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Combined Neuroprotective Effects of Propofol and Dexmedetomidine 
on Endoplasmic Reticulum Stress-mediated Apoptosis  

in SH-SY5Y Cells
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Abstract : Propofol is a short-acting intravenous anesthetic agent.  Dexmedetomi-
dine, a highly selective α2-adrenergic receptor agonist, has a well-known sedative 
effect.  Both agents exhibit cytoprotective effects in the nervous system under 
ischemic conditions.  Recently, the combination of propofol plus dexmedetomidine 
was used for the sedation of mechanically ventilated patients in an intensive care 
unit, but there are few experimental reports of the protective effects of the pro-
pofol plus dexmedetomidine combination in cells.  Meanwhile, intraoperative brain 
ischemia–reperfusion induces endoplasmic reticulum （ER） stress-mediated apoptosis.  
The aim of the present study was to clarify molecular details underlying the neu-
roprotection afforded by the combination of propofol plus dexmedetomidine against 
thapsigargin （TG）-induced ER stress in human neuroblastoma SH-SY5Y cells, and 
whether the combination provided more ef�cient neuroprotection.  TG was used 
to generate ER stress in SH-SY5Y cells.  Cells were pretreated with propofol or 
dexmedetomidine, individually or in combination, for 1 h before cotreatment with 
TG for 20 h.  There was a signi�cant increase in ［Ca2＋］i, caspase activation, and 
the expression of ER stress biomarkers in TG-induced apoptotic cells.  The increase 
in ［Ca2＋］i and the induction of ER stress by TG were suppressed by pretreatment 
with propofol, dexmedetomidine, and their combination.  The dexmedetomidine-
induced reduction in caspase activity and ER stress biomarkers was inhibited 
by pretreatment with an α2-adrenergic receptor antagonist, but was enhanced by 
pretreatment with a cAMP inhibitor.  Treatment with the propofol plus dexmedeto-
midine combination exhibited the strongest protection against TG-induced apoptosis.  
These results demonstrate that the combination of propofol plus dexmedetomidine 
at clinically relevant concentrations suppresses ER stress-induced apoptosis in neu-
roblastoma SH-SY5Y cells.  The �ndings suggest that the combination of propofol 
plus dexmedetomidine within a clinically relevant concentration range may be used 
safely in patients.
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Introduction

　The 2013 Clinical Practice Guideline For Management of Pain, Agitation and Delirium 
in Adult Patients in Intensive Care Unit1） recommends the use of non-benzodiazepine-
based sedation and adequate analgesia to prevent agitation and delirium.  Propofol and 
dexmedetomidine are known to produce less agitation and delirium.  As agitation and delirium 
are associated with mortality and many adverse events, they must be prevented 2）.  Strategies to 
reduce the unwanted effects of anesthetic agents are important.
　Propofol, a GABAA receptor agonist, is a short-acting intravenous anesthetic agent that is 
used for anesthesia and sedation but has no analgesic action.  It is the preferred sedative in 
intensive care units （ICU） because it offers advantages over benzodiazepines in terms of lack 
of accumulation, rapid onset, and rapid recovery after withdrawal.  Reported adverse effects 
of propofol include hypotension, bradycardia, respiratory depression, and hypertriglyceridemia 3）.  
Furthermore, because prolonged use of high-dose propofol causes propofol infusion syndrome 
（PRIS）, the prolonged use of high-dose propofol should be avoided 3）.
　As propofol does not have any analgesic action, combination with an adjuvant to provide 
analgesia is required.  Furthermore, propofol has been reported to exhibit dose-dependent 
cardiodepressive effects 4）.  Thus, propofol is commonly used in combination with other drugs that 
provide adequate analgesia 5）.
　Dexmedetomidine is a highly selective α2-adrenergic receptor agonist with both sedative and 
analgesic properties that is devoid of respiratory depressant effects 6）.  Dexmedetomidine is 
an alternative to GABA receptor agonists for use as a sedative in the ICU.  In addition to 
producing sedation, dexmedetomidine reduces concurrent analgesic requirements while maintaining 
a patient’s arousability and not compromising respiratory drive7）.  Propofol and dexmedetomidine 
produce less agitation and delirium compared with benzodiazepines, so the combination of 
propofol plus dexmedetomidine is used in the ICU to maintain spontaneous respiration while 
providing adequate sedation.  Several studies have reported that dexmedetomidine infusion 
significantly reduces propofol requirements during the induction and maintenance of general 
anesthesia8）.  In addition, there are many reports that propofol has neuroprotective effects 
against trauma and under ischemic conditions 9, 10）, and we have reported that propofol has 
neuroprotective effects against endoplasmic reticulum （ER） stress-mediated apoptosis 11）.  In 
addition to its well-proven sedative effects, dexmedetomidine has been shown to exert cell-
protective effects in nervous tissue under ischemic conditions 12）.  Recently, the combination of 
propofol plus dexmedetomidine has been used to sedate mechanically ventilated patients in the 
ICU 13）.  However, the relative benefits, and potential harm, of using these two drugs remain 
controversial.  Furthermore, few experiments have investigated the neuroprotective effects of the 
combination of propofol plus dexmedetomidine in cells.
　Intraoperative brain ischemia–reperfusion causes ER stress, decreasing glucose, energy, and ER 
Ca2＋ availability, eventually leading to the induction of apoptosis.  Insults such as ischemia or 
hypoxia not only induce changes in the respiratory, circulatory, and nervous systems in the entire 



221Combined Effects of Propofol and Dexmedetomidine

body, but they also damage individual cells.  Ischemia after surgery causes ER stress and leads 
to rapid activation of the unfolded protein response （UPR）14）.
　The aim of the present study was to clarify the molecular mechanisms underlying the 
neuroprotection afforded by the combination of propofol plus dexmedetomidine against 
thapsigargin （TG）-induced ER stress in human neuroblastoma SH-SY5Y cells, and to determine 
whether the combination provides more efficient neuroprotection.

Materials and methods

Drugs and reagents

　Propofol （2,6-diisopropylphenol）, dexmedetomidine （5-［（1S）-1-（2,3-dimethylphenyl）ethyl］- 
1H-imidazole, hydrochloride）, TG, Dulbecco’s modified Eagle’s medium （DMEM） and Ham’s 
F-12 were purchased from Wako Pure Chemical Industries （Osaka, Japan）.  Fetal bovine serum 
（FBS）, atipamezole and 2′,5′-dideoxyadenosine （ddAdo） were purchased from Sigma-Aldrich 
（St. Louis, MO, USA）.  Antibiotic–antimycotic （penicillin G, streptomycin, amphotericin B） were 
obtained from Life Technologies （Carlsbad, CA, USA）.  All other chemicals used in the present 
study were of the purest grade available commercially.

Cell culture and drug treatment

　SH-SY5Y cells （human neuroblastoma ; EC-94030304） were obtained from the European 
Collection of Authenticated Cell Cultures （ECACC ; London, UK）.  Cells were cultured in 
DMEM / Ham’s F-12 containing 10％ FBS and antibiotic–antimycotic solution and maintained 
under a humidified atmosphere of 5％ CO2 and 95％ air at 37℃ .  To evaluate the effects of 
TG, cells were incubated in DMEM / Ham’s F-12 with or without 1 µM TG （used as a control） 
for 20 h.  SH-SY5Y cells are known to be sensitive to TG treatment 15） and prolonged exposure 
of the cells to TG will induce apoptosis.  In addition, we have reported previously that ER 
stress is induced in SH-SY5Y cells following treatment with 1 µM TG 11）.  In the present study, 
cells were pretreated with propofol （1, 5, 10 µM） or dexmedetomidine （1, 10, 100, 1000 nM）, 
individually or in combination （prop＋dex）, for 1 h before cotreatment with 1 µM TG for 
a further 20 h.  In some experiments, cells were incubated with the α2-adrenergic receptor 
antagonist atipamezole （0.3 µM） or the adenylyl cyclase inhibitor ddAdo （100 µM） for 10 
min prior to treatment with propofol, dexmedetomidine, or prop＋dex.  All treatments were 
performed under sterile conditions.

Caspase-3 and -4 activities

　Caspase-3 and -4 activity was determined fluorometrically using respective synthetic 
peptide substrates.  SH-SY5Y cells that had been pretreated with propofol （1, 5, 10 µM）, 
dexmedetomidine （1, 10, 100, 1000 nM）, or prop＋dex for 1 h before incubation with TG for 
another 20 h were rinsed with cold phosphate-buffered saline （PBS）, resuspended in chilled cell 
lysis buffer （Cell Signaling Technology, Danvers, MA, USA）, and incubated on ice for 10 min.  
Then, after incubation,　reaction buffer containing 10 µM dithiothreitol （Medical & Biological 
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Laboratories, Aichi, Japan） and the respective specific peptide substrate were added to each 
sample, and incubated at 37℃ for 2 h.  The substrates used for caspase-3 （Kamiya Biochemical, 
Seattle, WA, USA） and caspase-4 （BioVision Technology, Chester Springs, PA, USA） were 
Asp-Glu-Val-Asp-7-amino-4-trifluoromethyl coumarin （DEVD-AFC） and Leu-Glu-Ala-Asp-
AFC （LEVD-AFC）, respectively.  The AFC released by the enzyme reaction was measured 
spectrophotometrically at excitation and emission wavelengths of 405 and 505 nm, respectively, 
on a Spectra Max 340i3 （Molecular Devices, Sunnyvale, CA, USA）.  Protein content was 
determined using the Bio-Rad Protein Assay with bovine serum albumin （BSA） as the standard.

Determination of C / EBP homologous protein

　After 20 h exposure to TG following 1 h pretreatment with propofol （1 µM）, dexmedetomidine 
（1, 10, 100 nM）, or prop＋dex, cells were extracted with a cold cell lysis buffer and sonicated 

using an ultrasonic cell disrupter.  For quantitative determination of C / EBP homologous protein 
（CHOP） in SH-SY5Y cell lysates, an ELISA kit for DNA damage inducible transcript 3 
（CHOP ; Uscn Life Science, Wuhan, China） was used.

Eukaryotic translation-initiation factor 2α phosphorylation

　Phosphorylation of eukaryotic translation-initiation factor 2α （eIF2α） was evaluated using 
an eIF2α ELISA kit （Cell Signaling Technology） according to the manufacturer’s instructions.  
SH-SY5Y cells （1×10 6 cells / ml） were pretreated with propofol （1 µM）, dexmedetomidine （1, 
10, 100 nM）, or prop＋dex for 1 h, followed by 20 h exposure to TG.  Cells were fixed and 
blocked as directed by the manufacturer, and incubated with anti-phosphorylated （p-） eIF2α  
（Thr183 / Tyr185） or anti-eIF2α, which are included in the kit.  Cells were then examined 
spectrophotometrically at 405 nm with a Spectra Max 340pc （Molecular Devices）.

Determination of cAMP levels

　Concentrations of cAMP were determined using a Cyclic AMP ELISA kit （Cayman Chemical, 
Ann Arbor, MI, USA） according to the manufacturer’s instructions.  SH-SY5Y cells were 
pretreated with propofol （1 µM）, dexmedetomidine （1, 10, 100 nM）, or prop＋dex for 1 h, 
followed by 20 h exposure to TG.  In addition, in some experiments, SH-SY5Y cells were pre-
incubated with atipamezole for 10 min before pretreatment with propofol or dexmedetomidine, 
after which cAMP levels were determined using the ELISA kit according to the manufacturer’s 
instructions.

Determination of ［Ca2＋］i

　［Ca2＋］i levels were evaluated using a FLIPR Calcium 5 Assay Kit （Molecular Devices）.  In 
these studies, SH-SY5Y cells were loaded with FLIPR reagent diluted in Hank’s balanced 
salt solution＋20 mM HEPES buffer （pH 7.4） for 1 h at 37℃.  After SH-SY5Y cells had 
been incubated with the FLIPR reagent, changes in ［Ca2＋］i were measured by monitoring the 
fluorescence signals of FLIPR with excitation and emission wavelengths of 485 and 525 nm, 
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respectively, using Meta Xpress Image Acquisition （Molecular Devices）.

Statistical analysis

　All measurements were repeated three times.  Results are expressed as the mean＋SEM.  The 
effects of various treatments were compared with untreated control cells using one-way analysis 
of variance （ANOVA） and post hoc Dunnett’s test.  P＜ 0.05 was considered significant.

Results

Effects of propofol and dexmedetomidine on caspase-3 activity

　TG-induced ER stress-mediated apoptosis was detected by determining caspase-3 activity 
（Fig. 1）.  In SH-SY5Y cells, there was no significant effect on caspase-3 activity following 
incubation of cells with either 1 and 5 µM propofol or 1, 10, and 100 nM dexmedetomidine.  
However, when cells were incubated with 10 µM propofol or 1000 nM dexmedetomidine, 
caspase-3 activity increased significantly compared with activity in untreated SH-SY5Y cells （Fig. 
1A）.  After 20 h incubation with TG, caspase-3 activity increased significantly in SH-SY5Y 
cells compared with untreated control cells.  Pretreatment of SH-SY5Y cells with propofol 
（1, 5 µM） or dexmedetomidine （1, 10, 100 nM） before 20 h exposure to TG significantly 
suppressed the TG-induced increase in caspase-3 activity.  These observations indicate that 
propofol or dexmedetomidine can inhibit TG-induced apoptosis, but that a high concentration of 

Fig. 1.  Measurement of caspase-3 activity
Caspase-3 activity was measured using the peptide substrate Asp-Glu-Val-Asp-7-amino-4-trifluoromethylcoumarin 
（DEVD-AFC）. （A） Effects of propofol （Prop ; 1, 5, 10 µM） and dexmedetomidine （Dex ; 1, 10, 100, 1000 nM） on 
caspase-3 activity in SH-SY5Y cells. #P＜0.05 compared with control cells. （B） Effects of Prop （1, 5, 10 µM） and 
Dex （1, 10, 100, 1000 nM） on caspase-3 activity in thapsigargin （TG）-treated apoptotic SH-SY5Y cells, as well as 
effects of the α2-adrenergic receptor antagonist atipamezole （Ati） in response to Dex （10 nM） and TG （1 µM）. 
（C） Effects of pretreatment of SH-SY5Y cells with the combination of Prop （1 µM）＋Dex （1, 10, 100 nM） on 

TG-induced increases in caspase-3 activity. Data are the mean＋SEM of 11–59 samples. ＃P＜0.05 compared with 
control cells ; †P＜0.05 compared with 1 µM TG-treated cells ; ‡P＜0.05 compared with 1 µM TG＋1 µM Prop-
treated cells ; §P＜0.05 compared with 1 µM TG＋1000 nM Dex-treated cells ; ＊P＜0.05 compared with 1 µM TG
＋10 nM Dex-treated cells.
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dexmedetomidine （1000 nM） can itself induce ER stress-induced apoptosis.
　The effects of dexmedetomidine can be inhibited by the highly specific α2-adrenergic receptor 
antagonist atipamezole 16）.  In the present study, pretreatment of SH-SY5Y cells with atipamezole 
prior to exposure of cells to 10 nM dexmedetomidine and TG significantly increased caspase-3 
activity compared with TG＋dexmedetomidine （10 nM） treatment （Fig. 1B）.  These findings 
support the notion that the protective effect of dexmedetomidine against ER stress-induced 
apoptosis is mediated through α2-adrenergic receptors.
　Under TG-induced ER stress, there was a tendency for greater suppression of caspase-3 
activity with prop＋dex （10 nM） compared with propofol or dexmedetomidine treatment alone, 
but the differences did not reach statistical significance （Fig. 1C）.

Effects of propofol and dexmedetomidine on TG-induced ER stress

Caspase-4 activity

　Fig. 2 shows changes in caspase-4 activity in SH-SY5Y cells.  TG significantly increased 
caspase-4 activity, and this increase was significantly suppressed by both propofol （1 µM）, similar 
to previous findings 10）, and dexmedetomidine （1, 10, 100 nM）.  When SH-SY5Y cells were 
pretreated with atipamezole prior to exposure to dexmedetomidine （10 nM） and TG, caspase-4 

Fig. 2.  Measurement of caspase-4 activity
Caspase-4 activity was measured using the peptide substrate Asp-Glu-Val-Asp-
7-amino-4-trifluoromethyl coumarin （DEVD-AFC）. （A） Effects of propofol 
（Prop ; 1, 5, 10 µM） and dexmedetomidine （Dex ; 1, 10, 100, 1000 nM） on 

caspase-4 activity in thapsigargin （TG）-treated apoptotic SH-SY5Y cells, as 
well as effects of the α2-adrenergic receptor antagonist atipamezole （Ati） 
in response to Dex （10 nM） and TG （1 µM）. （B） Effects of pretreatment 
with the combination of Prop （1 µM）＋ Dex （1, 10, 100 nM） on TG-induced 
increases in caspase-4 activity. Data are the mean＋SEM of 9–63 samples. †P＜
0.05 compared with 1 µM TG-treated cells ; ‡P＜0.05 compared with 1 µM TG
＋ 1 µM Prop-treated cells ; §P＜ 0.05 compared with 1 µM TG＋1000 nM Dex-
treated cells ; dP＜0.05 compared with 1 µM TG＋10 nM Dex-treated cells.
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activity was significantly increased （Fig. 2A）.  Under TG-induced ER stress, treatment with prop
＋dex （10 nM） had a greater inhibitory effect on TG-induced increases in caspase-4 activity than 
treatment with either propofol or dexmedetomidine alone （Fig. 2B）.

CHOP levels

　Fig. 3 shows changes in CHOP levels in SH-SY5Y cells.  TG significantly increased CHOP 
levels in SH-SY5Y cells, and this was significantly suppressed by propofol （1 µM） and 
dexmedetomidine （1, 10, 100 nM） pretreatment.  Under TG-induced ER stress, prop＋dex 
treatment resulted in a greater reduction in TG-induced increases in CHOP levels than treatment 
with either propofol or dexmedetomidine （10 nM） alone.  Incubation of cells with atipamezole 
before exposure to dexmedetomidine （10 nM） and TG significantly increased CHOP levels.

eIF2α phosphorylation

　Fig. 4. shows phosphorylation of eIF2α in SH-SY5Y cells.  Phosphorylation of eIF2α was 
significantly increased in TG-treated cells, and this was significantly suppressed by propofol, 
dexmedetomidine, and prop＋dex pretreatment.  Under TG-induced ER stress, prop＋dex 
treatment resulted in a greater reduction in TG-induced increases in ER stress compared 

Fig. 3.  Detection of C / EBP homologous protein 
（CHOP）

CHOP levels were evaluated using an ELISA 
kit. The effects of propofol （Prop ; 1 µM） and 
dexmedetomidine （Dex ; 1, 10, 100 nM） on CHOP 
levels in thapsigargin （TG）-treated apoptotic SH- 
SY5Y cells are shown, in addition to the effects of 
the α2-adrenergic receptor antagonist atipamezole 
（Ati） on responses to Dex （10 nM） and TG （1 µM）. 

Data are the mean＋SEM of 6–30 samples. †P＜
0.05 compared with 1 µM TG-treated cells ; ‡P＜0.05 
compared with 1 µM TG＋1 µM Prop-treated cells ; 
§P＜0.05 compared with 1 µM TG＋10 nM Dex-
treated cells.

Fig. 4.  Detection of eukaryotic translation-initiation 
factor 2α （eIF2α） phosphorylation

Phosphorylation of eIF2α was determined using an 
ELISA kit. The effects of propofol （Prop; 1 µM） 
and dexmedetomidine （Dex ; 1, 10, 100 nM） on 
eIF2α phosphorylation in thapsigargin （TG）-treated 
apoptotic SH-SY5Y cells are shown, in addition to 
the effects of the α2-adrenergic receptor antagonist 
atipamezole （Ati） in response to Dex （10 nM） and 
TG （1 µM）. Data are the mean＋SEM of 6–28 
samples. †P＜0.05 compared with 1 µM TG-treated 
cells ; ‡P＜0.05 compared with 1 µM TG＋1 µM 
Prop-treated cells ; §P＜0.05 compared with 1 µM 
TG＋10 nM Dex-treated cells.
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with either propofol or dexmedetomidine （10 nM） alone.  When cells were incubated with 
atipamezole before being exposed to dexmedetomidine （10 nM） and TG, eIF2α phosphorylation 
increased significantly to levels seen following exposure to TG alone （Fig. 4）.

Effects of propofol and dexmedetomidine on intracellular cAMP

　Dexmedetomidine binds to α2-adrenergic receptors, which are coupled to Gi-proteins, inhibiting 
adenylyl cyclase activity and downregulating cAMP formation 17）.  In this series of experiments 
we investigated whether cAMP is involved in the protective effects of dexmedetomidine against 
TG-induced ER stress-induced apoptosis.  Pretreatment with dexmedetomidine （10, 100 nM） 
significantly decreased cAMP levels in SH-SY5Y cells exposed to TG.  When cells were treated 
with atipamezole before being exposed to dexmedetomidine （10 nM） and TG, cAMP levels 
increased significantly compared with values in the dexmedetomidine plus TG-treated group （Fig. 
5）.  Because propofol did not alter cAMP levels, the results suggest that cAMP is not involved 
in the protective effects of propofol.

Effects of propofol and dexmedetomidine on TG-induced increases in ［Ca2＋］i

　Meta Xpress Images Acquisition was used in the present study to investigate the effects of 
propofol, dexmedetomidine, and prop＋dex pretreatment on ［Ca2＋］i in SH-SY5Y cells exposed 
to TG.  In TG-treated cells ［Ca2＋］i levels were increased, and increased levels were maintained 
over the 180 s of analysis.  In contrast, propofol, dexmedetomidine, and prop＋dex pretreatment 

Fig. 5.  Measurement of cAMP levels
cAMP levels were determined using an ELISA kit. The effects 
of propofol （Prop ; 1 µM） and dexmedetomidine （Dex ; 1, 10, 
100 nM） on cAMP levels in thapsigargin （TG）-treated apoptotic 
SH-SY5Y cells are shown, in addition to the effects of the α2- 
adrenergic receptor antagonist atipamezole （Ati） in response to 
Dex （10 nM） and TG （1 µM）. Data are the mean＋SEM of 6–10 
samples. †P＜0.05 compared with 1 µM TG-treated cells ; ‡P＜
0.05 compared with 1 µM TG＋1 µM Prop-treated cells ; §P＜0.05 
compared with 1 µM TG＋10 nM Dex-treated cells.
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reduced the magnitude of the TG-induced increase in ［Ca2＋］i （Fig. 6）.  In a previous study we 
found that propofol treatment significantly inhibited the effects of TG from the early phase11）, 
and we speculate that in the present study propofol inhibited the TG-induced release of Ca2＋ 

 from the ER.  Pretreatment of cells with dexmedetomidine （10 nM） significantly reduced the 
TG-induced increase in ［Ca2＋］i （Fig. 6）.  Pre-incubation of cells with the membrane-permeable 
adenylyl cyclase inhibitor ddAdo （100 µM） further reduced the TG-induced increase in ［Ca2＋］i  
compared with that in cells treated with dexmedetomidine and TG.  Therefore, the reduction in 
cAMP levels by dexmedetomidine pretreatment of TG-treated cells is likely mediated by repression 
of ［Ca2＋］i by dexmedetomidine.

Discussion

　In the present study we showed that the combination of propofol plus dexmedetomidine 
suppressed ER stress-mediated apoptosis of SH-SY5Y cells.  When SH-SY5Y cells were treated 
with prop＋dex, ER stress-mediated apoptosis was suppressed to a greater extent than that seen 
after treatment with propofol or dexmedetomidine alone.  In particular, the combination of 1 
µM propofol plus 10 nM dexmedetomidine had the strongest neuroprotective effects.
　Typically, patients receive 1–2.5 mg / kg propofol as an intravenous bolus injection for the 
induction of general anesthesia.  When a target control infusion （TCI） pump is used, the target 

Fig. 6.  Measurement of ［Ca2＋］i levels
［Ca2＋］i levels were determined using a FLIPR Calcium 5 Assay Kit. Changes in ［Ca2＋］i levels 

are shown in SH-SY5Y cells treated with thapsigargin （TG; 1 µM）, TG （1 µM）＋ propofol （Prop ; 
1 µM）, TG （1 µM）＋dexmedetomidine （Dex ; 10 nM）, and TG （1 µM）＋2′,5′-dideoxyadenosine 
（ddAdo ; 100 µM）＋Dex （10 nM）. （A） Representative images showing changes in ［Ca2＋］i levels 
in SH-SY5Y cells. Bright, white areas indicate high ［Ca2＋］i levels in SH-SY5Y cells. （B） Changes 
in ［Ca2＋］i levels in SH-SY5Y cells. Values are expressed as a percentage of fluorescence intensity 
before treatment. Data are the mean±SEM of 30 plates. ＊P＜0.05 compared with 1 µM Prop, 
10 nM Dex, or prop＋dex-treated cells ; #P＜0.05 compared with 1 µM TG＋10 nM Dex-treated 
cells. RFU, relative fluorescence units.
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plasma concentration for maintenance of propofol anesthesia is usually between 2.0 and 5.0 µg /
ml.  However, propofol binds extensively to plasma protein （mean bound : 97％–98％）, with 50％ 
being bound to erythrocytes and 48％ binding to serum proteins, almost exclusively to human 
serum albumin.  The free fraction of propofol in the blood is in the range 1.2％–1.7％ at total 
concentrations ranging from 0.5 to 32 µg / ml 18）.
　If dexmedetomidine is administrated by a loading dose followed by infusion at a rate 
of 0.2–0.83 µg / kg per h, patients in this setting could obtain an effective dexmedetomidine 
concentration of 0.22–2.50 ng / ml （1.1–12.5 nM）.  Furthermore, plasma dexmedetomidine 
concentrations are moderately correlated with the dose administered 19）.
　Therefore, the concentrations of propofol （1 µM） and dexmedetomidine （10 nM） used in 
the present study are similar to serum concentrations seen used clinically.  On this basis, it is 
speculated that the combination of 1 µM propofol plus 10 nM dexmedetomidine may exhibit 
neuroprotective effects in the clinical setting.
　TG decreased Ca2＋ flow into the ER from the cytoplasm and reduced Ca2＋ concentrations in 
the ER.  When the Ca2＋ concentration in the ER is reduced, there is an increase in misfolded 
proteins, causing ER stress.  The adaptive response to ER stress is the UPR.  When the UPR 
process works normally, the overloading with abnormal proteins in the ER is reduced and the 
cell can adapt to the insult.  However, after excessively severe insults, cells cannot adapt and 
apoptosis is induced via ER stress.
　ER stress can be induced by several different situations, including ischemia–reperfusion 
and trauma, as well as by many neurodegenerative diseases, so there are many benefits to 
suppressing ER stress.  In a previous study we found that TG treatment was able to generate 
ER stress 11）, thus we decided that the use of TG was the most appropriate way to induce ER 
stress in the present study.
　Propofol is widely used as an intravenous anesthetic and sedative agent.  In a previous study, 
human glioblastoma cells were treated with 300–500 µM propofol 20）.  In that study, increases 
in ［Ca2＋］i were observed and the authors reported that propofol induced apoptosis in dose-
dependent manner within 24 h 20）.  In another study, human promyelocytic leukemia cells 
were treated with 150–250 µM propofol and, after 5 h, activation of caspase-3, as an indicator 
of apoptosis, was observed 21）.  However, treatment with propofol at a clinically relevant 
concentration shows neuroprotective effects.  Propofol protects nerve, pulmonary epithelial, 
vascular endothelial, and kidney cells 22-24）.  We have reported previously that 5 µM propofol 
suppresses ER stress-induced apoptosis by inhibiting Ca2＋ release from the ER11）.
　Dexmedetomidine is a potent and highly selective agonist of α2-adrenergic receptors in the 
human brain, and its effects include clinical sedation, anesthetic-sparing effects, and analgesia 25）.  
Recent studies have indicated that dexmedetomidine also exhibits neuroprotective effects against 
ischemic injury 26） and promotes the survival of nervous tissue that has suffered traumatic 
injury 27）.  However, a study in neutrophils reported that treatment with a high concentration 
of dexmedetomidine （100 ng / ml ; 499.3 nM） accelerated apoptosis, whereas a clinically relevant 
concentration of dexmedetomidine （1 ng / ml ; 4.993 nM） did not affect neutrophil apoptosis 28）.  
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In the present study of ER stress-mediated apoptosis, dexmedetomidine （10, 100 nM） exhibited 
neuroprotective effects.
　Moreover, we have demonstrated in the present study that pretreatment with 10 nM 
dexmedetomidine significantly decreased the TG-stimulated increase in ［Ca2＋］i.  Pre-incubation 
of cells with the membrane-permeable adenylyl cyclase inhibitor ddAdo （100 µM） further 
suppressed ［Ca2＋］i levels in cells treated with dexmedetomidine plus TG （Fig. 6）.  The 
neuroprotective actions of dexmedetomidine have largely been attributed to its effect as an 
agonist at α2-adrenergic receptors 29, 30）.
　The α2-adrenergic receptor is coupled to a Gi-protein complex, which inhibits adenylyl cyclase 
and Ca2＋ channels.  The result of α2-adrenergic receptor agonist binding is a reduction in 
cAMP production and decreased ［Ca2＋］i

31）.  Under ER stress, dexmedetomidine （10, 100 nM） 
treatment significantly decreased cAMP levels （Fig. 5）.  Agonist stimulation of postsynaptic α2- 
adrenergic receptors mediates the sedative and analgesic effects of dexmedetomidine 32）.  The 
neuroprotective actions of dexmedetomidine in ER stress-mediated apoptosis have also been 
attributed to its effect as an agonist at α2-adrenergic receptors.
　In the present study, treatment with the prop＋dex combination at a clinically relevant 
concentration showed the strongest neuroprotective effect against TG-induced ER stress-mediated 
apoptosis.  As mentioned above, the neuroprotective effect of the prop＋dex combination against 
ER stress-mediated apoptosis is caused by a reduction in ［Ca2＋］i : that is, propofol inhibits Ca2＋  
release from the ER10）, whereas dexmedetomidine binds to α2-adrenergic receptors, thus 
decreasing intracellular cAMP levels.
　Structurally, dexmedetomidine is an imidazole derivative, and it binds not only to α2-adrenergic 
receptors, but also to imidazoline receptors 33）.  Therefore, it is necessary to determine whether 
the neuroprotective effects of dexmedetomidine are mediated via imidazoline receptors in 
addition to α2-adrenergic receptors.  Further detailed studies are needed to determine how the 
combination of propofol plus dexmedetomidine provides neuroprotection.
　The combination of propofol plus dexmedetomidine is useable because it means that the 
dose of propofol, which has respiratory suppressive effects and may cause PRIS, can be reduced 
while maintaining adequate sedation levels.  However, the findings of the present study cannot 
be extrapolated to humans without further in vitro studies that provide further evidence that 
the combination of propofol plus dexmedetomidine is able to protect nerve tissue under the 
situations that cause ER stress, such as ischemia–reperfusion, trauma, and neurodegenerative 
diseases.
　In conclusion, the present study has demonstrated that the combination of propofol plus 
dexmedetomidine has a strong protective effect against ER stress-mediated apoptosis in 
SH-SY5Y cells.  The neuroprotective effect of the propofol plus dexmedetomidine combination is 
mediated by propofol inhibition of Ca2＋ release from the ER and dexmedetomidine binding to 
α2-adrenergic receptors, which results in decreases in cAMP levels and ［Ca2＋］i.



Masayuki SOMEI, et al230

Con�ict of interest disclosure

　The authors declare that they have no conflict of interest.

References

1） Barr J, Fraser GL, Puntillo K, et al. Clinical practice guidelines for the management of pain, agitation, and 

delirium in adult patients in the intensive care unit. Crit Care Med. 2013:41:263-306.

2） Milbrandt EB, Deppen S, Harrison PL, et al. Costs associated with delirium in mechanically ventilated patients. 

Crit Care Med. 2004;32:955-962.

3） Bryson HM, Fulton BR, Faulds D. Propofol. An update of its use in anaesthesia and conscious sedation. Drugs. 

1995;50:513-559.

4） Lebovic S, Reich DL, Steinberg LG, et al. Comparison of propofol versus ketamine for anesthesia in pediatric 

patients undergoing cardiac catheterization. Anesth Analg. 1992;74:490-494.

5） Akin A, Esmaoglu A, Guler G, et al. Propofol and propofol–ketamine in pediatric patients undergoing cardiac 

catheterization. Pediatr Cardiol. 2005;26:553-557.

6） Hall JE, Uhrich TD, Barney JA, et al. Sedative, amnesic, and analgesic properties of small-dose dexmedetomidine 

infusions. Anesth Analg. 2000;90:699-705.

7） Venn RM Karol MD, Grounds RM. Pharmacokinetics of dexmedetomidine infusions for sedation of postoperative 

patients requiring intensive care. Br J Anaesth. 2002;88:669-675.

8） Le Guen M, Liu N, Tounou F, et al. Dexmedetomidine reduces propofol and remifentanil requirements during 

bispectral index-guided closed-loop anesthesia: a double-blind, placebo-controlled trial. Anesth Analg. 2014;118:946-
955.

9） Adembri C, Venturi L, Pellegrini-Giampietro DE. Neuroprotective effects of propofol in acute cerebral injury. CNS 

Drug Rev. 2007;13:333-351.

10） Ergun R, Akdemir G, Sen S, et al. Neuroprotective effects of propofol following global cerebral ischemia in rats. 

Neurosurg Rev. 2002;25:95-98.

11） Nakajima A, Tsuji M, Inagaki M, et al. Neuroprotective effects of propofol on ER stress-mediated apoptosis in 

neuroblastoma SH-SY5Y cells. Eur J Pharmacol. 2014;725:47-54.

12） Zhang Y, Kimelberg HK. Neuroprotection by alpha 2-adrenergic agonists in cerebral ischemia. Curr Neuropharma-

col. 2005;3:317-323.

13） Shehabi Y, Grant P, Wolfenden H, et al. Prevalence of delirium with dexmedetomidine compared with morphine 

based therapy after cardiac surgery: a randomized controlled trial （DEXmedetomidine COmpared to Morphine-

DEXCOM Study）. Anesthesiology. 2009;111:1075-1084.

14） Marciniak SJ, Ron D. Endoplasmic reticulum stress signaling in disease. Physiol Rev. 2006;86:1133-1149.

15） Nath R, Raser KJ, Hajimohammadreza I, et al. Thapsigargin induces apoptosis in SH-SY5Y neuroblastoma cells 

and cerebrocortical cultures. Biochem Mol Biol Int. 1997;43;197-205.

16） Virtanen R. Pharmacological profiles of medetomidine and its antagonist, atipamezole. Acta Vet Scand Suppl. 

1989;85:29-37.

17） Gertler R, Brown HC, Mitchell DH, et al. Dexmedetomidine: a novel sedative-analgesic agent. Proc （Bayl Univ 

Med Cent）. 2001;14:13-21.

18） Servin F, Desmonts JM, Farinotti R, et al. Pharmaco kinetics of propofol administered by continuous infusion in 

patients with cirrhosis. Preliminary results. Anesthesia. 1988;43 Suppl:23-24.

19） Fujita Y, Inoue K, Sakamoto T, et al. A comparison between dosages and plasma concentrations of dexmedetomi-

dine in clinically ill patients: a prospective, observational, cohort study in Japan. J Intensive Care. 2013;1:15.

20） Liang WZ, Jan CR, Lu CH. Investigation of 2,6-diisopropylphenol （propofol）-evoked Ca2＋ movement and cell 

death in human glioblastoma cells. Toxicol In Vitro. 2012;26:862-871.



231Combined Effects of Propofol and Dexmedetomidine

21） Tsuchiya M, Asada A, Arita K, et al. Induction and mechanism of apoptotic cell death by propofol in HL-60 

cells. Acta Anaesthesiol.Scand. 2002;46:106-1074.

22） Xie CL, Hu LQ, Pan YB, et al. Propofol attenuation of hydrogen peroxide-induced injury in human umbilical vein 

endothelial cells involves aldose reductase. Pharmazie. 2015;70:103-109.

23） He XY, Shi XY, Yuan HB, et al. Propofol attenuates hypoxia-induced apoptosis in alveolar epithelial type II cells 

through down-regulating hypoxia-inducible factor-1α. Injury. 2012;43:279-283.

24） Carraretto AR, Vianna Filho PT, Castiglia YM, et al. Do propofol and iso�urane protect the kidney against isch-

emia/reperfusion injury during transient hyperglycemia? Acta Cir Bras. 2013;28:161-166.

25） Venn RM, Bradshaw CJ, Spencer R, et al. Preliminary UK experience of dexmedetomidine, a novel agent for 

postoperative sedation in the intensive care unit. Anaesthesia. 1999;54:1136-1142.

26） Sato K, Kimura T, Nishikawa T, et al. Neuroprotective effects of a combination of dexmedetomidine and hypo-

thermia after incomplete cerebral ischemia in rats. Acta Anaesthesiol Scand. 2010;54:377-382.

27） Schoeler M, Loetscher PD, Rossaint R, et al. Dexmedetomidine is neuroprotective in an in vitro model for trau-

matic brain injury. BMC Neurol. 2012;12:20.

28） Kishikawa H, Kobayashi K, Takemori K, et al. The effects of dexmedetomidine on human neutrophil apoptosis. 

Biomed Res. 2008;29:189-194.

29） Ma D, Hossain M, Rajakumaraswamy N, et al. Dexmedetomidine produces its neuroprotective effect via the α
2A-adrenoceptor subtype. Eur J Pharmacol. 2004;502:87-97.

30） Paris A, Mantz J, Tonner PH, et al. The effects of dexmedetomidine on perinatal excitotoxic brain injury are 

mediated by the α2A-adrenoceptor subtype. Anesth Analg. 2006;102:456-461.

31） Dong CJ, Guo Y, Ye Y, et al. Presynaptic inhibition by α2 receptor/adenylate cyclase/PDE4 complex at retinal rod 

bipolar synapse. J Neurosci. 2014;34;9432-9440.

32） Maze M, Tranquilli W. Alpha-2vadrenoceptor agonists: defining the role in clinical anesthesia. Anesthesiology. 

1991;74:581-605.

33） Dahmani S, Paris A, Jannier V, et al. Dexmedetomidine increases hippocampal phosphorylated extracellular signal-

regulated protein kinase 1 and 2 content by an alpha 2-adrenoceptor-independent mechanism: evidence for the 

involvement of imidazoline I1 receptors. Anesthesiology. 2008;108:457-466.

［Received February 10, 2016 : Accepted February 17, 2016］ 


