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Abstract

Aims

To investigate the effects and underlying mechanism of dexmedetomidine on the cultured

human dendritic cells (DCs).

Methods

Human DCs and cytotoxic T lymphocytes (CTLs) were obtained from human cord blood

mononuclear cells by density gradient centrifugation. Cultured DCs were divided into three

groups: dexmedetomidine group, dexmedetomidine plus yohimbine (dexmedetomidine

inhibitor) group and control group. DCs in the three groups were treated with dexmedetomi-

dine, dexmedetomidine plus yohimbine and culture medium, respectively. After washing,

the DCs were co-incubated with cultured CTLs. The maturation degree of DCs was evalu-

ated by detecting (1) the ratios of HLA-DR-, CD86-, and CD80-positive cells (flow cytome-

try), and (2) expression of IL-12 and IL-23 (PCR and Elisa). The function of DCs was

evaluated by detecting the proliferation (MTS assay) and cytotoxicity activity (the Elisa of

IFN-γ) of CTLs. In addition, in order to explore the mechanisms of dexmedetomidine modu-

lating DCs, α2-adrenergic receptor and its downstream signals in DCs were also detected.

Results

The ratios of HLA-DR-, CD86-, and CD80-positive cells to total cells were similar among the

three groups (P>0.05). Compared to the control group, the protein levels of IL-12 and IL-23

in the culture medium and the mRNA levels of IL-12 p35, IL-12 p40 and IL-23 p19 in the

DCs all decreased in dexmedetomidine group (P<0.05). In addition, the proliferation of

CTLs and the secretion of IFN-γ also decreased in the dexmedetomidine group, compared
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with the control group (P<0.05). Moreover, these changes induced by dexmedetomidine in

the dexmedetomidine group were reversed by α2-adrenergic receptor inhibitor yohimbine in

the dexmedetomidine plus yohimbine group. It was also found the decrease of mRNA levels

of IL-12 p35, IL-12 p40 and IL-23 p19 in the dexmedetomidine group could be reversed by

ERK1/2 or AKT inhibitors.

Conclusion

Dexmedetomidine could negatively modulate human immunity by inhibiting the maturation

of DCs and then decreasing the proliferation and cytotoxicity activity of CTLs. The α2-adren-

ergic receptors and its downstreammolecules ERK1/2 and AKT are closely involved in the

modulation of dexmedetomidine on DCs.

Introduction
Tumors are one of the most important health problems of human. Much work has been done
to investigate the methods of prevention and treatments of tumors. So far, surgical excision
remains the main treatment for solid tumors [1, 2]. However, recent studies have shown that
perioperative treatments obviously affect the immunity and the recurrence and metastasis of
tumors after surgery [3]. For example, anesthetic isoflurane enhanced growth and malignant
potential of cultured prostate, renal and ovarian cancer cells via activating hypoxia-inducible
factor (HIF) signaling pathway [4–7]; Surgical stress could inhibit immunity via modulating
natural killer (NK) cells and T lymphocytes [3, 8, 9], and finally increased the survival of circu-
lated tumors cells [10, 11]. Thus much attention is paid to the immunity modulation of periop-
erative treatments of tumor patients.

Dendritic cells (DCs) are antigen presenting cells and play a pivotal role in perioperative
anti-tumor immunity [12]. The anti-tumor function of DCs is mainly depended on the matu-
ration status. Immature DCs facilitate tumor tolerance while mature DCs promote anti-tumor
immunity. For example, in breast cancer patients mature DCs of metastatic lymph nodes were
less than that of non-metastatic lymph nodes [13]. The mature DCs can secret immunostimu-
lating cytokines IL-12 and IL-23 [14]. IL-12 enhances cytotoxic effect of NK cells and CD8+ T
lymphocytes [15]. IL-23 promotes Th17 cells to recruit other immune cells into tumors [16,
17]. In addition, mature DCs can activate cytotoxic T lymphocytes (CTLs) to directly kill
tumor cells [18]. Thus, perioperative drugs that modulate the maturation of DCs may influence
anti-tumor immunity and metastatic recurrence.

Dexmedetomidine (DEX) is often used as a clinical sedative commonly used in anesthesia
and intensive care unit. It functions via α2-adrenoceptors of presynaptic membrane of nerve
cells. It has less inhibition on respiration and less risk to induce delirium relative to other seda-
tives [19]. Thus, it is becoming more and more popular in the tumorectomy anesthesia and
postoperative pain analgesia in tumor patients. However, recently, it is reported that intraperi-
toneal injection with DEX increased growth and metastasis of implanted breast tumor in mice
[20]. In addition, Reeteka Sud detected the expression of α2-adrenoceptors on immune cells
such as monocytes and macrophages [21]. DEX was reported to suppress the phagosome pro-
teolysis and migration of murine bone marrow-derived DCs through α2-adrenoceptors [22].
These research suggest that DEX may influence perioperative immunity of tumor patients, and
affect their prognosis. However, the effect of anesthetics on DCs is variable from different spe-
cies. For example, opioids suppress maturation and function of murine DCs but enhance
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maturation and function of human DCs [23–25]. Therefore here we investigated the influences
of DEX on human cord blood-derived DCs via testing maturation of DCs and detecting prolif-
eration and cytotoxicity of CTLs co-cultured with DCs.

Materials and Methods

Reagents and apparatus
X-VIVO™ 15 serum-free specialty cell culture medium (catalog number: 04-418Q) was pur-
chased from Lonza (Switzerland). DMSO (catalog number: d5879), yohimbine (catalog num-
ber: 731242), PD98059 (catalog number: P215), LY294002 (catalog number: L9908), SB203580
(catalog number: S8307) and FITC conjugated dextran (catalog number: FD40S) were pur-
chased from Sigma (USA). Ficoll Pague PLUS (catalog number: 17-1440-03) was obtained
from GE (USA), rh GM-CSF (recombinant human GM-CSF, catalog number: AF-300-03), rh
IL-4 (catalog number: AF-200-04), rh TNF-α (catalog number: AF-300-01A) and rh IL-2 (cata-
log number: 200–02) were provided by Peprotech (Britain). PE or APC conjugated mouse-
anti-human monoclonal antibody used for the detection of CD 11c, HLA-DR, CD86, CD80
were purchased by Biolegend (USA). Human IL-12 (catalog number: CSB-E04599h), IL-23
(catalog number: CSB-E08461h) and IFN-γ (catalog number: CSB-E04577h) Elisa kit were
obtained by cusabio (China). The α2A rabbit-anti-human antibody (catalog number: ab65833)
was purchased by Abcam (Britain). Reagent of dexmedetomidine was provided by Hengrui
Medicine Company (China).

Induction of cord blood dendritic cells and cytotoxic T lymphocytes
The research was approved by the Institutional Review Board of the Third Xiangya Hospital of
Central South University and was registered with the Chinese Clinical Trial Registry (ChiC-
TR-IPR-14005271). Cord blood (60-80ml) was obtained from each healthy puerperant
informed by written consent fromMay 2014 to April 2015. Cord blood diluted with normal
saline (1:1) was added on the surface of the Ficoll and then centrifugated with 400G for 25 min-
utes at 20°C. Mononuclear cells of cord blood were taken out from the interlayer and cultured
in the serum-free medium for 2hrs at 37°C. Cultured cells were then separated into adherent
cells and suspension cells.

In order to get the DCs, adherent cells were further cultured in X-VIVO™ 15 serum-free
medium plus rh GM-CSF (100ng/ml) and rh IL-4 (100ng/ml). Fresh serum-free medium plus
rh GM-CSF and IL-4 (both 100ng/ml) were added into the medium on the 3rd and 5th day,
respectively. Immature DCs were harvested on the 6th day. On the 7th day, rh TNF-α (100ng/
ml) was also added to induce maturation of DCs. On the 8th day, mature DCs were collected
for further analysis and co-culture with CTLs.

In order to get the CTLs, the suspension cells were transferred to another culture flask and
further cultured in X-VIVO™ 15 serum-free medium plus 1000U/ml rh IL-2. Fresh serum-free
medium plus 1000U/ml IL-2 were replenished on the 3rd, the 5th and the 7th days. On the 8th

day, CTLs were matured and collected.
On the 8th day, mature DCs and CTLs were mixed together and were cultured 3 more days

for mixed lymphocyte reaction (MLR). The purpose of MLR assay was for the test of prolifera-
tion activity and IFN-γ level of co-cultured CTLs.

Detection of DC phenotypes
DCs were labeled by PE-conjugated CD11c and CD86, or APC-conjugated HLA-DR and
CD80 for 40 minutes at 4°C, according to the manual instruction. After three washes in PBS,
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DCs were fixed in 4% paraformaldehyde PBS solution, then washed 3 times and finally
detected by flow cytometry FC500 (Bechman coulter). Immature DCs were characterized by
high expression of CD11c and HLA-DR, but relative low expression of CD86 and CD80. While
mature DCs were characterized by high expression of CD86 and CD80. In order to detect the
expression of α2-adrenergic receptors on the cell surface, DCs were incubated in solution of
rabbit-anti-human antibody of α2A receptor for 2hrs. After three washes, DCs were further
incubated in solution of CY3-conjugated goat-anti-rabbit antibody. The positive staining of
α2A receptor was detected by immunofluorescence.

Western blotting
Western blotting was used to assess the expression of ERK1/2/p-ERK1/2, p38/p-p38, AKT/p-
AKT and β-actin in the cultured DCs. The protocol was as the following. Briefly, DCs were col-
lected and homogenized in a lysis buffer containing protease inhibitors cocktails (Roche, Ger-
many, catalog number: P8340) and phenylmethanesulfonylfluoride (PMSF, Sigma, USA, catalog
number: p7626). The quantity of protein of samples was determined using a BCA protein assay
kit (Wellbio, China) according to the manufacturer’s instructions. Equal amounts of protein
samples (/lane) were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinylidene fluoride membranes. Membranes were blocked
with 5% skimmilk in TBST buffer for 1 hr and then incubated with primary antibodies (rabbit
monoclonal antibody to ERK1/2: 1:1000, CST, USA, catalog number #4695S; rabbit monoclonal
antibody to p-ERK1/2: 1:1000, CST, USA, catalog number #4370S; rabbit polyclonal antibody to
AKT: 1:500, Proteintech, USA, catalog number 10176-2-AP; rabbit monoclonal antibody to p-
AKT: 1:1000, CST, USA, catalog number #4060P; rabbit monoclonal antibody to p38: 1:1000,
CST, USA, catalog number #8690S; rabbit polyclonal antibody to p-p38: 1:1000, Bioworld, USA,
catalog number BS4766; rabbit monoclonal antibody to β-actin: 1:4000, proteintech, USA, cata-
log number 60008-1-ig) overnight at 4°C. After three washes, membranes were incubated with
the secondary antibodies (1:3000) at room temperature for 60min. Finally, visualization of the
proteins was accomplished by enhanced chemiluminescence detection kit (Pierce; Thermo Scien-
tific, Shanghai, China), and the intensity of each band was quantified by densitometry. Relative
expression levels of protein were normalized by the ratio of target protein to β-actin.

Real-time quantitative PCR
Total RNA was isolated from the DCs by Trizol reagent (Invitrogen, Barcelona, Spain), accord-
ing to the manufacturer’s instructions. The RNA concentration and quality were determined
with NanoDrop spectrophotometer Nano-200 (Thermo Scientific, Wilmington, DE). Real-
time PCR reactions were run in triplicate for each sample on a Bio-Rad MyCycler iQ5. Primer
sequences were designed using Beacon Designer software (version 7.2, PREMIER Biosoft Inter-
national, Palo Alto, CA) and thoroughly tested. The primers used in the experiment were listed
as follows: human IL-12 p35 (Forward primer: GCT CCA GAA GGC CAGA CAAA; Reverse
primer: GCC AGG CAA CTC CCAT TAGT); human IL-12 p40 (Forward primer: ACC TGA
CCC ACC CAAG AACTT; Reverse primer: TGG ACC TGA ACGC AGAA); human IL-23
p19 (Forward primer: CTC TGC TCC CTG ATAG CCCT; Reverse primer: TGC GAA GGA
TTT TGAA GCGG); human alpha 2A (α2A receptor) (Forward primer: GGT GTT ATG AAG
TCC CTC TATG; Reverse primer: GAA AAG GCA ATT ATG CTG TTAG); human alpha 2B
(α2B receptor) (Forward primer: GTA GAC TTT TGT TCT GTC CCTG; Reverse primer:
TAG CGT AAT AAC TCA GAC CTTT); human alpha 2C (α2C receptor) (Forward primer:
GCT GTG AGG TCA GGG TTT TAG; Reverse primer: GAT TGT CGG TGC TTT CTC
CTT); β-actin (Forward primer: CAT CCT GCG TCT GGAC CTGG; Reverse primer: TAA
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TGT CAC GCA CGAT TTCC). In brief, 1 μg of total RNA was reverse-transcribed using the
cDNA Synthesis Kit (Fermentas). The PCR reaction was run for 30 cycles for 94°C(30s), 60°C
(30s), 72°C(30s). After amplification, a threshold was set for each gene and Ct values were cal-
culated for all samples. Gene expression changes were analyzed using the built-in iQ5 Optical
system software. The results were normalized using a reference gene, β-actin, determined with
Genex software as the most stable for the treatment conditions used. For the RT-PCR, the
products were separated in 1% agarose gels. DNA bands were visualized with ethidium bro-
mide and analyzed using UNSCANIT software package.

ELISA
Concentrations of IL-12, IL-23 and IFN-γ in the supernatant of DCs and CTLs were measured
using ELISA kits (cusabio, China) according to the manufacturer’s protocol. Developed color
reaction was measured as OD units at 450 nm. The detectable concentration ranges were 4.7
pg/ml-300 pg/ml for human IL-12; 4.7 pg/ml-300 pg/ml for human IL-23; 6.25 pg/ml-400 pg/
ml for human IFN-γ.

Endocytosis assay with FITC-dextran
The endocytosis assay was performed as previously described [26, 27]. Immature DCs (1×106

cells/ml) collected on the 6th day were incubated in X-VIVO™ 15 serum-free medium plus
FITC-dextran (final concentration: 50μg/ml) and DEX (1ng/ml, 2ng/ml and 4ng/ml respec-
tively) at 37°C for 30 minutes. Endocytosis of the tracer was stopped at the indicated time
points by rapidly cooling the cells on ice. After washing three times with cold PBS, the cells
were detected via flow cytometry FC500 (Bechman coulter). Incubation of cells with FITC-dex-
tran on ice was used as a background control. The mean fluorescence intensity (MFI) resulting
from the subtraction of background control from each experimental sample represented the
quantity of incorparated tracer. To examine the effects of α2-adrenoceptor inhibitors on endo-
cytosis, cells were pretreated with yohimbine (4ng/ml, 8ng/ml and 16ng/ml respectively) at
37°C for 30 min. After yohimbine pretreatment, the cells were incubated with the endocytic
tracer and DEX in the presence of yohimbine.

Mixed lymphocyte reaction
DCs and CTLs (DCs/CTLs is 1:5) were mixed and then co-cultured in flasks for 3days. In
order to analyze cell metabolic rate via MTS (3-(4,5-dimethylthiazol-2-yl) -5- (3-carboxy
methoxyphenyl) -2- (4-sulfophenyl)-2H-tetrazolium) assay, 100μl cell suspension of mixed
cells from every flask was transferred into 96-well plates, and then 10μl MTS solution was
added into each well of 96-well plates. Finally, the 96-well plates were kept at 37°C for 1-4hrs
and were detected the OD at 490nm using spectrometer.

Statistical analysis
Data were showed as mean±SD. Data were analyzed using the Student’s t-test. P<0.05 was con-
sidered statistically significant. All statistical analysis was performed using SPSS 19.0 software.

Results

1. Dexmedetomidine inhibits maturation and function of human cord
blood-derived DCs
Mature DCs were usually characterized by the high expression of DC-specific marker CD11c,
major histocompatibility complex molecule HLA-DR, and costimulatory molecules CD80 and
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CD86 [23, 27]. In addition, mature DCs were at semi-suspension state with the shape of veiled
or dendritic spine morphology. In contrast, immature DCs showed the characteristic multiple
spiculated edges [18]. Here we followed the above standards to identify human cord blood-
derived DCs. Similar to previous reports [18], immature human DCs appeared with multiple
spiculated edges (Fig 1A). Matured DCs were veiled or dendritic spine-like at semi-suspension
state (Fig 1A). 77.7% of mature DCs expressed high amounts of CD11c, 83.4% expressed
HLA-DR, 74.9% expressed CD86, and 67.8% expressed CD80 (Fig 1B). The positive ratios
were similar with previous reports [18, 28].

Fig 1. Identification of human DCs. (A) Examples of immature and mature DCs. Immature DCs showed multiple spiculated edges. Mature DCs were veiled
or dendritic spine-like at semi-suspension state; (B) Flow cytometry identification of mature DCs: the ratios of CD11c-, HLA-DR-, CD86-, and CD80-positive
cells to total cells were 77.7%, 83.4%, 74.9% and 67.8%, respectively.

doi:10.1371/journal.pone.0153288.g001
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Based on the cultured DCs, we further investigated the effect of DEX on the maturation and
function of DCs. The maturation of DCs was analyzed via examining (1) the ratios of
HLA-DR-, CD86-, and CD80-positive cells and (2) the secretion of IL-12 and IL-23. We found
that the ratios of HLA-DR-, CD86-, and CD80-positive cells to total cells were similar among
the control group, DEX group and DEX plus yohimbine group (P>0.05) (data not shown).
However, compared to the control group, the protein levels of IL-12 and IL-23 in the culture
medium of DCs decreased dose-dependently in DEX group (P<0.05) (Fig 2D and 2E, S1
Table). To further investigate the effect of DEX on these two proinflammatory cytokines, we
analyzed the mRNAs of IL-12 p35, IL-12 p40 and IL-23 p19 by real-time PCR. IL-12 is com-
posed of subunits IL-12 p35 and IL-12 p40. And IL-23 is composed of subunits IL-23 p19 and
IL-12 p40. Thus IL-12 p40 is the common subunit of IL-12 and IL-23. Compared to the control
group, the mRNA levels of IL-12 p35, IL-12 p40 and IL-23 p19 were decreased in DEX group
(P<0.05) (Fig 2A, 2B and 2C, S1 Table). These showed that DEX inhibited the maturation of
DCs.

The function of DCs was analyzed via endocytosis assay of immature DCs, the proliferation
assay and IFN-γ secretion of co-cultured CTLs. We found that the MFI (mean fluorescence
intensity) of endocytic FITC-dextran detected by flow cytometry was similar among the con-
trol group, DEX group and DEX plus yohimbine group (P>0.05) (data not shown). Thus, DEX
did not show notable effect on endocytosis function of immature DCs. However, compared
with the control group, the proliferative activity of co-cultured CTLs decreased dose-depen-
dently in DEX group (P<0.05) (Fig 3A, S2 Table). Meanwhile, compared to the control group,
the protein level of IFN-γ in the medium of co-cultured CTLs also decreased in DEX group

Fig 2. Effect of DEX on IL-12 and IL-23 production in mature DCs. (A), (B) and (C) showed mRNA levels of IL-12 p35, IL-12 p40 and IL-23 p19,
respectively. (D) and (E) showed the protein levels of IL-12 and IL-23, respectively. “DEX” is short for dexmedetomidine, “YOH” is short for yohimbine.
Immature DCs were differentiated in the absence or presence of different doses of DEX (1ng/ml, 2ng/ml and 4ng/ml) and yohimbine (4ng/ml, 8ng/ml and
16ng/ml) for 1 day before matured with TNF-α (“-”means do not add DEX or yohimbine). Grouping is consistent in these bar charts. The data were expressed
as mean±SD of the results from these experiments. #: P<0.05, compared to the control group; *: P<0.05, compared to the relative DEX only group.

doi:10.1371/journal.pone.0153288.g002
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(P<0.05) (Fig 3B, S2 Table). These showed that DEX also inhibited the function of mature
DCs.

2. α2-adrenoceptors and downstream ERK1/2 and AKT signals were
closely involved in the modulation of DEX on DCs
DEX is an agonist of α2-adrenoceptor. In order to explore the possible mechanisms of DEX’s
modulation on perioperative immunity, we first examined the expression of α2-adrenoceptors
on human DCs by RT-PCR and immunofluorescence. In line with the study of murine DCs
[22, 26], expression of α2-adrenoceptors was also detected in human DCs (Fig 4).

Yohimbine is an antagonist of α2-adrenoceptor. In order to determine the mechanism of
DEX, we compared the difference of maturation and function of DCs among the normal con-
trol, DEX treatment and DEX plus yohimbine treatment groups. We found that compared to
the normal control, DEX treatment decreased (1) protein levels of IL-12 and IL-23 and (2)
mRNA levels of IL-12 p35, IL-12 p40 and IL-23 p19 of DCs (Fig 2, S1 Table). These indicated
that DEX inhibited maturation of human DCs. However, compared to the DEX group,
α2-adrenoceptor antagonist yohimbine reversed DEX-induced decreases of (1) protein levels
of IL-12 and IL-23 (P<0.05) (Fig 2D and 2E, S1 Table) and (2) mRNA levels of IL-12 p35, IL-
12 p40 and IL-23 p19 (P<0.05) (Fig 2A, 2B and 2C, S1 Table) in DEX plus yohimbine group.
These showed that DEX inhibited maturation of human DCs via α2-adrenoceptors. In addi-
tion, DEX-treated DCs could inhibit proliferation of CTLs (Fig 3A, S2 Table) and IFN-γ level
of CTLs co-cultured with DCs (Fig 3B, S2 Table), although normal DCs didn’t have similar
function. These indicated that DEX also inhibited function of human DCs. Moreover, α2-adre-
noceptor inhibitor yohimbine could reverse DEX-induced changes of cell proliferation (Fig 3A,
S2 Table) and IFN-γ level (Fig 3B, S2 Table) of CTLs. Thus, DEX inhibited the maturation and
function of DCs possibly through α2-adrenoceptors.

AKT, ERK1/2 and p38 are main downstream signal molecules of α2-adrenoceptors activa-
tion in mouse [26, 29–31]. In order to determine whether these molecules were the targets of
DEX in human DCs, we compared total protein levels and activation of AKT, ERK1/2 and p38
(active forms of these molecules were p-AKT, p-ERK1/2 and p-p38, respectively) among the
normal control, DEX treatment and DEX plus yohimbine treatment groups. We found that
levels of total AKT, ERK1/2 and p38 molecules were similar among these three groups.

Fig 3. Effects of DEX-treated DCs on co-cultured CTLs proliferation and IFN-γ production. (A) Showing the CTLs proliferation via MTS assay. (B)
Showing IFN-γ secretion of CTLs via Elisa detection. CTLs were co-cultured with DCs pretreated with different doses of DEX or yohimbine. The data were
expressed as mean±SD. #: P<0.05, compared to the control group; *: P<0.05, compared to the relative DEX only group.

doi:10.1371/journal.pone.0153288.g003
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However, compared to the normal control, DEX treatment significantly enhanced p-AKT and
p-ERK1/2 levels of DCs (Fig 5A and 5B). And blocking α2-adrenoceptors by inhibitor yohim-
bine, however, reversed DEX-induced enhancement of p-AKT and p-ERK1/2 levels in DEX
plus yohimbine treatment group (Fig 5A and 5B). In contrast, DEX and yohimbine showed lit-
tle or no effect on p-p38 levels (Fig 5C). These suggested that p-ERK1/2 and p-AKT were the
possible targets of DEX in human DCs.

The up-regulation of IL-12 and IL-23 production is one of the characteristic of DC matura-
tion. To further confirm the roles of ERK1/2 and AKT signals on DEX’s modulation in human
DCs, we examined mRNA levels of the subunits IL-12 p35, IL-12 p40 and IL-23 p19 among
the normal control, DEX treatment and DEX plus signal inhibitor groups (PD98059 is the
inhibitor of p-ERK1/2; LY294002 is the inhibitor of p-AKT). We found that compared to the
normal control, DEX treatment decreased mRNA levels of IL-12 p35, IL-12 p40 and IL-23 p19
of DCs (P<0.05) (Fig 5D and 5E, S3 Table). And blocking ERK1/2 signal with inhibitor
PD98059 significantly reversed DEX-induced decreases of IL-12 p35 and IL-23 p19 in DEX
plus PD98059 treatment group (P<0.05) (Fig 5A and 5D, S3 Table). Similar to the role of
ERK1/2, p-AKT inhibitor LY294002 also reversed DEX treatment-induced decreases of IL-12

Fig 4. Expression of α2-adrenoceptors. (A) mRNA expressions of α2A and α2B receptors in DCs. Abbreviations: ADRA2A (α2A receptor); ADRA2B (α2B
receptor); ADRA2C (α2C receptor); ACTB (actin beta); (B) immunostaining of α2A receptors of immature DCs and mature DCs (magnification ×400).

doi:10.1371/journal.pone.0153288.g004
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p35 and IL-12 p40 (P<0.05) (Fig 5B and 5E, S3 Table). Thus p-ERK1/2 and p-AKT were the
main downstream signals of DEX’s modulation in human DCs.

Discussion
The purpose of our study was to investigate the effects and mechanisms of dexmedetomidine
(DEX) on the cultured human dendritic cells (DCs). We demonstrated that DEX suppressed the
production and secretion of IL-12 and IL-23 from human DCs, and decreased cell proliferation
rate and IFN-γ secretion in CTLs co-cultured with DCs. We also found that human DCs expressed
α2-adrenoreceptors, and inhibiting α2-adrenoreceptor by inhibitor yohimbine reversed the effects
of DEX on DCs and co-cultured CTLs. Further study showed that α2-adrenoreceptor inhibitor
yohimbine could inhibit DEX-induced activation of α2-adrenoreceptor downstream signal mole-
cules ERK1/2 and AKT in DEX-treated DCs. ERK1/2 inhibitor could reverse the inhibition of
DEX on expression of IL-12 p35 and IL-23 p19, and AKT inhibitor could reversed the inhibition of
DEX on expression of IL-12 p35 and IL-12 p40. These results suggest that DEX inhibits the matu-
ration and function of DCs via α2-adrenoreceptors and its downstream signals ERK1/2 and AKT.

Perioperative anesthesia significantly affects the recurrence and metastasis of tumors after sur-
gery [32–35]. Previous studies showed that compared to the general anesthesia, paravertebral
anesthesia obviously reduced the risk of recurrence and metastasis of breast cancer during the
initial 36 months after surgery [36]. Further studies showed that anesthesia could obviously mod-
ulate the perioperative immunity of patients, which was the possible mechanism underlying the

Fig 5. ERK1/2, AKT and p38 in human DCs. (A) ERK1/2 and p-ERK1/2 expressions: immature DCs were cultured in the absence or presence of DEX (2ng/
ml), yohimbine (8ng/ml) and PD98059 (40μM). After 30 min, cells were harvested to test protein levels of ERK1/2 and p-ERK1/2; (B) AKT and p-AKT
expressions: immature DCs were cultured in the absence or presence of DEX (2ng/ml), yohimbine (8ng/ml) and LY294002 (30μM). After 30 min, cells were
harvested to test protein levels of AKT and p-AKT; (C) p38 and p-p38 expressions: immature DCs were cultured in the absence or presence of DEX (2ng/ml),
yohimbine (8ng/ml) and SB203580 (30μM). After 30 min, cells were harvested to test protein levels of p38 and p-p38. (D) Immature DCs were cultured in the
absence or presence of PD98059 (40Μ) for 30 min, followed by treatment with DEX (2ng/ml) for 30 min, then matured with TNF-α (100ng/ml). After 24hrs,
cells were collected to test mRNA levels of IL-12 p35, IL-12 p40 and IL-23 p19; (E) Immature DCs were cultured in the absence or presence of LY294002
(30Μ) for 30 min, followed by treatment with DEX (2ng/ml) for 30 min, then matured with TNF-α (100ng/ml). After 24hrs, cells were collected to test mRNA
levels of IL-12 p35, IL-12 p40 and IL-23 p19. The results are presented as mean±SD. *P<0.05.

doi:10.1371/journal.pone.0153288.g005
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anesthesia-induced recurrence and metastasis of tumors after surgery [7, 27, 28]. Dexmedetomi-
dine (DEX) is a sedative used widely in tumorectomy anesthesia and postoperative analgesia.
However, recently, Ueshima reported that DEX negatively modulated the immunity of murine
DCs by suppressing the phagosome proteolysis and migration of DCs [22]. This suggested that
the perioperative use of DEX could affect the perioperative immunity and further affect the
recurrence and metastasis of tumors after surgery. DCs and CTLs are both important immune
cells against tumor cells. In order to investigate the effects of DEX on the perioperative immunity
of patients, we detected the effects of DEX on human DCs and CTLs. We found that (1) DEX
inhibited maturation and function of human DCs (Fig 2), and (2) DEX-treated DCs could inhibit
the immune function of CTLs (Fig 3). These showed that DEX could inhibit the perioperative
immunity of patients, in line with the report of Ueshima [22]. Further study showed that human
DCs expressed the α2-adrenoreceptors (Fig 4), the DEX targeted receptor. And α2-adrenorecep-
tor inhibitor yohimbine partly reversed the inhibitory effects of DEX on DCs and co-cultured
CTLs (Figs 2 and 3). This proved that DEXmodulated perioperative immunity mainly by
α2-adrenoreceptors. Previous study indicated that ERK1/2, AKT and p38 were the main down-
stream signals of murine α2-adrenoreceptors [26, 29–31]. Thus we also detected the effects of
DEX on the ERK1/2, p38 and AKT in human DCs. Interestingly, ERK1/2 and AKT were both
activated in DEX-treated DCs, which was inhibited by α2-adrenoreceptors antagonist yohimbine
(Fig 5). ERK1/2 inhibitor and AKT inhibitor also blocked the effects of DEX on the human DCs,
respectively (Fig 5). These suggested that ERK1/2 and AKT were the main downstream signals
molecules of DEX activated α2-adrenoreceptors in DCs.

Previous study showed that venous infusion with DEX reduced the plasma levels of proin-
flammatory cytokines such as TNF-α and IL-6 in rats [37]. Brain surgery patients may also bene-
fit from DEX for its neuroprotective effect [38]. These above informations are contrary to the
DEX’s immunosuppression of our data, suggesting the diverse functions of DEX during different
pathological conditions. Regretfully, we detected only the effects of short-term treatment of DEX
on human DCs. The long-term effects of DEX exposure on the DCs remain unclear. In addition,
the dose choice of DEX in cultured cells is based on the clinical plasma concentration, but the
real condition of DEX treatment on the immunity of tumor patients need further confirmation.

Briefly, our data showed that dexmedetomidine could inhibit immunity of cultured human
dendritic cells via activating of α2-adrenoreceptors and its downstream signals ERK1/2 and
AKT. The perioperative use of dexmedetomidine should be careful in tumor patients.

Supporting Information
S1 Table. Effect of DEX on IL-12 and IL-23 in mature DCs.
(DOCX)

S2 Table. Effects of DEX-treated DCs on co-cultured CTLs proliferation and IFN-γ protein.

(DOCX)

S3 Table. Effects of AKT, ERK1/2 inhibitors on production of IL-12 p35, IL-12 p40 and IL-
23 p19.
(DOCX)

Acknowledgments
This work is supported by grants from National Natural Science Foundation of China (No.
81172200). We appreciate the helpful suggestions of Guancheng Li and Yuehui Li from
Research Institute of Oncology, Central South University on this study.

Dexmedetomidine Inhibits Maturation and Function of Human DCs

PLOSONE | DOI:10.1371/journal.pone.0153288 April 7, 2016 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153288.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153288.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153288.s003


Author Contributions
Conceived and designed the experiments: GCWO. Performed the experiments: GC LZ XL Y.
Le. Analyzed the data: GC Y. Li LG JT. Contributed reagents/materials/analysis tools: QL KD
WO. Wrote the paper: GC JTWO.

References
1. Matsen CB, Neumayer LA. Breast cancer: a review for the general surgeon. JAMA surgery. 2013; 148

(10):971–9. doi: 10.1001/jamasurg.2013.3393 PMID: 23986370.

2. Hennon MW, Yendamuri S. [Advance in lung cancer surgery]. Zhongguo fei ai za zhi = Chinese journal
of lung cancer. 2013; 16(3):C5–8. doi: 10.3779/j.issn.1009-3419.2013.03.11 PMID: 23677002.

3. Gottschalk A, Sharma S, Ford J, Durieux ME, Tiouririne M. Review article: the role of the perioperative
period in recurrence after cancer surgery. Anesthesia and analgesia. 2010; 110(6):1636–43. doi: 10.
1213/ANE.0b013e3181de0ab6 PMID: 20435944.

4. Tavare AN, Perry NJ, Benzonana LL, Takata M, Ma D. Cancer recurrence after surgery: direct and indi-
rect effects of anesthetic agents. International journal of cancer Journal international du cancer. 2012;
130(6):1237–50. doi: 10.1002/ijc.26448 PMID: 21935924.

5. Luo X, Zhao H, Hennah L, Ning J, Liu J, Tu H, et al. Impact of isoflurane on malignant capability of ovar-
ian cancer in vitro. British journal of anaesthesia. 2015; 114(5):831–9. doi: 10.1093/bja/aeu408 PMID:
25501719.

6. Benzonana LL, Perry NJ, Watts HR, Yang B, Perry IA, Coombes C, et al. Isoflurane, a commonly used
volatile anesthetic, enhances renal cancer growth and malignant potential via the hypoxia-inducible fac-
tor cellular signaling pathway in vitro. Anesthesiology. 2013; 119(3):593–605. doi: 10.1097/ALN.
0b013e31829e47fd PMID: 23774231.

7. Huang H, Benzonana LL, Zhao H, Watts HR, Perry NJ, Bevan C, et al. Prostate cancer cell malignancy
via modulation of HIF-1alpha pathway with isoflurane and propofol alone and in combination. British
journal of cancer. 2014; 111(7):1338–49. doi: 10.1038/bjc.2014.426 PMID: 25072260; PubMed Central
PMCID: PMC4183852.

8. Hiller J, Brodner G, Gottschalk A. Understanding clinical strategies that may impact tumour growth and
metastatic spread at the time of cancer surgery. Best practice & research Clinical anaesthesiology.
2013; 27(4):427–39. doi: 10.1016/j.bpa.2013.10.003 PMID: 24267549.

9. Iwasaki M, Edmondson M, Sakamoto A, Ma D. Anesthesia, surgical stress, and "long-term" outcomes.
Acta anaesthesiologica Taiwanica: official journal of the Taiwan Society of Anesthesiologists. 2015; 53
(3):99–104. doi: 10.1016/j.aat.2015.07.002 PMID: 26235899.

10. Koda K, Saito N, Takiguchi N, Oda K, Nunomura M, Nakajima N. Preoperative natural killer cell activity:
correlation with distant metastases in curatively research colorectal carcinomas. International surgery.
1997; 82(2):190–3. PMID: 9331851.

11. Koda K, Saito N, Oda K, Seike K, Kondo E, Ishizuka M, et al. Natural killer cell activity and distant
metastasis in rectal cancers treated surgically with and without neoadjuvant chemoradiotherapy. Jour-
nal of the American College of Surgeons. 2003; 197(2):254–60. doi: 10.1016/s1072-7515(03)00115-7
PMID: 12892809

12. YJ L. Dendritic cell subsets and lineages, and their functions in innate and adaptive immunity. Cell.
2001; 106(3):259–62. PMID: 11509173

13. Mansfield AS, Heikkila P, von Smitten K, Vakkila J, Leidenius M. Metastasis to sentinel lymph nodes in
breast cancer is associated with maturation arrest of dendritic cells and poor co-localization of dendritic
cells and CD8+ T cells. Virchows Archiv: an international journal of pathology. 2011; 459(4):391–8. doi:
10.1007/s00428-011-1145-3 PMID: 21894561.

14. Dudek AM, Martin S, Garg AD, Agostinis P. Immature, Semi-Mature, and Fully Mature Dendritic Cells:
Toward a DC-Cancer Cells Interface That Augments Anticancer Immunity. Frontiers in immunology.
2013; 4:438. doi: 10.3389/fimmu.2013.00438 PMID: 24376443; PubMed Central PMCID:
PMC3858649.

15. Vignali DA KV. IL-12 family cytokines: immunological playmakers. Nat Immunol. 2012;2012 Jul 19; 13
(8):722–8. doi: 10.1038/ni.2366 PMID: 22814351

16. Ngiow SF, Teng MW, Smyth MJ. A balance of interleukin-12 and -23 in cancer. Trends in immunology.
2013; 34(11):548–55. doi: 10.1016/j.it.2013.07.004 PMID: 23954142.

17. Guery L, Hugues S. Th17 Cell Plasticity and Functions in Cancer Immunity. BioMed research interna-
tional. 2015; 2015:314620. doi: 10.1155/2015/314620 PMID: 26583099; PubMed Central PMCID:
PMC4637016.

Dexmedetomidine Inhibits Maturation and Function of Human DCs

PLOSONE | DOI:10.1371/journal.pone.0153288 April 7, 2016 12 / 14

http://dx.doi.org/10.1001/jamasurg.2013.3393
http://www.ncbi.nlm.nih.gov/pubmed/23986370
http://dx.doi.org/10.3779/j.issn.1009-3419.2013.03.11
http://www.ncbi.nlm.nih.gov/pubmed/23677002
http://dx.doi.org/10.1213/ANE.0b013e3181de0ab6
http://dx.doi.org/10.1213/ANE.0b013e3181de0ab6
http://www.ncbi.nlm.nih.gov/pubmed/20435944
http://dx.doi.org/10.1002/ijc.26448
http://www.ncbi.nlm.nih.gov/pubmed/21935924
http://dx.doi.org/10.1093/bja/aeu408
http://www.ncbi.nlm.nih.gov/pubmed/25501719
http://dx.doi.org/10.1097/ALN.0b013e31829e47fd
http://dx.doi.org/10.1097/ALN.0b013e31829e47fd
http://www.ncbi.nlm.nih.gov/pubmed/23774231
http://dx.doi.org/10.1038/bjc.2014.426
http://www.ncbi.nlm.nih.gov/pubmed/25072260
http://dx.doi.org/10.1016/j.bpa.2013.10.003
http://www.ncbi.nlm.nih.gov/pubmed/24267549
http://dx.doi.org/10.1016/j.aat.2015.07.002
http://www.ncbi.nlm.nih.gov/pubmed/26235899
http://www.ncbi.nlm.nih.gov/pubmed/9331851
http://dx.doi.org/10.1016/s1072-7515(03)00115-7
http://www.ncbi.nlm.nih.gov/pubmed/12892809
http://www.ncbi.nlm.nih.gov/pubmed/11509173
http://dx.doi.org/10.1007/s00428-011-1145-3
http://www.ncbi.nlm.nih.gov/pubmed/21894561
http://dx.doi.org/10.3389/fimmu.2013.00438
http://www.ncbi.nlm.nih.gov/pubmed/24376443
http://dx.doi.org/10.1038/ni.2366
http://www.ncbi.nlm.nih.gov/pubmed/22814351
http://dx.doi.org/10.1016/j.it.2013.07.004
http://www.ncbi.nlm.nih.gov/pubmed/23954142
http://dx.doi.org/10.1155/2015/314620
http://www.ncbi.nlm.nih.gov/pubmed/26583099


18. Liu QL, Wang YS, Wang JX. Effect of insulin on functional status of cord blood-derived dendritic cells
and on dendritic cell-induced CTL cytotoxicity against pancreatic cancer cell lines. Hepatobiliary & pan-
creatic diseases international: HBPD INT. 2009; 8(5):529–34. PMID: 19822498.

19. Xia ZQ, Chen SQ, Yao X, Xie CB, Wen SH, Liu KX. Clinical benefits of dexmedetomidine versus propo-
fol in adult intensive care unit patients: a meta-analysis of randomized clinical trials. The Journal of sur-
gical research. 2013; 185(2):833–43. doi: 10.1016/j.jss.2013.06.062 PMID: 23910886.

20. MJ S, KA B, RP D, EB B, KS M. The antidepressant desipramine and α2-adrenergic receptor activation
promote breast tumor progression in association with altered collagen structure. Cancer Prev Res
(Phila). 2013; 6(12):1262–72. doi: 10.1158/1940-6207.CAPR-13-0079

21. Sud R, Spengler RN, Nader ND, Ignatowski TA. Antinociception occurs with a reversal in α2-adreno-
ceptor regulation of TNF production by peripheral monocytes/macrophages from pro- to anti-inflamma-
tory. European Journal of Pharmacology. 2008; 588(2–3):217–31. doi: 10.1016/j.ejphar.2008.04.043
PMID: 18514187

22. Ueshima H, Inada T, Shingu K. Suppression of phagosome proteolysis and Matrigel migration with the
alpha2-adrenergic receptor agonist dexmedetomidine in murine dendritic cells. Immunopharmacology
and immunotoxicology. 2013; 35(5):558–66. doi: 10.3109/08923973.2013.822509 PMID: 23927488.

23. Messmer D, Hatsukari I, Hitosugi N, Schmidt-Wolf IG, Singhal PC. Morphine reciprocally regulates IL-
10 and IL-12 production by monocyte-derived human dendritic cells and enhances T cell activation.
Molecular medicine. 2006; 12(11–12):284–90. doi: 10.2119/2006-00043.Messmer PMID: 17380193;
PubMed Central PMCID: PMC1829197.

24. Meng J, Meng Y, Plotnikoff NP, Youkilis G, Griffin N, Shan F. Low dose naltrexone (LDN) enhances
maturation of bone marrow dendritic cells (BMDCs). International immunopharmacology. 2013; 17
(4):1084–9. PMID: 24455776.

25. Wang J, Ma J, Charboneau R, Barke R, Roy S. Morphine inhibits murine dendritic cell IL-23 production
by modulating Toll-like receptor 2 and Nod2 signaling. The Journal of biological chemistry. 2011; 286
(12):10225–32. doi: 10.1074/jbc.M110.188680 PMID: 21245149; PubMed Central PMCID:
PMC3060476.

26. Yanagawa Y, Matsumoto M, Togashi H. Enhanced dendritic cell antigen uptake via alpha2 adrenocep-
tor-mediated PI3K activation following brief exposure to noradrenaline. Journal of immunology. 2010;
185(10):5762–8. doi: 10.4049/jimmunol.1001899 PMID: 20935206.

27. NO, Y O, C T, T M, Y F. Midazolam suppresses maturation of murine dendritic cells and priming of lipo-
polysaccharide-induced t helper 1-type immune response. Anesthesiology. 2011; 114(2):355–62. doi:
10.1097/ALN.0b013e3182070c1f PMID: 21245731

28. Ohta N, Ohashi Y, Fujino Y. Ketamine inhibits maturation of bone marrow-derived dendritic cells and
priming of the Th1-type immune response. Anesthesia and analgesia. 2009; 109(3):793–800. doi: 10.
1213/ane.0b013e3181adc384 PMID: 19690248.

29. Yaniv SP, Lucki A, Klein E, Ben-Shachar D. Dexamethasone enhances the norepinephrine-induced
ERK/MAPK intracellular pathway possibly via dysregulation of the alpha2-adrenergic receptor: implica-
tions for antidepressant drug mechanism of action. European journal of cell biology. 2010; 89(9):712–
22. doi: 10.1016/j.ejcb.2010.05.002 PMID: 20605057.

30. Kang BY, Lee SW, Kim TS. Stimulation of interleukin-12 production in mouse macrophages via activa-
tion of p38 mitogen-activated protein kinase by α2-adrenoceptor agonists. European Journal of Phar-
macology. 2003; 467(1–3):223–31. doi: 10.1016/s0014-2999(03)01628-5 PMID: 12706479

31. Gu J, Sun P, Zhao H, Watts HR, Sanders RD, Terrando N, et al. Dexmedetomidine provides renopro-
tection against ischemia-reperfusion injury in mice. Critical care. 2011; 15(3):R153. doi: 10.1186/
cc10283 PMID: 21702944; PubMed Central PMCID: PMC3219027.

32. Snyder GL, Greenberg S. Effect of anaesthetic technique and other perioperative factors on cancer
recurrence. British Journal of Anaesthesia. 2010; 105(2):106–15. doi: 10.1093/bja/aeq164 PMID:
20627881

33. Gong L, Dong C, OuyangW, Qin Q. Regulatory T cells: a possible promising approach to cancer recur-
rence induced by morphine. Medical hypotheses. 2013; 80(3):308–10. doi: 10.1016/j.mehy.2012.12.
013 PMID: 23313332.

34. PYW, SF HS, TM K, GN T, UE S, F S, et al. Potential influence of the anesthetic technique used during
open radical prostatectomy on prostate cancer-related outcome: a retrospective study. Anesthesiology.
2010; 113(3):570–6. doi: 10.1097/ALN.0b013e3181e4f6ec PMID: 20683253

35. B B, E M, DCM, JM F, DI S, DJ. B. Anesthetic technique for radical prostatectomy surgery affects can-
cer recurrence: a retrospective analysis. Anesthesiology. 2008; 109(2):180–7. doi: 10.1097/ALN.
0b013e31817f5b73 PMID: 18648226

36. AK E, DJ B, DCM, E M, DI S. Can anesthetic technique for primary breast cancer surgery affect recur-
rence or metastasis? Anesthesiology. 2006; 105(4):660–4. PMID: 17006061

Dexmedetomidine Inhibits Maturation and Function of Human DCs

PLOSONE | DOI:10.1371/journal.pone.0153288 April 7, 2016 13 / 14

http://www.ncbi.nlm.nih.gov/pubmed/19822498
http://dx.doi.org/10.1016/j.jss.2013.06.062
http://www.ncbi.nlm.nih.gov/pubmed/23910886
http://dx.doi.org/10.1158/1940-6207.CAPR-13-0079
http://dx.doi.org/10.1016/j.ejphar.2008.04.043
http://www.ncbi.nlm.nih.gov/pubmed/18514187
http://dx.doi.org/10.3109/08923973.2013.822509
http://www.ncbi.nlm.nih.gov/pubmed/23927488
http://dx.doi.org/10.2119/2006-00043.Messmer
http://www.ncbi.nlm.nih.gov/pubmed/17380193
http://www.ncbi.nlm.nih.gov/pubmed/24455776
http://dx.doi.org/10.1074/jbc.M110.188680
http://www.ncbi.nlm.nih.gov/pubmed/21245149
http://dx.doi.org/10.4049/jimmunol.1001899
http://www.ncbi.nlm.nih.gov/pubmed/20935206
http://dx.doi.org/10.1097/ALN.0b013e3182070c1f
http://www.ncbi.nlm.nih.gov/pubmed/21245731
http://dx.doi.org/10.1213/ane.0b013e3181adc384
http://dx.doi.org/10.1213/ane.0b013e3181adc384
http://www.ncbi.nlm.nih.gov/pubmed/19690248
http://dx.doi.org/10.1016/j.ejcb.2010.05.002
http://www.ncbi.nlm.nih.gov/pubmed/20605057
http://dx.doi.org/10.1016/s0014-2999(03)01628-5
http://www.ncbi.nlm.nih.gov/pubmed/12706479
http://dx.doi.org/10.1186/cc10283
http://dx.doi.org/10.1186/cc10283
http://www.ncbi.nlm.nih.gov/pubmed/21702944
http://dx.doi.org/10.1093/bja/aeq164
http://www.ncbi.nlm.nih.gov/pubmed/20627881
http://dx.doi.org/10.1016/j.mehy.2012.12.013
http://dx.doi.org/10.1016/j.mehy.2012.12.013
http://www.ncbi.nlm.nih.gov/pubmed/23313332
http://dx.doi.org/10.1097/ALN.0b013e3181e4f6ec
http://www.ncbi.nlm.nih.gov/pubmed/20683253
http://dx.doi.org/10.1097/ALN.0b013e31817f5b73
http://dx.doi.org/10.1097/ALN.0b013e31817f5b73
http://www.ncbi.nlm.nih.gov/pubmed/18648226
http://www.ncbi.nlm.nih.gov/pubmed/17006061


37. Qiao H, Sanders RD, Ma D, Wu X, Maze M. Sedation improves early outcome in severely septic Spra-
gue Dawley rats. Critical care. 2009; 13(4):R136. doi: 10.1186/cc8012 PMID: 19691839; PubMed Cen-
tral PMCID: PMC2750194.

38. Ma D, Hossain M, Rajakumaraswamy N, Arshad M, Sanders RD, Franks NP, et al. Dexmedetomidine
produces its neuroprotective effect via the alpha 2A-adrenoceptor subtype. European journal of phar-
macology. 2004; 502(1–2):87–97. doi: 10.1016/j.ejphar.2004.08.044 PMID: 15464093.

Dexmedetomidine Inhibits Maturation and Function of Human DCs

PLOSONE | DOI:10.1371/journal.pone.0153288 April 7, 2016 14 / 14

http://dx.doi.org/10.1186/cc8012
http://www.ncbi.nlm.nih.gov/pubmed/19691839
http://dx.doi.org/10.1016/j.ejphar.2004.08.044
http://www.ncbi.nlm.nih.gov/pubmed/15464093

