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A B S T R A C T   

Propofol, most frequently used as a general anesthetic due to its versatility and short-acting characteristics, is 
thought to exert its anesthetic actions via GABAA receptors; however, the precise mechanisms of its adverse 
action including angialgia remain unclear. We examined the propofol-induced elevation of intracellular calcium 
and morphological changes in intracellular organelles using SHSY-5Y neuroblastoma cells, COS-7 cells, HEK293 
cells, and HUVECs loaded with fluorescent dyes for live imaging. Although propofol (>50 μM) increased 
intracellular calcium in a dose-dependent manner in these cells, it was not influenced by the elimination of 
extracellular calcium. The calcium elevation was abolished when intracellular or intraendoplasmic reticulum 
(ER) calcium was depleted by BAPTA-AM or thapsigargin, respectively, suggesting that calcium was mobilized 
from the ER. Studies using U-73122, xestospongin C, and dantrolene revealed that propofol-induced calcium 
elevation was not mediated by G-protein coupled receptors, IP3 receptors, or ryanodine receptors. We performed 
live imaging of the ER, mitochondria and Golgi apparatus during propofol stimulation using fluorescent dyes. 
Concomitant with the calcium elevation, the structure of the ER and mitochondria was fragmented and aggre
gated, and these changes were not reversed during the observation period, suggesting that propofol-induced 
calcium elevation occurs due to calcium leakage from these organelles. Although the concentration of propo
fol used in this experiment was greater than that used clinically (30 μM), it is possible that the concentration 
exceeds 30 μM at the site where propofol is injected, leading the idea that these phenomena might relate to the 
various propofol-induced adverse effects including angialgia.   

1. Introduction 

Propofol is used not only for the induction and maintenance of 
general anesthesia but also for sedating individuals receiving mechani
cal ventilation in the intensive care unit. Propofol is considered to be 
more effective than other intravenous sedatives (Cox et al., 2008). 
Among the several mechanisms of action of propofol, the most recog
nized mechanism is the direct activation of γ-aminobutyric acid A 

(GABAA) receptors, which slows the channel closing time (Alkire et al., 
2008; Franks, 2006; Irifune et al., 2003). Previous reports have also 
demonstrated that propofol possibly inhibits the N-methyl-D-aspartate 
(NMDA) receptor and modulates calcium influx through slow calcium 
ion channels (Kotani et al., 2008). 

Although propofol is a versatile intravenous sedative agent, there are 
many side effects of propofol in practice. One of the most common side 
effects is angialgia, or pain on injection, particularly in smaller veins. 
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Other side effects include dose-dependent low blood pressure related to 
vasodilation and cardiorespiratory depression. A well-known serious 
adverse effect of propofol is propofol infusion syndrome (PRIS) 
(Hemphill et al., 2019). At present, PRIS is regarded as a lethal condition 
caused by impaired mitochondrial functions. PRIS has been reported 
more commonly in children and in critically ill patients after prolonged 
infusion of high doses of substances in combination with catecholamines 
and/or corticosteroids (Vasile et al., 2003). 

It is controversial whether propofol has a cytoprotective or cytotoxic 
action in addition to the abovementioned actions. Propofol has been 
reported to act as a cytoprotective agent by inhibiting apoptosis medi
ated by ER stress and mitochondrial damage (Liu et al., 2017; Nakajima 
et al., 2014; Zhou et al., 2016). It has also been reported that propofol is 
neuroprotective in the nervous system through a variety of signaling 
pathways and mechanisms (Kotani et al., 2008; Li et al., 2018; Sun et al., 
2018; Velly et al., 2003). In contrast, propofol has been reported to 
promote neuronal cell death by generating reactive oxygen species in 
the nervous system as a cytotoxic agent. In addition, repeated exposure 
to propofol reduces the expression of calcium/calmodulin-dependent 
kinase Iiα (CaMKIIα) and pCaMKIIα, resulting in impaired learning 
and memory (Gao et al., 2014). However, the precise mechanisms of 
these actions of propofol remain unclear. 

In this study, we focused on intracellular calcium as a key to un
derstanding the various effects of propofol. It has been reported that a 
high dose of propofol elevates intracellular calcium through various 
mechanisms (Liang et al., 2012). These reports indicate that 
propofol-induced calcium elevation involves intracellular mobilization 
of calcium via inositol 1,4,5-triphosphate (IP3) and ryanodine receptors 
(RyRs) and extracellular influx via voltage-gated calcium and transient 
receptor potential (TRP) channels (Lawton et al., 2012; Liu et al., 2019; 
Nishimoto et al., 2015), but the detailed mechanisms are not fully un
derstood. In addition, our previous study revealed that propofol at high 
concentrations translocates and activates calcium-dependent protein 
kinase C (PKC) subtypes (Miyahara et al., 2018). Since elevated intra
cellular calcium can drive a variety of intracellular signaling systems, we 
examined the propofol-induced elevation of intracellular calcium using 
various types of cells to identify the underlying mechanism. 

2. Materials and methods 

2.1. Materials 

Propofol, caffeine, dantrolene, a DYKDDDDK monoclonal antibody 
and thapsigargin were obtained from FUJIFILM Wako Pure Chemical 
Industries, Ltd. (Osaka, Japan). Acetylcholine, 4’,6-diamidino-2-phe
nylindole (DAPI) and 2,4-diisopropylphenol were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). U-73122 and xestospongin C were 
purchased from Cayman Chemical Company (Ann Arbor, USA). A 
SEC61B polyclonal antibody was purchased from Proteintech Group Inc. 
(Rosemont, USA). ER-Tracker™, Fluo-4, Mito Tracker™ ResCMXRos, 
Alexa Flour 488-conjugated anti-rabbit IgG conjugated and Alexa Fluor 
546-conjugated anti-mouse IgG were purchased from Molecular Probe 
(Eugene, OR, USA). CellLight ™ Golgi-GFP, BacMam2.0 and NucRed® 
Live 647 ReadyProbes® Reagent were purchased from Thermo Fisher 
Scientific (Waltham, USA). 

Glass-bottom culture dishes were purchased from MatTek Corpora
tion (Ashland, OR, USA). All of the other chemicals used were of 
analytical grade. 

2.2. Cell culture 

SHSY-5Y cells, COS-7 cells, and HEK293 cells were purchased from 
Riken Cell Bank (Tsukuba, Japan). Human umbilical vein endothelial 
cells (HUVECs) were purchased from Sumitomo Dainippon Pharma Co., 
Ltd. (Osaka, Japan). SHSY-5Y cells were maintained in Dulbecco’s 
modified Eagle’s medium/Ham’s F-12 medium (FUJIFILM Wako, 

Osaka, Japan). COS-7 cells and HEK293 cells were cultured in Dulbec
co’s modified Eagle’s medium (FUJIFILM Wako, Osaka, Japan). The 
medium for SHSY-5Y and COS-7 cells contained 10% bovine serum, 
penicillin (100 units/ml) and streptomycin (100 μg/ml). HUVECs were 
cultured in EBM-2 medium (CAMBREX, East Rutherford, USA) con
taining Clonetics EGM-2 BulletKit (CAMBREX). Culturing was per
formed in a humidified atmosphere containing 5% CO2 at 37 �C in the 
dark. To obtain fluorescence images, cultured cells were seeded in glass- 
bottom culture dishes. 

2.3. Loading of Fluo-4, ER-Tracker™ RED and Mito Tracker™ 
ResCMXRos 

The cell culture medium was replaced with normal HEPES buffer 
composed of 165 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 5 mM 
HEPES, and 10 mM glucose, pH 7.4. For eliminating extracellular cal
cium, 1 mM CaCl2 was replaced with 2.5 mM EGTA. Then, cells were 
loaded with the calcium indicator Fluo-4 (125 μg/ml), ER-Tracker™ 
RED (1 μM) and Mito Tracker™ ResCMXRos (250 nM) away from light 
at 37 �C for 15–20 min prior to the observation of various types of cells. 
Pluronic 127 was also loaded for experiments using COS-7 cells and 
HUVECs. The concentration of Pluronic 127 did not exceed 0.025%. 

2.4. Propofol treatment 

Propofol was diluted with dimethyl sulfoxide (DMSO) to prepare a 
stock solution (100 mM). DMSO (0.1%), which almost corresponds to 
the concentration of DMSO when 100 μM porpofol is administered, was 
used as a control (0 μM propofol). Propofol was diluted to the desired 
concentration with normal HEPES buffer and applied to the cells to 
obtain the appropriate final concentration. Due to the high lipid solu
bility of propofol at room temperature, sonication was applied to 
propofol/DMSO-diluted solution immediately before the addition of 
propofol. The treatment concentrations and durations are described in 
each figure and each caption. The concentration of DMSO did not exceed 
0.19%. 

2.5. Observation of intracellular calcium elevation and morphological 
changes in intracellular organelles 

Fluorescence images were obtained by fluorescence microscopy 
(KETENCE, BZ-9000, Osaka, Japan) or confocal microscopy (ZEISS, 
LSM510, Oberkochen, Germany) under appropriate excitation and 
emission wavelengths to detect fluorescence signals. To observe 
propofol-triggered calcium elevation and the morphological changes in 
intracellular organelles, time-lapse imaging was carried out using a 
fluorescence microscope after the application of propofol. In addition, to 
observe the details of morphological changes in intracellular organelles, 
such as the ER, mitochondria and the Golgi apparatus, confocal micro
scopy was performed. 

2.6. Semiquantitative evaluation of propofol-induced intracellular 
calcium elevation 

The time course of typical propofol-induced intracellular calcium 
elevation is shown in Fig. 1A. In Fig. 1B, the red and blue lines indicate 
the average fluorescence changes in cells in the total area and back
ground, respectively. The differences between both lines before propofol 
application (b) and at the peak of calcium elevation (a) were measured. 
The ratio of a to b (a/b) was considered the index of propofol-induced 
calcium elevation. 

To confirm the validity of this index, we also conducted the same 
experiment where the number of cells was 10 or less; thus, this index was 
not influenced by the number of cells in the observed area (Supple
mental Fig. 1). 
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2.7. Immunocytochemistry 

For the observation of ER structure, an anti-SEC61B rabbit poly
clonal primary antibody (diluted 1:100) and an Alexa Flour 488-conju
gated anti-rabbit IgG secondary antibody (diluted 1:500) were used. To 
observe the precise structure of the ER, immunocytochemistry was 
performed for COS-7 cells expressing FLAG-SERTΔCT, a C-terminus 
deleted mutant of SERT (Nobukuni et al., 2009). An expression plasmid 
encoding FLAG-SERTΔCT was transfected into COS-7 cells by electro
poration (NEPA21, Nepagene, Japan). For immunostaining of 
FLAG-SERT, an anti-DYKDDDDK tag mouse monoclonal primary anti
body (diluted 1:1000) and an Alexa Fluor 488-conjugated anti-mouse 
IgG secondary antibody (diluted 1:500) were used. Fluorescence sig
nals were observed by confocal microscopy. 

2.8. Live imaging of the Golgi apparatus 

For live imaging of the Golgi apparatus, CellLight® Golgi-GFP, 
BacMam 2.0 (Molecular Probe) was used according to the manufac
turer’s recommended protocol. Fluorescence signals were observed by 
confocal microscopy. 

2.9. Statistical analysis 

We used Prism 4 software (GraphPad Software, San Diego, CA) for 
statistical analysis. Statistical significance was determined by one-way 
ANOVA followed by Dunnett’s posttest or unpaired t-test. The differ
ence was considered significant when the P value was less than 0.05 (P 
< 0.05). 

3. Results 

3.1. Characterization of propofol-induced calcium elevation 

We observed a dose-dependent propofol-induced elevation of intra
cellular calcium at concentrations between 0 and 200 μM in SHSY-5Y 
cells (Fig. 1C). Propofol at a concentration greater than 50 μM signifi
cantly induced the elevation of intracellular calcium in a dose- 
dependent manner (see Video, Supplemental Digital Content 1, which 
demonstrates the 100 μM propofol-induced elevation of intracellular 
calcium in SHSY-5Y cells). In addition, this phenomenon was also 
observed in COS-7 cells, HEK293 cells, and HUVECs (Supplemental 
Fig. 3). 

Supplementary video related to this article can be found at https 
://doi.org/10.1016/j.ejphar.2020.173303 

3.2. Propofol-induced calcium elevation in the absence of extracellular 
calcium 

To elucidate whether the elevation of intracellular calcium was 
mediated by calcium influx from the extracellular buffer, we eliminated 
calcium in the extracellular buffer and observed a propofol-induced 
elevation of intracellular calcium at concentrations between 0 and 
200 μM in SHSY-5Y cells. The results showed that the propofol-induced 
elevation of intracellular calcium was not influenced by the elimination 
of extracellular calcium (Fig. 2A). 

Fig. 1. Propofol-induced intracellular calcium elevation. 
(A) The time course of typical propofol-induced intracellular calcium elevation is shown. Approximately two min after the application of 100 μM propofol, an 
increase in the fluorescence intensity of Fluo-4 was observed, indicating that intracellular calcium was increased. (B) The method used to semiquantify the rate of 
calcium elevation. The red line indicates the average fluorescence change over the entire observed region. The blue line indicates the fluorescence change of the 
background region without cells. The differences between both lines before propofol application (b) and at the peak of calcium elevation (a) were measured. The ratio 
of a to b (a/b) was considered an index of propofol-induced calcium elevation. (C) Propofol-induced intracellular calcium elevation was observed at concentrations 
between 0 and 200 μM in SHSY-5Y cells. Propofol at concentrations greater than 50 μM significantly induced the elevation of intracellular calcium in a dose- 
dependent manner. Data represent the mean � SD (N ¼ 5–21, *P < 0.05, compared to control, one-way ANOVA followed by Dunnett’s posttest). 
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3.3. Propofol-induced calcium elevation in the absence of intracellular 
calcium 

To elucidate the influence of intracellular calcium on propofol- 
induced calcium elevation, we treated the cells with BAPTA-AM (50 
μM), a calcium chelator that is useful for manipulating the intracellular 
free calcium levels. BAPTA-AM almost abolished the propofol (100 μM)- 
induced calcium elevation in SHSY-5Y cells. Similar effects of BAPTA- 
AM were observed even with 200 μM propofol (Fig. 2B).  

3.4. Effects of thapsigargin on propofol-induced calcium elevation 

To elucidate whether propofol-induced calcium elevation was 
mobilized from the ER, we investigated the effect of thapsigargin (TG), a 
Ca2þ-ATPase inhibitor that eliminates calcium from the ER. As shown in 
Fig. 2C, after 5 μM TG was administered (①), the [Ca2þ] was elevated. 
Propofol was administered at a concentration of 100 μM 30 min after the 
TG administration, when the [Ca2þ] had almost returned to the basal 
level (②). Propofol did not induce any calcium elevation, suggesting 
that propofol mobilized calcium from the ER. 

3.5. Mechanism underlying propofol-induced mobilization of calcium 
from the ER 

3.5.1. Possible involvement of GPCRs in propofol-induced calcium elevation 
Next, we investigated the mechanisms underlying propofol-induced 

intracellular calcium elevation. To elucidate the possible involvement 
of G-protein coupled receptors (GPCRs) in propofol-induced calcium 
elevation, we examined the effects of U-73122, a phospholipase C (PLC) 
inhibitor, on propofol-induced calcium elevation. U-73122 at 5 μM 
significantly inhibited the 10 μM acetylcholine-induced calcium eleva
tion through muscarinic receptors expressed in SHSY-5Y cells. In 
contrast, U-73122 did not significantly affect propofol-induced calcium 
elevation (Fig. 3A). These results suggest that the elevation of intracel
lular calcium by propofol might not be mediated by GPCRs coupled with 
PLC. 

3.5.2. Possible involvement of IP3 and ryanodine receptors in propofol- 
induced calcium elevation 

Calcium mobilization from ER is mediated by inositol 1,4,5-triphos
phate (IP3) or ryanodine receptors (RyRs). Therefore, we examined the 
effects of xestospongin C (Xc), an IP3 receptor (IP3R) antagonist, on 
propofol-induced calcium elevation. Xc at 5 μM significantly inhibited 
the 10 μM acetylcholine-induced calcium elevation. In contrast, Xc at 5 

Fig. 2. Characterization of propofol-induced calcium elevation: The relationship between extracellular and intracellular calcium ions. 
(A) After eliminating calcium from the extracellular buffer, a propofol-induced elevation of intracellular calcium was observed at concentrations between 0 and 200 
μM in SHSY-5Y cells. The representative data indicate that the propofol (100 μM)-induced elevation of intracellular calcium was not influenced by the elimination of 
extracellular calcium. Data represent the mean � SD (N ¼ 4–7, P > 0.05, compared to control, unpaired t-test). No significant change was observed at other 
concentrations of propofol. (B) BAPTA-AM (50 μM), a calcium chelator, almost abolished the propofol (100 μM)-induced calcium elevation in SHSY-5Y cells. Data 
represent the mean � SD (N ¼ 3–7, *P < 0.01, compared to control, unpaired t-test). (C) Following the administration of 5 μM thapsigargin (TG), a Ca2þ-ATPase 
inhibitor (①), the [Ca2þ] was elevated. Subsequently, 100 μM propofol was administered 30 min after TG administration (②). Propofol did not induce any calcium 
elevation, suggesting that propofol mobilized calcium from the ER. Representative data out of 6 experiments is shown. 
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Fig. 3. Characterization of propofol-induced calcium elevation: The involvement of G-protein coupled receptors and IP3 receptors. 
(A) U-73122, a phospholipase C (PLC) inhibitor, at 5 μM significantly inhibited 10 μM acetylcholine-induced calcium elevation in SHSY-5Y cells (N ¼ 7–9, *P < 0.05, 
compared to control, unpaired t-test). In contrast, U-73122 did not significantly affect propofol (100 μM)-induced calcium elevation. Data represent the mean � SD 
(N ¼ 13–21, P > 0.05, unpaired t-test). (B) Xestospongin C (Xc), an inositol 1,4,5-triphosphate receptor (IP3R) antagonist, at 5 μM significantly inhibited 10 μM 
acetylcholine-induced calcium elevation in SHSY-5Y cells. Data represent the mean � SD (N ¼ 8–9, *P < 0.05, compared to control, unpaired t-test). In contrast, Xc at 
5 μM did not significantly affect the propofol-induced calcium elevation Data represent the mean � SD (N ¼ 10–20, P > 0.05, compared to control, unpaired t-test). 
(C) Characterization of calcium elevation by propofol: The involvement of ryanodine receptors. Caffeine, a ryanodine receptor (RYR) agonist, at 10 μM induced 
intracellular calcium in SHSY-5Y cells. Dantrolene, a RYR antagonist, at 50 μM significantly inhibited caffeine-induced calcium mobilization. Data represent the 
mean � SD (N ¼ 5–6, *P < 0.05, compared to control, unpaired t-test); however, dantrolene at 50 μM did not significantly influence the propofol-induced calcium 
elevation (N ¼ 11–21, P > 0.05, compared to control, unpaired t-test). 
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μM did not significantly affect the propofol-induced calcium elevation 
(Fig. 3B). These results suggest that the elevation of intracellular cal
cium by propofol might not be mediated by IP3 receptors. 

In addition, we also investigated the effects of dantrolene, a RyR 
antagonist, on propofol-induced calcium elevation. First, we examined 
the effects of dantrolene on calcium mobilization elicited by caffeine, a 
RyR agonist. The results demonstrated that dantrolene at 50 μM 
significantly inhibited 10 μM caffeine-induced calcium mobilization; 
however, dantrolene did not significantly influence propofol-induced 
calcium elevation (Fig. 3C), suggesting that propofol-induced calcium 
elevation might not be mediated via RyRs. 

3.6. The influence of propofol on intracellular organelles 

3.6.1. Observation of propofol-induced morphological changes in the ER by 
ER-Tracker™ RED 

To further elucidate the mechanism underlying propofol-induced 
calcium elevation, we focused on the ER itself. ER-Tracker™ RED dye 
is a cell-permeant marker that is capable of staining the ER in living cells 
with high selectivity. ER-Tracker was loaded into cells before propofol 
application, and the ER status was observed during propofol stimulation. 

In SHSY-5Y cells, propofol caused morphological changes in the ER 
that suggested fragmentation or aggregation within 5–7 min after the 
application of propofol (Fig. 4A, upper: a fluorescence microscopy 
image taken after 75 μM propofol application, lower: a confocal mi
croscopy image taken after 100 μM propofol application, see Video, 
Supplemental Digital Content 2, which demonstrates 100 μM propofol- 
induced morphological changes of ER). In addition, we also observed 
propofol-induced morphological changes in the ER at each concentra
tion between 0 and 200 μM by ER tracker. Propofol at concentrations 
greater than 50 μM induced apparent morphological changes in the ER 
in a dose-dependent manner (Supplemental Figs. 2A and 2B). Judging 
from the data by confocal laser scanning microscope, the morphological 

change of ER was sustainable during the observation period. 
Supplementary video related to this article can be found at https 

://doi.org/10.1016/j.ejphar.2020.173303 

3.6.2. Immunohistochemical confirmation of ER morphological changes 
To further confirm propofol-induced morphological changes in the 

ER, propofol (100 μM)-treated COS-7 cells were immunohistochemically 
stained with an antibody against SEC61B, an ER marker, and visualized 
with an Alexa 488-conjugated secondary antibody. For immunohisto
chemical confirmation of ER morphological changes, we selected COS-7 
cells because the ER structure of COS-7 cells is clearer and more 
developed than that of SHSY-5Y cells. 

Three-dimensional imaging was performed using a confocal scan
ning microscope. The peripheral string-like structure of the ER was 
disrupted by propofol (Fig. 4B). 

3.6.3. Observation of propofol-induced ER morphological changes using 
SERTΔCT-expressing COS-7 cells 

The serotonin transporter (SERT) is functionally regulated via its 
membrane trafficking. Our previous study reported that the SERT C- 
terminal deletion mutant (SERTΔCT) show a robust decrease in its 
membrane trafficking and is mostly retained in the ER. This finding 
suggests that SERTΔCT is a beneficial marker protein of the ER for 
observing its precise structure (Asano et al., 2019). Therefore, we 
attempted to observe propofol-induced morphological changes in the ER 
in detail using SERTΔCT-expressing COS-7 cells. Two days after trans
fection, immunocytochemistry for FLAG-SERTΔCT-expressing COS-7 
cells was carried out. Confocal microscopy images showed that the 
network formation of the peripheral ER was disrupted by propofol 
(Supplemental Fig. 5). 

Fig. 4. Propofol-induced morphological 
changes in the ER. 
(A) In the ER of SHSY-5Y cells, morpholog
ical changes such as fragmentation and ag
gregation were observed within 5–7 min 
after the application of propofol (upper: a 
fluorescence microscopy image taken after 
75 μM propofol application; lower: a 
confocal microscopy image taken after 100 
μM propofol application). (B) Immunohisto
chemical confirmation of ER morphological 
changes. Propofol (100 μM)-treated COS-7 
cells were immunohistochemically stained 
with an antibody against SEC61B, an ER 
marker, and visualized with an Alexa 488- 
conjugated secondary antibody. Disruption 
of the peripheral string-like structure of the 
ER by propofol was observed by confocal 
scanning microscopy imaging. Insets repre
sent the magnified images of indicated re
gions. The bars indicate 10 μm.   
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3.6.4. Influence of intracellular and extracellular calcium on morphological 
changes in the ER 

To investigate the influences of intracellular and extracellular cal
cium on morphological changes in the ER, images of ER-tracker staining 
were observed when extracellular calcium was eliminated (Fig. 5A) or 
intracellular calcium was chelated by 50 μM BAPTA-AM (Fig. 5B). 
Fluorescence microscopy imaging showed that propofol (100 μM) 
caused morphological changes in the ER under both conditions. 

In contrast to the finding that propofol-induced calcium elevation 
was abolished upon the removal of intracellular calcium, the morpho
logical changes in the ER induced by propofol were revealed to be in
dependent of intracellular calcium. 

3.6.5. Temporal comparison of propofol-induced calcium elevation and 
morphological changes in the ER 

Time-lapse imaging of the calcium indicator Fluo-4 (green) and ER- 
Tracker (red) was simultaneously carried out using a fluorescence mi
croscope to determine whether calcium elevation or ER morphological 
changes occurred first. The calcium elevation was almost concurrent 
with morphological changes in the ER (Fig. 5C), indicating that both 
events occurred almost simultaneously. In addition, calcium elevation 
and morphological changes in the ER were observed in COS-7 cells, 
HEK293 cells and HUVECs exposed to propofol as well as SHSY-5Y cells 
(Supplemental Figs. 3 and 4). 

Fig. 5. Characterization of propofol-induced 
morphological changes in the ER. 
(A) Fluorescence microscopy images of the 
ER loaded with ER-tracker after extracellular 
calcium was eliminated are shown. Treat
ment with 100 μM propofol caused 
morphological changes in the ER in the 
absence of extracellular calcium. (B) Fluo
rescence microscopy images of the ER loaded 
with ER-tracker when intracellular calcium 
was chelated by 50 μM BAPTA-AM are 
shown. Propofol (100 μM) caused morpho
logical changes in the ER even in the absence 
of intracellular calcium. The bars indicate 10 
μm. (C) Simultaneous time-lapse imaging of 
the calcium indicator Fluo-4 (Green) and ER- 
tracker (Red) was carried out using a fluo
rescence microscope. The calcium elevation 
was almost concurrent with the morpholog
ical changes in the ER. The actual time dif
ference between when the green and red 
fluorescent signals were captured was 
appropriately 6 s. The bars indicate 10 μm.   
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3.6.6. Propofol-induced morphological changes in mitochondria 
Mitochondria from living SHSY-5Y and COS-7 cells were stained 

with Mito Tracker™ ResCMXRos (250 nM), a red fluorescent dye that 
stains mitochondria in living cells, the accumulation of which is 
dependent on the membrane potential, using a similar method as that 
used for ER-tracker staining. Confocal microscopy images revealed that 
propofol (100 μM) induced morphological changes in mitochondria as 
well as the ER in both SHSY-5Y and COS-7 cells (Fig. 6). In contrast to ER 
and mitochondria, no prominent morphological change was not seen in 
Golgi apparatus (Supplemental Fig. 6). 

3.7. Clinically used propofol also causes an elevation in intracellular 
calcium 

In clinical use, propofol is dissolved in solvents, including lipid in
gredients. We examined whether, like propofol alone, propofol that is 
clinically used causes intracellular calcium elevation. Clinically used 1% 
propofol was diluted to a concentration of 100 μM with ethanol and 
buffer to observe propofol-induced calcium elevation. Solvent alone 
without propofol was similarly diluted and used as the control. As shown 
in Supplemental Fig. 7 and 100 μM propofol prepared from 1% propofol 
elicited calcium elevation, while solvent alone did not. 

3.8. 2,4-Diisopropylphenol-induced intracellular calcium elevation and 
morphological changes in the ER in SHSY-5Y cells 

2,4-Diisopropylphenol is known as an isomer of propofol (Supple
mental Fig. 8A). (Tsuchiya et al., 2010) We observed a 2,4-diisopropyl
phenol-induced elevation of intracellular calcium at concentrations 
between 0 and 200 μM in SHSY-5Y cells. Supplemental Fig. 8B shows 
that 2,4-diisopropylphenol at concentrations greater than 25 μM 
significantly induced the elevation of intracellular calcium in a 
dose-dependent manner, indicating that the threshold for calcium 
elevation is higher for 2,4-diisopropylphenol than propofol. Similarly, 
ER-Tracker was loaded into cells before 2,4-diisopropylphenol applica
tion. We confirmed that 2,4-diisopropylphenol at concentrations greater 
than 25 μM elicited similar morphological changes in the ER within 4 
min after the application of 2,4-diisopropylphenol as those observed 

after propofol application (Supplemental Fig. 8C). 

4. Discussion 

In this experiment, we clarified that propofol at concentrations 
greater than 50 μM significantly induced the elevation of intracellular 
calcium in a dose-dependent manner. Although the propofol-induced 
elevation of intracellular calcium has been reported (Qiao et al., 2017; 
Subramanian and Meyer, 1997; Yang et al., 2019), the propofol con
centration required to induce this calcium elevation seems to be lower 
than what was previously reported, the reason for which is unknown. In 
addition, we believe that the propofol-induced elevation of intracellular 
calcium is a universal phenomenon since it was observed in other cell 
lines in addition to SHSY-5Y cells. There was no significant difference in 
the ability of propofol to elicit calcium elevation among these cell types. 

Next, we tried to elucidate how the propofol-induced elevation of 
intracellular calcium occurs. Since the elevation of intracellular calcium 
is not influenced by the removal of extracellular calcium, it is unlikely 
that the elevation is due to influx from the extracellular fluid. However, 
propofol has been reported to elicit calcium influx through voltage- 
dependent calcium channels (Lawton et al., 2012; Liu et al., 2019) or 
transient receptor potential (TRP) channels (Nishimoto et al., 2015), 
which is inconsistent with the present findings. SHSY-5Y cells may not 
express propofol-sensitive ion channels or receptors. 

We found that the propofol-induced elevation of intracellular cal
cium was almost abolished after eliminating intracellular calcium with 
BAPTA-AM. Furthermore, the propofol-induced elevation of intracel
lular calcium was hardly observed even when calcium was depleted in 
the ER. Based on these two findings, we hypothesize that the propofol- 
induced elevation of intracellular calcium is primarily due to calcium 
mobilization from the ER. 
Subsequently, we attempted to elucidate the mechanism of calcium 
mobilization from the ER. It is possible that the GPCR-IP3 receptor 
pathway or RyRs, as the principal mechanisms of calcium mobilization 
from the ER, are involved. Therefore, we investigated the effects of an 
inhibitor of PLC (U-73122), an effector downstream of GPCRs, an IP3R 
antagonist (Xc), and an RyR antagonist (dantrolene). However, they did 
not significantly influence propofol-induced calcium elevation. In a 

Fig. 6. Propofol-induced morphological changes in mitochondria. 
Mitochondria from SHSY-5Y and COS-7 cells were stained with Mito Tracker™ ResCMXRos (250 nM), a red fluorescent dye. Confocal microscopy images 
demonstrated that 100 μM propofol induced morphological changes in mitochondria in both SHSY-5Y and COS-7 cells. The bars indicate 10 μm. 
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previous report, the propofol-induced elevation of calcium was sup
pressed by Xc or dantrolene (Yang et al., 2019), which differs from our 
present results for unknown reasons. As shown in Fig. 4, dantrolene 
tended to decrease the propofol-induced calcium elevation; however, it 
was not a significant change. Even if RyRs are involved in the mecha
nism of the propofol-induced calcium elevation, they seem to be a part of 
the mechanism. Further experiments are required to confirm these using 
cells other than SHSY-5Y cells. 

Here, we focused on the ER itself to investigate the mechanism. As 
shown in Fig. 5, it seems that propofol changed the morphology of the 
ER, which appeared to be fragmented or aggregated. This finding was 
confirmed by immunohistochemical examinations of SEC61B and 
localized changes in SERTΔCT. In addition, propofol caused morpho
logical changes not only in the ER but also in mitochondria. Since 
morphological changes in the ER were also observed in cells other than 
SHSY-5Y cells, this phenomenon appears to be universal regardless of 
cell type. 

We investigated the relationship between morphological changes in 
the ER and propofol-induced calcium elevation. Morphological changes 
in the ER were observed even when no intracellular calcium elevation 
was observed after the elimination of intracellular calcium (Fig. 6). Also, 
intracellular calcium elevation and morphological changes in the ER 
occurred almost simultaneously. Considering that the cell membranes 
are permeable to propofol with high lipid solubility, the penetration of 
propofol was predicted to cause morphological changes by directly 
acting on the intracellular organelles that store calcium, resulting in the 
leakage of calcium into the cytosol. Since propofol also caused 
morphological changes in mitochondria, calcium mobilization from 
mitochondria may also be involved. 

We demonstrated that 2,4-diisopropylphenol, an isomer of propofol, 
also caused intracellular calcium elevation and morphological changes 
in the ER, which is consistent with a previous report (Sumi et al., 2018). 
It is notable that the common structure of these reagents is related to the 
direct action of intracellular organelles on the membrane and their 
disruption of structure. We have considered a new possibility that pro
pofol acts directly on intracellular organelles and causes calcium leakage 
by destroying the membrane structure, as a mechanism of intracellular 
calcium elevation. However, it is currently unknown why this highly 
lipophilic propofol or 2,4-diisopropylphenol destroys intracellular or
ganelles such as the ER and mitochondria. 

In this study, we found that the concentration of propofol that 
significantly induced an elevation of intracellular calcium and 
morphological changes in the ER was greater than 50 μM. Clinically, the 
blood concentration of propofol during general anesthesia is thought to 
be approximately 30 μM or less (Han et al., 2016; Kirkpatrick et al., 
1988), therefore, the concentration used in the present study is appar
ently higher than that used clinically. However, it is possible that the 
concentration could reach greater than 30 μM at the site where propofol 
is injected into the blood vessel or in cases where propofol is used at a 
high dose. Therefore, the phenomena that we found in this study could 
be involved in the well-known incidence of propofol-induced angialgia. 
It is notable that this phenomenon was seen even in HUVECs, vascular 
endothelial cells (ECs), which are directly exposed to propofol. In terms 
of the mechanism underlying angialgia, the elevated calcium by pro
pofol causes an increase in the phosphorylation of endothelial nitric 
oxide synthase (eNOS) at Ser1177 through 
calcium/calmodulin-dependent protein kinase II (CaM kinase II) or 
protein kinase C (PKC) isoforms in ECs (Fleming et al., 2001; Partovian 
et al., 2005; Wang et al., 2010). The enhancement of endothelial-derived 
NO production dilates the peripheral blood vessels at the injection site, 
causing the peripheral nerves surrounding ECs to stretch, which may 
trigger angialgia. We have already confirmed that various subtypes of 
PKC induced PKC translocation in SHSY-5Y cells and HUVECs, which 
may play an important role in the mechanism of propofol-induced eNOS 
activation and subsequent NO production. In our preliminary study, we 
have obtained the data showing the direct activation of PKCs at various 

subcellular regions in vivo (data not shown). Alternatively, it is possible 
that other unknown bioactive factors produced by propofol-induced 
calcium elevation might elicit surrounding sensory nerve terminals. 

Regarding PRIS, accumulated propofol in cells possibly act on 
intracellular organelles including mitochondria and trigger morpho
logical alternations. These predictions are supported by some studies 
showing that propofol acts directly on mitochondria (Felix et al., 2017; 
Wang et al., 2016). Additionally, PRIS has been noted to occur due to 
mitochondrial dysfunction (Finsterer and Frank, 2016; Vollmer et al., 
2018), which is consistent with our study. 

The elevation of intracellular calcium can activate various cellular 
signaling pathways, leading to the idea that the phenomena demon
strated in this study may be involved in the exertion of protective or 
toxic effects of propofol on cells. Further in vivo and human studies are 
necessary to elucidate the clinical significance of this study. 

5. Conclusion 

Our present data indicate that propofol induces a dose-dependent 
elevation of intracellular calcium in SHSY-5Y cells as well as COS-7 
cells, HEK293 cells, and HUVECs. Accompanying the calcium elevation, 
the structure of the ER and mitochondria is fragmented and aggregated 
by unknown mechanism. These phenomena might be involved in the 
exertion of various adverse effects of propofol such as angialgia. Further 
experiments are required to elucidate the mechanism of propofol- 
induced calcium elevation and morphological changes in intracellular 
organelles. 
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