com) and a HP series 1050 pump and auto in-
jector system. The mobile phase for chromatographic separation
was a modification of that used by Leis et al. [33]. Detection of
catecholamine compounds was performed using a LC-4C amper-
ometric detector (Bioanalytical Systems, West Lafayette, IN,
http://www.basinc.com) using potential of2700 mV. Catechol-
amine levels are presented as pg/mg cell protein.

Statistical Analysis

Statistical analyses were performed using Excel and GraphPad
(GraphPad Software, San Diego, CA, http://www.graphpad.com)
Prism.Data are expressed asmean6 SD. Parametric datawere an-
alyzed using paired, two-tailed t tests and nonparametric data
using Wilcoxon signed-rank tests. Level of significance was set
at p , .05 [11–13, 30, 31].

RESULTS

EPI Induces TLR2 Expression and Signaling; Conversely,
TLR2/6-Specific Ligand MALP2 Upregulates b2-AR
mRNA and Protein Expression in BM-MSCs

To address the question of how EPI stress impacts upon innate
immune capabilities of BM-MSCs, we examined the effect of
EPI treatment on TLR2 expression and IL-6 secretion. EPI signifi-
cantly induced IL-6 secretion in BM-MSCswithmaximal induction
at 50 nM (Fig. 1A). The percentage of increase in secreted IL-6 did
not vary between 4hours and24hours; therefore,we selected 50
nMEPI (closer to stress levels in humans) [34] and4-hourduration
(as a result of short half-life of EPI) for subsequent studies.

EPI significantly increased TLR2 expression in BM-MSCs, both
at the mRNA (Fig. 1B) and protein levels (Fig. 1C, 1D). MALP2 (a
specific natural ligand) [35–37] activates TLR2 and initiates a sig-
naling cascade by recruiting the adaptor proteinMyD88 and end-
ing with the expression of proinflammatory genes, such as IL-6
[14, 36, 37]. Indeed, we found that MyD88 protein expression
is significantly elevated in EPI-treated BM-MSCs (Fig. 1C), surpris-
ingly, as robustly as when MALP2 was used to directly activate
TLR2 (Fig. 1C,1D). Presenceofendotoxin in the cell culturemedium
was ruled out by pretreatment of the BM-MSCs with polymyxin B
(widely used for neutralizing endotoxin effects) [38]. Pretreat-
ment with polymyxin B did not affect EPI- or MALP2-induced
IL-6 levels in the cells (data not shown).

The question of whether TLR2 signaling could impact upon
the b2-AR system is one we explored in this study. We examined
whether the TLR2 agonist MALP2 could modulate the b2-adren-
ergic signaling cascade. Both mRNA and protein expression for
the b2-adrenergic receptor are significantly upregulated in BM-
MSCs treated with MALP2 (Fig. 1E–1G). Of note, MALP2 is as ef-
fective as theb2-ARnative ligand EPI in upregulating the receptor
expression.

MALP2 Activation of TLR2 Leads to Synergistic b2-AR
Expression and BARK-1 Phosphorylation in BM-MSCs

In murine macrophages, specific TLR ligands have been shown to
increase BARK-1 protein expression [39], a downstream event
generally ascribed to b2-AR stimulation [39–41]. To determine
whether MALP2 activation of the TLR2 could also result in syner-
gistic downstream signaling through the b2-AR pathway, we
examined the phosphorylation of BARK-1 [39]. MALP2 stimula-
tion of BM-MSCs significantly increased BARK-1 phosphorylation
(Fig. 2A, 2B), indicating thatMALP2may be able to initiate signal-
ing downstream to b2-ARs, and as potently as the receptor’s
cognate ligand, EPI. Activation of both theb2-AR and TLR2 path-
ways simultaneously, by incubation of BM-MSCs with EPI and
MALP2, resulted in a synergistic increase in bothb2-AR receptor
expression by sixfold and phosphorylation of BARK-1 by fivefold
(Fig. 2C, 2D).

EPI andMALP2 Inhibit Migration of BM-MSCs and NHKs

Migration of MSCs to the wound site [18, 20, 21] and NHKmigra-
tion for wound re-epithelialization [22] are both critical for opti-
mal healing. Therefore, we addressed the question of howb2-AR
and TLR cross-talking pathways could affect migration in these
two cell types. EPI treatment reduced BM-MSC migratory speed
by10% (Fig. 2E), aswehavepreviously reported [42, 43].Activation
of the TLR2withMALP2 (100 ng/ml) resulted in a similar decrease
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Figure 1. EPI induces TLR2, MyD88, and IL-6 expression in BM-MSCs. (A): BM-MSCs (passages 3–5) were exposed to EPI (50–1,000 nM), and
secreted IL-6 levels in the cell culture supernatants were determined by enzyme-linked immunosorbent assay, as described in Materials and
Methods. Values are expressed as pg/mg protein (mean6 SD). pp, p, .05 versus 4-hour control (C); pp, p, .05 versus 24-hour control (n = 4).
(B): TLR2mRNA expression wasmeasured in EPI (50 nM)-treated BM-MSCs using reverse transcription-polymerase chain reaction (RT-PCR), as
described in Materials andMethods. Values are expressed as fold change versus control. MALP2 (100 ng/ml) was used as a positive control, as
described inMaterials andMethods. p, p, .05 versus control (n = 4). (C): TLR2 andMyD88 protein levels weremeasured in EPI (50 nM)-treated
BM-MSC lysates using Western blot assay. GAPDH was used as the loading control, and MALP2 (100 ng/ml) as positive control. (D): Densito-
metric analysis of the Western blots. Protein/GAPDH ratio values are expressed as fold change versus control (mean6 SD). p, p, .05 versus
control (n = 4).MALP2 inducesb2-ARmRNAand protein expression in BM-MSCs. (E):b2-AR (ADRB2)mRNAexpressionwasmeasured inMALP2
(100 ng/ml)-treated cells using RT-PCR. Values are expressed as fold change (inmRNA/housekeeping gene ratio) versus control (mean6 SD), as
described inMaterials andMethods. p, p, .001 versus control (n = 3). EPI (50 nM)was used as a positive control. (F):b2-AR protein expression
was measured in MALP2 (100 ng/ml)-treated cells by Western blot. a-Tubulin was used as the loading control, and EPI (50 nM) as positive
control. (G): Densitometric analysis of the Western blots. b2-AR/a-tubulin ratio values are expressed as fold change versus control
(mean 6 SD). p, p , .05 versus control (n = 4). Abbreviations: ADRB2, b2-adrenergic receptor; b2-ARs, b2-adrenergic receptors; C, control;
EPI, epinephrine; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IL-6, interleukin-6; MALP2, macrophage-activating lipopeptide-2;
MyD88, myeloid differentiation factor 88; TLRs, Toll-like receptors.
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(15%) in migratory speed (Fig. 2E). The combined activation of
b2-ARs and TLR2 resulted in a 21% inhibition in migratory
speed. Similar impairment of NHK migration was observed
(Fig. 2F)with activation of either the TLR2orb2-ARs, except that
the effects were several folds higher than in BM-MSCs (Fig. 2D).
Combined treatment of NHKswith both EPI andMALP2 resulted
in 60% inhibition of the migratory speed (Fig. 2F). We did not
observe appreciable differences in migration among 1-, 4-, and
24-hour analyses of cell migration (data not shown). Both treated
and untreated cells showed approximately 95% viability (as deter-
mined by the MTS cell viability assay (CellTiter 96 AQ, Sunnyvale,
CA, http://www.promega.com)withminimal cytotoxicity (asdeter-
mined by lactate dehydrogenase activity; data not shown). These
results suggest that, in a wound environment, activation of stress

and innate immune receptors together could adversely affect cell
migration that is critical for the healing process.

EPI and MALP2/HKSA Stimulate IL-6 Secretion in
BM-MSCs and NHKs

We investigated the downstream convergence of these two dis-
tinct receptor-signaling systemsbymeasuring the releaseof the in-
flammatory cytokine, IL-6, from cells treated with EPI or MALP2.
Bothagents inducedsignificant increases (3.8- and2.6-fold, respec-
tively) in IL-6 secretion in BM-MSCs as compared with untreated
control cells (Fig. 3A), and treatment with a combination of the
two agents increased IL-6 expression in BM-MSCs to .10-fold
over control (Fig. 3A). These effects are more pronounced in

Figure 2. Synergistic effects of EPI andMALP2 on b2-AR protein expression and BARK-1 phosphorylation in BM-MSCs. (A):Western blot anal-
ysis of b2-AR protein expression in EPI (50 nM)-, MALP2 (100 ng/ml)-, and EPI + MALP2-treated cells, as described in Materials and Methods.
GAPDH was used as the loading control. (B):Western blot analysis of BARK-1 phosphorylation in EPI (50 nM)-, MALP2 (100 ng/ml)-, and EPI +
MALP2-treated cells, as described in Materials and Methods. Total BARK-1 was used as the internal control. (C): Densitometric analysis of the
Western blots. b2-AR/GAPDH ratio values are expressed as fold change versus control (mean6 SD). p, p, .01 versus control (n = 4). (D): Den-
sitometric analysis of theWesternblots. pBARK-1/BARK-1 ratio valuesareexpressed as fold changeversus control (mean6 SD).p,p, .05 versus
control (n = 4). EPI andMALP2 effects on BM-MSC and NHK single-cell migration (SCM). b2-AR and TLR2 activation reduced BM-MSC and NHK
migration. (E, F): Migratory speeds of BM-MSCs (E) and NHKs (F) plated on collagen-coated glass-bottomed culture dishes and treated with
serum-free growth medium (control), EPI (50 nM), MALP2 (100 ng/ml), or EPI + MALP2 were determined. SCM rates of at least 50 cells per
treatment were measured, as described in Materials and Methods. Each panel represents the mean 6 SD of at least four experiments
(160– 200 cells per treatment) using four cell strains isolated from four different donors. p, p, .05 versus BM-MSC control; pp, p, .001 versus
NHK control. Abbreviations: b2-ARs,b2-adrenergic receptors; BARK,b-adrenergic receptor-activated kinase; BM-MSCs, bonemarrow-derived
mesenchymal stem cells; C, control; EPI, epinephrine; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MALP2, macrophage-activating
lipopeptide-2; NHKs, neonatal keratinocytes; pBARK, phospho-BARK.
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Figure3. Synergistic effects of EPI andMALP2orEPI andHKSAon IL-6 secretion inBM-MSCsandNHKs. (A, C):BM-MSCswereexposed toEPI (50
nM),MALP2 (100 ng/ml), HKSA (104 cells permilliliter), and EPI +MALP2 or EPI + HKSA for 4 hours, and secreted IL-6 levels in supernatants were
determined by enzyme-linked immunosorbent assay, as described in Materials andMethods. Values are expressed as pg/mg protein (mean6
SD).p,p, .05 versus control;pp,p, .001 versus EPI orMALP2/HKSA (n=4experiments). (B, D):NHKswere exposed to EPI (50nM),MALP2 (100
ng/ml), HKSA (104 cells per milliliter), and EPI + MALP2 or EPI + HKSA for 4 hours, and secreted IL-6 levels in supernatants were determined by
ELISA, as described inMaterials andMethods. Values are expressed as pg/mg protein (mean6 SD). p, p, .05 versus control; pp, p, .001 versus
EPI or MALP2/HKSA (n = 4 experiments). (E):Western blot showing the combined effects of EPI + HKSA on TLR2-MyD88 and b2-AR-BARK1 ex-
pression in BM-MSCs. Cells were exposed to HKSA (104 cells per milliliter) and EPI + HKSA, and total cell protein was subjected toWestern blot
assay, as described in Materials andMethods. a-Tubulin was used as the loading control, and total BARK-1 was used as the internal control for
phospho-BARK-1 (n = 4 experiments). Densitometric ratios (TLR2/a-tubulin, MyD88/a-tubulin, b2-AR/a-tubulin, or pBARK-1/BARK-1) are
shown in the adjacent table.p,p, .05 versus HKSA. (F): EPI andHKSA effects onNHK single-cellmigration. NHKswereplated on collagen-coated
glass-bottomed culture dishes and treated with HKSA (104 cells per milliliter) and EPI + HKSA in serum-free growth medium, and single-cell
migration rates of at least 50 cells per treatment were determined, as described in Materials and Methods. Each panel represents the mean
values and standard deviations of at least four experiments (200 cells). p, p, .05 versus HKSA (n = 4 experiments). Abbreviations: b2-ARs, b2-
adrenergic receptors; BARK,b-adrenergic receptor-activated kinase; BM-MSCs, bonemarrow-derivedmesenchymal stem cells; C, control; EPI,
epinephrine; HKSA, heat-killed Staphylococcus aureus; IL-6, interleukin-6; MALP2, macrophage-activating lipopeptide-2; MyD88, myeloid dif-
ferentiation factor 88; NHKs, neonatal keratinocytes; p-BARK, phospho-BARK; TLRs, Toll-like receptors.
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NHKs, in which EPI andMALP2 alone induced 16-fold and 8.8-fold
increase in IL-6 secretion, respectively, as compared with un-
treated NHKs (Fig. 3B), and combining the two agents resulted
in a 51-fold increase in IL-6 release relative to control (Fig. 3B).
To complement the MALP2 studies, we used HKSA (104 cells
per milliliter), which also ligates the TLR2 [44]. HKSA increased
IL-6 secretion in BM-MSCs and NHKs by threefold, and this was
13-fold and fourfold increased upon addition of EPI, compared
with control (Fig. 3C, 3D). Next, we asked whether the observed
synergistic IL-6 increase induced by b2-AR and HKSA costimula-
tion is coupled through TLR2-MyD88 and b2-AR-BARK-1 signal-
ing. There was a significant increase in TLR2-MyD88 and b2-AR-
pBARK-1 activation in BM-MSCs (.twofold change) treated with
EPI and HKSA compared with HKSA alone (Fig. 3E).We also deter-
mined HKSA effects on cell migration with EPI. HKSA induced sig-
nificant inhibition in NHK migration (16% inhibition; p , .001),
and this was further reduced in the presence of EPI (52% inhibi-
tion; Fig. 3F). These results indicate that EPI and MALP2/HKSA,
through activation of their respective receptors, synergistically
enhance downstream signaling, inhibit cell migration, and stimu-
late IL-6 release in BM-MSCs and NHKs. Because the wound en-
vironment is likely to have elevated levels of both EPI [13] and
bacterially derived activators of TLR2 [45–47], this combination
may have a negative impact on healing by the synergism in gen-
eration of proinflammatory mediators such as IL-6.

b2-AR Antagonists Reverse EPI- and MALP2/
HKSA-Induced Changes in Cells

Next,weasked thequestionofwhetherblockingoneof the recep-
tors (b2-ARs) could effectively increase cell migration and de-
crease IL-6, both critical for improved healing. b-Blockers are
beingused clinically to improve outcomes in burnwoundpatients
[48, 49] and improve healing in chronic wounds [50, 51]. We se-
lected theb1/2-AR antagonist, Timolol, which has been shown to
reverse b2-AR inhibition of keratinocyte migration [32] and is
a currently FDA-approved drug. Pretreatment of cells with Timo-
lol (10 mM, 30 minutes) reversed the EPI + MALP2 or EPI + HKSA
synergistic effects on the cell migration and IL-6 release in BM-
MSCs and NHKs. Timolol pretreatment reversed EPI + MALP2
effects on BM-MSC migration (EPI + MALP2: 21% inhibition vs.
T + Epi + MALP2: 8.7% inhibition; p , .001) (Fig. 4A). Timolol’s
blocking effects were prominent in NHKs with the cells returning
to the migratory speeds of untreated cells (T + EPI + MALP2: 16%
vs. Epi + MALP2: 60% inhibition and T + EPI + HKSA: 18% vs. EPI +
HKSA: 52%; p , .0003) (Fig. 4B, 4C).

The antagonist effect of Timolol on IL-6 releasewas observed in
both BM-MSCs and NHKs. Levels of IL-6 were threefold higher in

HKSA-treated BM-MSCs and NHKs compared with MALP2 treat-
ment (Fig. 4D–4G). Pretreatment with Timolol decreased EPI +

MALP2- or EPI + HKSA-induced IL-6 secretion by 33-fold and 1.5-
fold, respectively (Fig. 4D, 4F). Similar inhibitory effectswith Timolol

pretreatment, although lower inmagnitude,wereobserved inNHKs

(Fig. 4E, 4G). Blocking the b2-ARs using the receptor specific inhib-
itor, ICI [52, 53], also significantly reduced EPI +MALP2 (21.863 vs.

ICI + EPI + MALP2: 46 0.3 pg/mg protein; p, .05)- or EPI + HKSA

(67.76 3 vs. ICI + EPI + HKSA: 5.16 0.8 pg/mg protein; p, .05)-
induced IL-6 levels in BM-MSCs, suggesting that the observed re-

sponse can be ascribed to b2-ARs. Additionally, we examined the
levels of IL-6 in Timolol alone and Timolol +MALP2-treated cells. Ti-

molol alone inducedmarginally higher IL-6 levels (Tim: 4.862.7 pg/

mgprotein) comparedwithuntreatedcells (control: 1.860.6pg/mg
protein) and did not affect MALP2-induced IL-6 secretion in
BM-MSCs (Timolol +MALP2: 8.086 0.5 pg/mg protein) perhaps
because of its known ability to act as an inverse agonist [54].
However, ICI was able to decrease MALP2-induced IL-6 secre-
tion in cells (EPI + MALP2: 21.8 6 3 vs. ICI + EPI + MALP2:
6.46 1 pg/mg protein; p, .05). Taken together, these data sug-
gest that the effects are specific to b2-ARs and Timolol or ICI
greatly diminishes the inflammatory response and significantly
improved cell migration.

b2-ARs and TLR2 Form Physical Association for
Cross-Signaling

Using coimmunoprecipitation assays with b2-AR and TLR2
antibody, we demonstrated the association between b2-AR-
TLR2-MyD88-IRAK-1 andTLR2-b2-AR-BARK-1 signaling inMALP2-
andEPI-treatedNHKs (Fig. 4H, 4I). There is anoticeable increase in
b2-AR expression and BARK-1 phosphorylation inMALP2-treated
cells anda similar increase in TLR2,MyD88 recruitment, and IRAK-
1 phosphorylation in EPI cells (Fig. 4H, 4I), suggesting a physical
association between the b2-ARs and TLR2 by the formation of
a signaling platform within the cell membrane. Protein A/G-
Sepharose beads and isotype-matched IgG antibodies did not
show a strong association.

TLR2 Ligands (MALP2/HKSA) Induce Catecholamine
Secretion in BM-MSCs and NHKs

The work presented above demonstrates that activation of the
adrenergic receptor in the presence of TLR ligands can upregulate
the TLR-mediated immune response and, conversely, that activa-
tion of TLRs by its bacterially generated ligands crosstalks to acti-
vate signaling through the adrenergic receptor pathway. In this
study, we ask the related question of whether the bacterial (TLR2)
ligands can further contribute to adrenergic receptor signaling re-
sponse by increasing secretion of their catecholamine ligands by
wound-resident cells. We found that EPI and norepinephrine lev-
els in the cell culture supernatants of MALP2-treated BM-MSCs
and NHKs (Fig. 5A, 5B) were increased by TLR2 ligation, with the
NHK response twofold to fourfold higher. On the basis of these
findings, we examined the presence of two key enzymes involved
in catecholamine synthesis, namely PNMT and TH (two rate-
limiting enzymes). MALP2 induced PNMT and TH in BM-MSCs
and NHKs (Fig. 5C, 5D). Exposure of BM-MSCs and NHKs to HKSA
produced similar upregulations in these enzymes (Fig. 5E–5J).
These results provide the first evidence that catecholamines can
be generated by BM-MSCs and that their levels can bemodulated
by TLR2 activation, as do NHKs. Thus, the wound presents both
paracrine and autocrine signaling pathways for locally generated
catecholamines,which, then in turn, upregulateproinflammatory
responses in BM-MSCs and NHKs via TLR2 activation and impact
cell migration. Furthermore, this suggests that modulation of the
generation of catecholamines by b2-AR inhibitors could poten-
tially decrease the intensity of inflammation in wounds.

EPI and TLR2 Ligands Decrease In Vitro Scratch
Wound Closure

Because keratinocyte migration from the wound edge is critical
for healing, we used scratch wound assays to determine whether
EPI and MALP2 can modulate NHK mobility in a wound environ-
ment [30, 55]. EPI and MALP2 decrease NHK scratch wound
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closure (control: 37% closed, EPI + MALP2: 9.3% closed; p , .05),
whereas the addition of antagonists reverses this effect (T + EPI +

MALP2: 23% closed; Fig. 6A). Similar patterns were observed with

HKSA (EPI + HKSA: 7% closed after 16 hours; Fig. 6B). Furthermore,

we observed a corresponding increase in IL-6 secretion in wounded

NHK confluent sheets treatedwith EPI andMALP2/HKSA (Fig. 6C, 6D).

Cutaneous Wounds in EPI-Stressed Mice Show
Decreased Wound Closure, Increased TLR2 Expression,
Decreased Phosphorylation of ERK1/2, and Increased
IL-6 Expression

Todeterminewhether theobserved in vitroeffectsof EPI-induced
TLR2 expression, signaling, and wound healing in BM-MSCs and

Figure 4. Timolol (a nonselectiveb2-AR antagonist) reverses the combined effects of EPI +MALP2 or EPI + HKSA on single-cell migration (SCM)
and IL-6 secretion inBM-MSCsandNHKs. (A):BM-MSCswereexposed toEPI (50nM)+MALP2 (100ng/ml) or pretreatedwithTimolol (10mM,30
minutes) and were further treated for 4 hours with EPI +MALP2. SCM rates of at least 50 cells per treatment were determined, as described in
Materials andMethods. Values are expressed as average migratory speed (mm/min; mean6 SD). p, p, .05 versus EPI or MALP2; pp, p, .005
versus EPI +MALP2 (n=3experiments; total of 150 cells). (B, C):NHKswere exposed to EPI (50nM)+MALP2 (100ng/ml), EPI +HKSA (104 cells per
milliliter), or pretreated with Timolol (10mM, 30minutes) andwere further treated for 4 hours with EPI +MALP2 or EPI + HKSA. SCM rates of at
least 60 cells per treatment were determined, as described in Materials and Methods. Values are expressed as average migratory speed (mm/
min;mean6 SD). p,p, .05 versus EPI orMALP2; pp, p, .05 versus EPI +MALP2; pp, p, .01 versus EPI +HKSA (n = 2 experiments; 120 cells). (D,
F): BM-MSCswere exposed to EPI (50 nM) +MALP2 (100 ng/ml), EPI (50 nM) + HKSA (104 cells permilliliter), or pretreated with Timolol (10mM,
30minutes) and were further treated for 4 hours with EPI +MALP2 or EPI + HKSA. Secreted IL-6 in the cell culture supernatant was determined
using enzyme-linked immunosorbent assay, as described inMaterials andMethods. Values are expressed as pg/mg protein (mean6 SD). p, p,
.05 versus EPI orMALP2; pp,p, .001 versus EPI +MALP2; pp,p, .05 versus EPI +HKSA (n =4 experiments). (E, G):NHKswere exposed to EPI (50
nM) +MALP2 (100 ng/ml), EPI (50 nM) + HKSA (104 cells permilliliter), or pretreatedwith Timolol (10mM, 30minutes) andwere further treated
for 4 hours with EPI +MALP2 or EPI + HKSA. Secreted IL-6 levels were determined in the cell culture supernatants, as described inMaterials and
Methods.Values areexpressedaspg/mgprotein (mean6 SD).p,p, .05versus EPI orMALP2;pp,p, .005versus EPI +MALP2;pp,p, .01 versus
EPI + HKSA (n = 4 experiments). Physical interaction betweenb2-AR and TLR2 signaling pathways in NHKs. (H):Western blot showing enhanced
expression ofb2-ARs andpBARK-1 inNHK cell lysates immunoprecipitatedwith TLR2 antibody afterMALP2 (100ng/ml) challenge, as detailed in
Materials and Methods. TLR2 was used as internal/positive/negative controls (n = 4 experiments), as described in Materials and Methods. (I):
Western blot showing enhanced expression of TLR2,MyD88, and pIRAK-1 in NHK cell lysates immunoprecipitatedwithb2-AR antibody after EPI
(50nm) challenge, asdetailed inMaterials andMethods.b2-ARsand total IRAK-1wereusedas internal controls (n=4experiments) inaddition to
the negative controls, as described in Materials and Methods. Abbreviations: b2-ARs, b2-adrenergic receptors; BARK, b-adrenergic receptor-
activated kinase; BM-MSCs, bone marrow-derived mesenchymal stem cells; C, control; EPI, epinephrine; HKSA, heat-killed Staphylococcus
aureus; IL-6, interleukin-6; IP, immunoprecipitation; IRAK, interleukin receptor-activated kinase; MALP2, macrophage-activating lipopep-
tide-2; MyD88, myeloid differentiation factor 88; NHKs, neonatal keratinocytes; p-BARK, phospho-BARK; p-IRAK, phospho-interleukin
receptor-activated kinase; T, Timolol; TLRs, Toll-like receptors.
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Figure 5. MALP2 and HKSA induce catecholamine secretion and catecholamine-producing enzymes in BM-MSCs/NHKs. (A, B): BM-MSCs (A)
and NHKs (B) were stimulated with 100 ng/ml MALP2 in vitro. Cell culture supernatants were collected and analyzed by high-performance
liquid chromatography (HPLC) for EPI and norepinephrine, as described in Materials andMethods. All data are presented as pg/mg cell protein
(mean6 SD). p, p, .05 versus control (n = 4 experiments). (C, D): BM-MSCs (C) and NHKs (D)were stimulated in vitro with 100 ng/ml MALP2.
Total cell protein was isolated and subjected to Western blot analysis for PNMT or TH enzymes. a-Tubulin was used as a loading control. Den-
sitometric ratios (PNMT/a-tubulin and TH/a-tubulin) are shown in the adjacent table. p, p, .05 versus control (C) (n = 4 experiments). (E, F):
Epinephrine (E) and norepinephrine (F) levels in BM-MSCs stimulated with HKSA (104 cells per milliliter) in vitro. Cell culture supernatants were
collected and analyzed by HPLC for EPI and norepinephrine, as described inMaterials andMethods. All data are presented as pg/mg cell protein
(mean6 SD). p, p, .05 versus control. (G): BM-MSCs were stimulated in vitro with 104 cells per milliliter HKSA in vitro. Total cell protein was
isolated and subjected to Western blot analysis for PNMT or TH enzymes. a-Tubulin was used as a loading control. Densitometric ratios
(PNMT/a-tubulin and TH/a-tubulin) are shown in the adjacent table. p, p , .05 versus control (C) (n = 4 experiments). (H, I) Epinephrine
(H) and norepinephrine (I) levels in NHKs stimulated with HKSA (104 cells per milliliter) in vitro. Cell culture supernatants were collected
and analyzed by HPLC for EPI and norepinephrine, as described in Materials and Methods. All data are presented as pg/mg cell protein (mean
6 SD). p, p, .05 versus control (n = 3). (J):NHKswere stimulated in vitrowith 104 cells permilliliter HKSA in vitro. Total cell protein was isolated
and subjected toWesternblot analysis for PNMTor THenzymes.a-Tubulinwas used as a loading control. Densitometric ratios (PNMT/a-tubulin
and TH/a-tubulin) are shown in the adjacent table. p, p, .05 versus control (C) (n = 4 experiments). Abbreviations: BM-MSCs, bone marrow-
derivedmesenchymal stemcells; C, control; HKSA, heat-killed Staphylococcus aureus;MALP2,macrophage-activating lipopeptide-2;NHKs, neo-
natal keratinocytes; PNMT, phenylethanolamine N-methyltransferase; TH, tyrosine hydroxylase.
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Figure 6. Blocking b2-ARs with ICI 118,551 or Timolol reverses EPI + MALP2- or EPI + HKSA-delayed NHK migration and increased IL-6 pro-
duction in injuredNHKs. (A):NHKmonolayerswere pretreatedwith Timolol or ICI 118,551 (10mM,30minutes), followed by EPI (50 nM),MALP2
(100 ng/ml), or EPI +MALP2 treatment, and thenwounded by scratches, as described inMaterials andMethods. The defined areas were photo-
graphed at 0 and 12 hours after wounding. The percentage of wound area closed was calculated and presented in adjacent table along with
percentage of change in wound closure (↓ = decreased wound closure; ↑ = increased wound closure). Values represent mean6 SD; p, p, .05
versus control; pp, p, .05 versus EPI +MALP2; x, p, .01 versusMALP2 (n = 3 experiments). (B):NHKmonolayers were pretreatedwith Timolol
or ICI 118,551 (10 mM, 30 minutes), followed by EPI (50 nM), HKSA (104 cells per milliliter), or EPI + HKSA treatment, and then wounded by
scratches, as described in Materials and Methods. The defined areas were photographed at 0 and 16 hours after wounding. The percentage
of open and closed wound areas was calculated and presented in bar graph panel. The percentage of wound area closed was calculated and
presented in adjacent table along with percentage of change in wound closure (↓ = decreased wound closure; ↑ = increased wound closure).
Values represent mean6 SD, p, p, .05 versus control; pp, p, .05 versus EPI + MALP2; x, p, .01 versus MALP2 (n = 3 experiments). (C): NHK
monolayers were pretreated with ICI 118,551 or Timolol (10 mM, 30 minutes), followed by EPI (50 nM), MALP2 (100 ng/ml), or EPI + MALP2
treatment, and then wounded by scratches, as described in Materials and Methods. Cell supernatants were collected for IL-6 enzyme-linked
immunosorbent assays. Values represent mean6 SD; p, p, .05 versus control; pp, p, .05 versus MALP2; x, p, .05 versus E + MALP2 (n = 3
experiments). (D): NHKmonolayers were pretreated with ICI 118,551 or Timolol (10mM, 30minutes), followed by EPI (50 nM), HKSA (104 cells
permilliliter), or EPI +HKSA treatment, and thenwoundedby scratches, as described inMaterials andMethods. Cell supernatantswere collected
for IL-6 ELISA analyses. Values represent mean 6 SD; p, p , .05 versus control; pp, p , .05 versus HKSA; x, p , .05 versus E + HKSA (n = 3
experiments). Full-thickness cutaneous wounds of EPI-stressed C57BL6J mice show decreased wound closure (E), increased TLR2 protein ex-
pression and decreased ERK1/2 phosphorylation (F), and increased local IL-6 secretion (G). Blocking b2-ARs with ICI 118,551 improves healing,
decreases IL-6, TLR2 expression, and increases ERK1/2 phosphorylation in vivo. Densitometric ratios (TLR2/a-tubulin and pERK1/2/ERK1/2) are
presentedbelow theblots (F). Values representmean6SD;p,p, .05 versus control;pp,p, .05versus EPI; x,p, .05 versus EPI (n=10–15mice/
group). Abbreviations: C, control; E, epinephrine; EPI, epinephrine; ERK, extracellular regulated kinase;HKSA, heat-killed Staphylococcus aureus;
ICI, ICI-118,551; IL-6, interleukin-6; MALP2, macrophage-activating lipopeptide-2; T, Timolol; TLRs, Toll-like receptors.
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NHKs translated to the in vivo situation, we used a pharmacologic
model of sustained EPI stress to impair healing in mice [13, 30].
Wound closure was significantly decreased in EPI-stressed mice
compared with control mice and was reversed in animals treated
with the b2-AR antagonist ICI (Fig. 6E). Wound tissues excised
from the EPI-stressed animals (day 7) demonstrate increased
TLR2expression comparedwith untreatedmice 7 days after injury,
indicative of prolongation of inflammation, and this is reversed in
the presence of ICI (Fig. 6F). Decreased phosphorylation of ERK1/2
is also observed in the EPI-stressed wounds, whichmay contribute
to the delay in healing, as others and we have shown that ERK1/2
phosphorylation is required for epithelial wound healing in vitro
and in vivo [12, 30, 56–58]. IL-6 levels in the wound tissue of the
EPI-stressed animals were likewise significantly elevated and de-
creased in the presence of ICI (Fig. 6G). These data suggest that
the impairment of healing observed with sustained elevation of
EPI levels may be contributed by the EPI-induced upregulation of
TLR2 expression and IL-6 levels within the wound beds.

DISCUSSION

Theability of catecholamine stress to impair healinghas beenwell
documented with mechanisms of impairment ascribed to alter-
ation in keratinocyte and fibroblast function [11–13], as well as
prolongation of neutrophil persistence in the wound [59]. In this
study, we present data to demonstrate a novel mechanism
by which EPI stress synergizes with innate immune receptor
(TLR2) function in BM-MSCs and keratinocytes to generate a
proinflammatory environment that can ultimately impair wound
healing. Crosstalk between the adrenergic receptors (AR) and the
TLRs present on these cell types results in their impaired ability to
migrate, as well as upregulated generation of the proinflamma-
tory cytokine IL-6. Interestingly, we find that EPI activation of
the ARs can induce increased TLR2 expression, activation, and
downstream signaling, and, conversely, TLR2 activation, either
by the agonist MALP2 or by bacteria, can induce increased b2-
AR receptor expression, activation, and downstream signaling.
Activation of either the b2-AR or the TLR2 receptor results in
the physical association of the two receptors and their proximal
downstream effectors, mechanistically providing a signaling plat-
form for the crosstalk. Concurrent activation of the AR and TLR
pathways results in synergistic effects on cell migration and in-
flammation. These deleterious effects are amplified by an auto-
crine loop, wherein TLR activation results in increased synthesis
of EPI by upregulation of catecholamine synthetic enzymes in
both keratinocytes andBM-MSCs. Thus, the presentwork describes
a new paradigm for functional interplay between stress hor-
mones and bacterial ligands, wherein the dual ligand signaling
results in cross-activation of both the adrenergic receptor system
and the innate immune/inflammatory pathways inMSCs,with re-
sultant potential deleterious consequences for healing (Fig. 7).
Because both bacteria and elevated levels of EPI are hallmarks
of chronic wounds, this cross-talk pathway presents a recipe
for impaired wound healing.

Systemic levels of the catecholamine stress hormones, EPI
and norepinephrine, are several fold elevated above physiologic
levels during anxiety, pathogenic challenge, or injury and trauma
[8–10]. These ligands are agonists for the adrenergic receptors (a-
and b-ARs) that are expressed on all immune-competent cells
[60], including those involved in innate immune responses
[61–63]. Whereas much of the earlier literature supported the

notion that activation of the b2-ARs suppresses immune re-
sponse and inflammation [64], emerging literature has shown
that AR activation can result in proinflammatory responses from
the immune system. For example, activation of b2-ARs has been
shown to be responsible for inflammatory immune cell
responses characterized by increased cytokine (IL-1b, IL-6,
TNF-a) production [65, 66]. Furthermore, activation of the b2-
ARs with salmeterol in the RAW 264.7 macrophages resulted in
80-fold and eightfold increase in IL-1b and IL-6 transcripts, re-
spectively, accompanied by a significant increase in IL-1b and
IL-6 protein production [40]. Local elevation of IL-6 levels in the
wound, mediated by catecholamine activation of the b2-ARs in
wound macrophages, results in increased dwell time of neutro-
phil trafficking to the wound, thus delaying healing [59]. Thus,
AR activation on immune cells is associated with variable local
proinflammatory factor release and may affect the wound-
healing process. Better understanding of the AR activation on
cells that mediate inflammation and play a role in wound-
healing processmay provide critical insights intomechanisms un-
derlying human chronic wounds.

MSCs are another cell type with potent immunomodulatory
capacity. These cells are recruited to a wound or site of injury
[20, 21] and can attract immune inflammatory cells [67, 68]. In-
terestingly,murineMSCs express a full repertoire of AR, including
b1, b2, and b3 (69–71). Their activation has been previously in-
vestigated primarily in the realm of MSC lineage commitment
[69–71] and to some extent for the ability to impact upon their
immune orchestrating abilities. Because both keratinocytes and
MSCs express AR, and both are critical forwound repair, we chose
to investigate how activation of these receptors by their stress-
induced catecholamine ligands could impact on functions critical
for healing, such as migration and inflammation.

Like ARs, TLRs play a crucial role in the wound biology and in-
nate immunity. TLR activation constitutes one of the earliest
responses of an organism to microbial invasion [72, 73]. We,
and others, have demonstrated that prolonged stimulation of
TLRs leads to increased inflammation with a corresponding de-
crease in the ability to heal [31, 74]. Of note, an increasing body
of evidence indicates that catecholamines can modulate innate
cytokine responses with increased expression of proinflamma-
tory cytokines [65, 75]. For instance, EPI can upregulate lipo-
polysaccharide (LPS)-stimulated human monocytic cytokine
responses (via TLR4, IL-12, tumor necrosis factor [TNF]-a, and
IL-10) [65]. In murine macrophages, epinephrine pretreatment
significantly increases TNF-a production with LPS stimulation,
and this effect is mitigated by blockade of either the a2-ARs or
b2-ARs [10]. These effects can be very cell type- and species-
specific because the reverse finding, of a b2-AR agonist-mediated
decrease inTLR innate immune responses, has alsobeen reported
[76]. In a monocytic cell line and in rat macrophages, exposure to
supraphysiologic levels of EPI (5,000–10,000 ng/ml) decreases
TLR4 mRNA expression [77, 78]. All of these studies focused on
TLR4 responses, mostly mediated by Gram-negative bacterial
ligands (LPS). However, themajor isolates within chronic wounds
are Gram-positive bacteria (e.g., S. aureus) (45–47), and thus, to
maintain physiological relevance, we examined the effects of EPI
on TLR2 (activated by MALP2 or S. aureus) [35–37, 44] in human
MSCs and keratinocytes.

Given the important physiological roles for both TLR2 andb2-
ARs in wound biology and the regulatory role of BARK-1 in b2-AR
downstream signaling, we examined the hypothesis that TLR2
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activationmodulates BARK-1 phosphorylation.We found that EPI
increased BARK-1 phosphorylation in BM-MSCs, as might be
expected. More surprisingly, however, is the finding that activa-
tion of TLR2 with MALP2 also increased BARK-1 phosphorylation
both in BM-MSCs and NHKs. Although earlier studies in murine
peritonealmacrophages [39] have suggested that themechanism
for TLR ligand-induced BARK-1 expression is regulation at both
transcriptional and posttranscriptional levels [39], our findings
demonstrate that there may be a physical association between
b2-ARs and TLR2 and the possibility of a cross activation by the
respective ligands at the receptor and signaling levels. Further-
more, our results may explain findings in other inflammatory dis-
ease processes. For example, an increase in BARK-1 expression
was observed in neutrophils obtained from septic humans relative
to those of healthy individuals [78], sepsis being a condition asso-
ciated with activation of both TLRs and ARs [79, 80] by high
systemic levels of stress catecholamines and bacterial derived
ligands [8–10, 34, 79,80]. These results supportourhypothesis that
a combination of catecholamine stress and signaling through the
innate immune intracellular transduction pathway results in
an exaggerated inflamed local environment, characteristic of
chronic wounds.

In 1994, Bergquist et al. [81] demonstrated the presence of
endogenous catecholamines in lymphocytes and provided

evidence for an autocrine regulation of catecholamine synthesis
in non-neuronal cells. A decade and half later, Flierl and col-
leagues [61, 82] showed that phagocyte-derived catecholamines
enhance injury. The authors demonstrated that exposure of
phagocytes to LPS led to an increase in catecholamine release
with corresponding changes in the catecholamine enzymatic-
generating machinery and suggested that regulation of cate-
cholamine generation and degradation may alter the release
of proinflammatorymediators in cells [61, 83]. In linewith these
two pioneering studies, we now show that both BM-MSCs and
NHKs may serve as new sources for non-neuronal catechol-
amine generation within a wound environment. The autocrine
loop generated by TLR activation on either BM-MSCs or kerati-
nocytes has the potential to locally generate EPI that then
can amplify the inflammatory response by promoting release
of IL-6.

In this study, we show how EPI and TLR2 ligands potentiate
proinflammatory IL-6 production via the b2-AR/BARK-1 or
TLR2-MyD88 signaling pathway, and that b2-AR antagonists re-
verse the inflammatory cytokine production and the migration
defects in cells exposed to both receptors’ ligands. Isolated
cells in culture often respond differently than do those same
cell types within a complex tissue environment. To determine
whether our observations translate to the in vivo environment,

Figure 7. Schema illustrating the crosstalk between b2-ARs and TLR2 in BM-MSCs and NHKs. Inflammatory effects of EPI and TLR2 ligands are
mediated through phosphorylation of BARK-1 and engagement of MyD88, respectively, leading to decreased cell migration and increased IL-6
secretion. In addition, TLR2 ligands also induce catecholamine secretionby increasing THandPNMT levels in BM-MSCs andNHKs, pavingway for
an autocrine inflammatory loop. Blocking b2-ARs with selective (ICI 118,551) or nonselective (Timolol) antagonists can reverse some effects.
Abbreviations: b2AR, b2-adrenergic receptor; BARK, b-adrenergic receptor-activated kinase; Epi, epinephrine; HKSA, heat-killed Staphylococ-
cus aureus; ICI, ICI-118,551; IL-6, interleukin-6;MALP2, macrophage-activating lipopeptide-2; NE, norepinephrine; PNMT, phenylethanolamine
N-methyltransferase; TLRs, Toll-like receptors.
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we examined wounds in EPI-stressed mice. Healing was im-
paired in the EPI-stressed animals, and the impairment was re-
versed by blockade of the b2-ARs. Wound tissues of the EPI-
stressed animals demonstrate increased TLR2 expression, as well
as increased IL-6 levels relative tounstressedanimals. These findings
provide a framework for the development of therapeutic strategies
that could selectively regulate inflammatory responses in the im-
paired healing wound.

Indeed, several studies have already reported that treatment
with b2-AR blockers improves outcomes, such as decreased
proinflammatory cytokine secretion and improved immune cell
function, in patientswho have endured an operative or traumatic
injury [10, 83–87]. Improved healing in chronic skin wounds has
also been reported using topical application of b-AR antagonists
[50, 88]. The mechanisms underlying the noted improved out-
comes have only been partially explained. However, our study
provides additional mechanistic insights by using pharmacologi-
cal and biochemical approaches to characterize the signal-
transduction properties of the synergistic relationship between
b2-AR and TLR2 activation that results in an amplified IL-6 re-
sponse. The synergistic IL-6 effect shown in our study depends
on b2-AR stimulation, as evidenced by a reversal of this response
by either of two different b2-AR antagonists (Timolol and ICI; Fig.
6). TLR2 effector pathways are linked to the myeloid differentia-
tion factor 88 (MyD88) signaling complex, which activates the nu-
clear factor k-light-chain enhancer of activated B cells to regulate
IL-6 transcription [14]. Our data show that EPI inducesMyD88 ex-
pression and suggest that b2-AR interaction with TLR2 may also
involve MyD88 recruitment. The limitations of the current study
include the lack of data on genomic ablations of either b2-AR or
TLR2 genes and examination of the corresponding ligand-induced
effects in the cells. Our continuing studies are focused on fully un-
derstanding the intricate interactions between the two signaling
pathways using a combination of pharmacological, biochemical,
and/or genomic approaches.

The presence of bacteria in chronic wounds can influence the
balance between successful and adverse healing outcomes.
S. aureus is noted to be the pathogen harbored by the great ma-
jority of chronic wounds [44–47, 89]. In addition to bacterial pres-
ence in wounds, many wounds are in a high catecholamine
environment. In particular, patients with burn wounds and
chronic inflammatory diseases have elevated levels of catechol-
amines [8–10, 13]. Although both catecholamine stress and
TLR2 activation individually contribute to the chronic wound pa-
thology, there areno studies linking the two.Our studymakes this
connection with wide-ranging clinical implications for persistent
inflammation, stress, and infection.

CONCLUSION

We have shown that EPI-mediated activation of the innate im-
mune receptor TLR2, IL-6 production, and impaired wound
healing might represent a previously unrecognized hormonal,
immunological mechanism that is involved in shaping the roles of
BM-MSCs and NHKs in the wound-healing process. This neuroen-
docrine mechanism may play a critical role in driving innate im-
mune receptor profiles in wounds with intrinsic overexpressed
catecholamines. Thus, in the infected wounds, migrating and res-
ident cells react to bacterial ligands/infection by inducing cate-
cholamine production and potentiate persistent inflammation,
creating an impaired healing phenotype. Our findings have impli-
cations for the hormonal innate immune receptor interactions
and for understanding the mechanisms controlling the differing
susceptibility to infections and immune/inflammatory-related
conditions in wounds.
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