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Abstract

Purpose Propofol infusion syndrome (PRIS) is a lethal condition caused by propofol overdose. Previous studies suggest that
pathophysiological mechanisms underlying PRIS involve mitochondrial dysfunction; however, these mechanisms have not
been fully elucidated. This study aimed to establish an experimental model of propofol-induced cytotoxicity using cultured
human induced pluripotent stem cell (iPSC)-derived cardiomyocytes to determine the mechanisms behind propofol-induced
mitochondrial dysfunction, and to evaluate the protective effects of coenzyme Q10 (CoQ10).

Methods Human iPSC-derived cardiomyocytes were exposed to propofol (0, 2, 10, or 50 ug/ml) with or without 5 uM
CoQ10. Mitochondrial function was assessed by measuring intracellular ATP, lactate concentrations in culture media, NAD*/
NADH ratio, and the mitochondrial membrane potential. Propofol-induced cytotoxicity was evaluated by analysis of cell
viability. Expression levels of genes associated with mitochondrial energy metabolism were determined by PCR. Intracel-
lular morphological changes were analyzed by confocal microscopy.

Results Treatment with 50 pug/ml propofol for 48 h reduced cell viability. High concentrations of propofol (> 10 ug/ml)
induced mitochondrial dysfunction accompanied by downregulation of gene expression of PGC-Ialpha and its downstream
targets (NDUFS8 and SDHB, which are involved in the respiratory chain reaction; and CPT1B, which regulates beta-oxi-
dation). Cardiomyocytes co-treated with 5 uM CoQ10 exhibited resistance to propofol-induced toxicity through recovery
of gene expression.

Conclusions Propofol-induced cytotoxicity in human iPSC-derived cardiomyocytes may be associated with mitochondrial
dysfunction via downregulation of PGC-1alpha-regulated genes associated with mitochondrial energy metabolism. Co-
treatment with CoQ10 protected cardiomyocytes from propofol-induced cytotoxicity.
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Introduction been studied using animal models and biochemical assays

of tissue samples from patients with PRIS [3, 5-8]. In these

Propofol infusion syndrome (PRIS) is a rare but lethal condi-
tion caused by prolonged propofol overdose [1-3]. The syn-
drome is characterized by severe metabolic acidosis, cardiac
failure, refractory arrhythmia, hyperlipidemia, hepatomegaly
accompanied by fatty liver, renal failure, and rhabdomyoly-
sis [4]. The pathophysiological mechanisms of PRIS have
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studies, the cytotoxicity of propofol was suggested to be
associated with intracellular energy metabolism. Exposure
to high concentrations of propofol decreased the mitochon-
drial membrane potential and inhibited mitochondrial res-
piratory chain complexes. These effects may lead to anaer-
obic metabolism and reduced ATP production. However,
the limited availability of human samples and ethical issues
have meant that the mechanism has not been completely
elucidated.

Vanlander et al. reported that enzymatic reactions that
require coenzyme Q10 (CoQ10) could be targets of inhibi-
tion by propofol because of the structural similarity between
CoQ10 and propofol [6]. Supplementation of CoQ10 could
therefore reduce the propofol-induced decrease in the
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enzyme activity of mitochondrial respiratory chain com-
plexes. However, their experimental design used a tissue
homogenate preparation including mitochondria-enriched
fractions. It remains unknown whether CoQ10 can effec-
tively protect cells and tissues from the toxic effects of
propofol.

Human induced pluripotent stem cells (iPSCs) are gener-
ated from somatic cells by epigenetic reprogramming, and
differentiate into various cell types including cardiomyo-
cytes [9]. Compared with experimental models using human
tissues or embryonic stem cell lines, models to test drug tox-
icity using iPSC lines can be easily established with fewer
ethical concerns [10-12]. Therefore, we studied propofol-
induced cytotoxicity and mitochondrial dysfunction in an
experimental model using cultured human iPSC-derived car-
diomyocytes to represent cells from one of the main organs
affected in PRIS.

We first examined whether some of the pathophysiologi-
cal changes in PRIS could be reproduced in this cultured
human iPSC-derived cardiomyocyte experimental model.
We then evaluated propofol-induced mitochondrial dys-
function as a possible mechanism of PRIS in this experi-
mental model. To test our hypothesis that propofol-induced
impairment of mitochondrial energy metabolism results
from downregulation of the expression of genes associated
with respiratory chain complexes, changes in transcription
levels of these genes were analyzed using reverse transcrip-
tion PCR (RT-PCR) after PCR array screening. Finally, we
studied the protective effects of CoQ10 against propofol-
induced cytotoxicity.

Methods
Ethical considerations

All experiments using human iPSC-derived cells were
approved by the Institutional Review Board for Use of
Human iPSCs at Tokyo Medical and Dental University
(approval number 16-005).

Cell culture

Human iPSC-derived cardiomyocytes were obtained
as ReproCardio2 frozen single cell kits (ReproCELL,
Kanagawa, Japan). Cells (1 x 10* cells per well in black,
clear, flat-bottom 96-well plates (Corning, Corning, NY,
USA) unless otherwise specified) were seeded in wells
precoated with ReproCoat (ReproCELL) and cultured at
37 °C in a humidified incubator with 95% air and 5% CO,
for 8 days.

Immunocytochemistry

Human iPSC-derived cardiomyocytes (2 x 10* cells per
well) were cultured on precoated multi-well glass-bottom
35-mm dishes (Matsunami, Osaka, Japan) for 8 days. After
fixation with 4% paraformaldehyde, cells were permeabi-
lized with 0.1% Triton X-100, then blocked with 1% bovine
serum albumin (KPL, Gaithersburg, MD, USA) in phos-
phate-buffered saline, and incubated with primary antibodies
for cardiac troponin T (Thermo Fisher Scientific, Waltham,
MA, USA) overnight. After washing with phosphate-buft-
ered saline, cells were incubated with the secondary anti-
body (Alexa Fluor 488 chicken anti-mouse IgG; Invitrogen,
Carlsbad, CA, USA) and nuclei were simultaneously coun-
terstained with 4’,6-diamidino-2-phenylindole (Molecular
Probes, Carlsbad, CA, USA) for 1 h. Images were acquired
with a confocal microscope (TCS SPS8; Leica Microsystems,
Tokyo, Japan).

Propofol and coenzyme Q10 treatment

After 8 days of culture, iPSC-derived cardiomyocytes were
treated with 0, 2, 10, or 50 pg/ml propofol (Maruishi Phar-
maceutical, Osaka, Japan) for 48 h to evaluate the dose-
dependent effects of propofol. In each study condition,
Intralipos (Otsuka Pharmaceutical Factory, Tokushima,
Japan) was added to adjust the triglyceride concentration
to 500 pg/ml.

To study the effect of CoQ10 on propofol cytotoxicity,
cells treated with propofol (50 pg/ml) were simultaneously
incubated with or without 5 uM CoQ10 for 48 h. Aqueous
CoQ10 (Nisshin Pharma, Tokyo, Japan), which was emulsi-
fied to create approximately 50-nm nanoparticles, was used.
Half of the culture media containing the treatment solution
was changed every 24 h, and assays were conducted after
48 h of treatment.

Cellular ATP levels assay

Intracellular energy balance was evaluated using a mito-
chondrial ToxGlo assay (Promega). According to the manu-
facturer’s protocol, an ATP detection reagent was added to
the cells, and ATP levels were determined by measuring
the luminescence generated, which was proportional to the
amount of ATP.

Cell viability and caspase 3/7 activity assay
Cell viability and caspase 3/7 activity assays was conducted

using an ApoTox-Glo Triplex Assay kit (Promega, Madison,
WI, USA). Cell viability, determined by live-cell protease
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activity, was assessed by measuring fluorescence. Caspase
3/7 activity was analyzed by measuring luminescence with
a GloMax microplate reader (Promega) according to the
manufacturer’s protocol.

Measurement of lactate concentrations in culture
media

To evaluate changes in metabolic states, lactate concentra-
tions in culture media were quantified using a colorimetric
L-lactate assay kit (Abcam, Cambridge, UK). Lactate con-
centrations in cell culture supernatants were assessed by
measuring the optical density at 570 nm using an iMark
microplate reader (Bio-Rad Laboratories, Hercules, CA,
USA) according to the manufacturer’s protocol.

NAD*/NADH ratio assay

Changes in the NAD*/NADH ratio were evaluated using an
NAD*/NADH-Glo assay kit (Promega). NAD™" (oxidized
NAD) and NADH (reduced NAD) levels were individually
assessed in lysate of cardiomyocytes cultured in the same
well by measuring luminescence according to the manufac-
turer’s protocol.

Mitochondrial membrane potential assay

To evaluate mitochondrial activity, the mitochondrial mem-
brane potential was assessed using a Mito-ID membrane
potential cytotoxicity kit (Enzo Life Sciences, Farming-
dale, NY, USA). The mitochondrial membrane potential was
analyzed by measuring fluorescence in accordance with the
manufacturer’s protocol. Carbonyl cyanide 3-chlorophenyl-
hydrazone (CCCP), which induces mitochondrial depolari-
zation, was used as a positive control. CCCP was added to
a final concentration of 4 uM for 30 min before analysis.
The mitochondrial membrane potential in each experimental
condition was calculated by subtracting the fluorescence of
cardiomyocytes treated with CCCP from the fluorescence
measured in each sample.

Mitochondrial morphologic assessment

Human iPSC-derived cardiomyocytes were cultured in
multi-well glass-bottom dishes (2 x 10* cells per well) and
exposed to propofol or control conditions. To label mito-
chondria, live cells were incubated with 100 nM MitoTracker
Red CMXRos probes (Invitrogen). Additionally, cardiac tro-
ponin T and nuclei were counterstained after fixation, as
described above. Images were obtained using a TCS SP8
confocal microscope (Leica Microsystems).

@ Springer

RNA extraction

Human iPSC-derived cardiomyocytes were cultured in
96-well plates. Total RNA was extracted from cells from
eight wells (8 x 10* cells) per treatment condition using an
RNeasy Micro kit (Qiagen, Valencia, CA, USA) and purified
with DNase (Qiagen) to eliminate genomic DNA, following
the manufacturer’s protocol. Total RNA was quantified using
a Qubit fluorometer (Invitrogen).

Analyses for mRNA expression by reverse
transcription PCR

To screen for possible changes in mRNA expression that
might cause mitochondrial dysfunction, an RT? Profiler
PCR Array Human Mitochondrial Energy Metabolism kit
(PAHS-008Z; Qiagen) was used. RNA (100 ng) from each
sample was reverse transcribed to cDNA, which was then
preamplified using an RT? PreAMP cDNA synthesis kit
and RT? PreAMP Pathway primer mix (Qiagen). A PCR
mix comprising preamplified cDNA, SYBR Green Master
Mix (Qiagen), DNase-free water, and primers for each target
mRNA was added to the 96-well plate (25 ul per well), and
PCR was performed using a LightCycler 96 (Roche Diag-
nostics GmbH, Mannheim, Germany). Relative expression
levels were analyzed and compared statistically with Qiagen
web-based software for RT? Profiler PCR array (http://pcrd
ataanalysis.sabiosciences.com/pcr/arrayanalysis.php).

To confirm the results of the PCR array, expression levels
of screened mRNA were verified individually by quantitative
RT-PCR (qRT-PCR). Additional genes associated with mito-
chondrial function and their regulators were also studied.
cDNA was prepared from RNA (500 ng) from each sample
using a First Strand cDNA synthesis kit (Roche Diagnostics
GmbH). The sequences of the primers used for PCR are
presented in Table 1. A mixture of cDNA, primers, FastStart
Essential DNA Green Master (Roche Diagnostics GmbH),
and DNase-free water was added to 96-well plates (20 pul per
well), and real-time qRT-PCR was performed using a Light-
Cycler 96. A melting curve analysis was also run. Relative
expression levels were normalized to expression of a house-
keeping gene, beta-actin (ACTB), using the AAC,; method.

Statistical analysis

Data were obtained from three independent samples in each
condition in PCR array screening, four or five independent
samples in followed qRT-PCR experiments, and four inde-
pendent samples in other experiments. Values are presented
as individual raw data. Statistical significance was assessed
using the Mann—Whitney U test to analyze differences of
non-parametric data between two groups, and the Steel’s
multiple comparisons test to analyze them between control
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Table 1 Primer sequences for real-time RT-PCR

Gene Primer Sequence (5'-3")
ACTB Left ccaaccgcgagaagatga
Right ccagaggcgtacagggatag
NDUFS8 Left tgcttggcaaggcaagtag
Right tctcgggatectgeatgt
SDHB Left ggggcctgcagttcttatg
Right aggcgctcctetgtgaagt
PGC-lalpha Left tgagagggccaagcaaag
Right ataaatcacacggcgctctt
NRF1 Left ccatctggtggectgaag
Right gtagtgcctgggtecatga
NRF?2 Left ggacgggtctaggtgagaca
Right tggctggagtatttcaaaggat
PDSS1 Left agatctggggtgaaaagaagg
Right ccaattcgtgccagagcta
PPARalpha Left geactggaactggatgacag
Right tttagaaggccaggacgatct
CPTIB Left tgtgagtgactggtgggaag
Right ttgatgagcacaaggtccat

ACTB beta-actin, NDUFS8 NADH:ubiquinone oxidoreductase core
subunit S8, SDHB succinate dehydrogenase complex iron sulfur
subunit B, PGC-lalpha peroxisome proliferator-activated receptor
gamma coactivator 1 alpha, NRFI nuclear respiratory factor 1, NRF2
nuclear respiratory factor 2, PDSSI decaprenyl diphosphate synthase
subunit 1, PPARalpha peroxisome proliferator-activated receptor
alpha, CPT1B carnitine palmitoyltransferase 1B

and other experimental conditions. Analyses were conducted
using Stata/IC software (ver. 13; StataCorp, College Station,
TX, USA). A P value < 0.05 was considered statistically
significant.

Fig. 1 Cultured human induced pluripotent stem cell (iPSC)-derived
cardiomyocytes as an experimental model to study propofol cyto-
toxicity. a Immunostaining of human iPSC-derived cardiomyocytes.
Confocal microscopy showing human iPSC-derived cardiomyocytes
stained positive for cardiac troponin T (green) 8 days after seed-
ing. Nuclei were counterstained with 4',6-diamidino-2-phenylin-

Results

Induced pluripotent stem cell-derived
cardiomyocyte phenotypes and responses to toxic
effects of high concentrations of propofol

Immunostaining showed that human iPSC-derived car-
diomyocytes contained the cardiac-specific marker cardiac
troponin T after 8 days of culture (Fig. 1a). When cardio-
myocytes were cultured to form a cell clump, they started to
contract 3 or 4 days after seeding, as visualized by optical
microscopy.

Cellular ATP levels significantly decreased with treat-
ment with > 10 pg/ml propofol for 48 h (Fig. 1b). Further,
50 pg/ml propofol resulted in a significant elevation the
lactate concentration in the culture media (P = 0.02), and
reduction in cell viability (P = 0.04) compared with cells
treated with a propofol-free triglyceride emulsion. To study
a possible cause of reduced cell viability, we measured cas-
pase 3/7 activity as a marker of apoptosis. However, there
were no differences among cells treated with each condition
(data are not shown).

Concentration-dependent induction
of mitochondrial dysfunction by propofol

To investigate the mechanisms underlying the propofol-
induced reduction in ATP levels, we evaluated the func-
tion of mitochondria, the major source of ATP. As shown
in Fig. 2a, propofol reduced the NAD*/NADH ratio in a
concentration-dependent manner, which suggested H*/elec-
tron transport system dysfunction and NADH accumulation.
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in ATP levels in human iPSC-derived cardiomyocytes. Treatment
with > 10 ug/ml propofol for 48 h significantly reduced intracellular
ATP. Data are presented as triangular dots; n = 4 in each experimen-
tal condition. *P < 0.05, compared with control conditions (0 ug/ml
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Fig.2 Mitochondrial dys- a
function caused by propofol

treatment at high concentrations

for 48 h. a Effect of propofol on
NAD*/NADH ratio in human

induced pluripotent stem cell
(iPSC)-derived cardiomyo-

cytes. NADT/NADH ratio was
significantly reduced by 48 h

of propofol exposure (10 or

50 pg/ml) compared with

control conditions, suggesting

disruption of the H*/electron

transport system and NADH 0
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accumulation. b Quantification
of the mitochondrial membrane
potential in propofol-treated
cardiomyocytes. Treatment
with 50 ug/ml propofol for 48 h
significantly reduced the mito- C
chondrial membrane potential.
Carbonyl cyanide 3-chloro-
phenylhydrazone (CCCP),
which induces mitochondrial
depolarization, was used as

a positive control. Data were
normalized by subtracting the
fluorescence of cardiomyocytes
treated with 4 pM CCCP from
each measurement. ¢ Morpho-
logic changes in mitochondria
of iPSC-derived cardiomyocytes
after treatment with propo-

fol, visualized using confocal
microscopy. After exposure

to each condition for 48 h,
cardiomyocytes were stained
for cardiac troponin T (cTnT,
green), and with MitoTracker
Red CMXRos (mitochondria,
red) and 4',6-diamidino-
2-phenylindole (DAPI, nuclei,
blue). Scale bar, 10 pm. Data
are presented as triangular dots;
n =4 in each experimental
condition. *P < 0.05, compared
with control conditions. RFU
relative fluorescence units
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Next, we analyzed the mitochondrial membrane poten-
tial and found that it was reduced with 50 pg/ml propofol
(Fig. 2b, P = 0.04). Consistent with this quantification, con-
focal microscopy of cultured cardiomyocytes stained with an
activated mitochondrial marker (MitoTracker) showed that
cells treated with 50 ug/ml propofol exhibited shortened or
fragmented mitochondria, whereas cells cultured in control
conditions had long, filamentous mitochondria (Fig. 2¢).
To further analyze mitochondrial function, we con-
ducted a PCR array of 84 genes using an RT? Profiler
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PCR array Human Mitochondrial Energy Metabolism kit.
Propofol (50 ug/ml) reduced the expression of transcripts
of genes associated with mitochondrial complexes I-V
(Table 2). To verify the dose-dependence of propofol-
induced downregulation, we examined the expression of
NDUFS8 (which encodes NADH:ubiquinone oxidore-
ductase core subunit S8, a component of complex I) and
SDHB (which encodes succinate dehydrogenase complex
iron sulfur subunit B, of complex II), again using real-time
gRT-PCR. Both genes were downregulated with 50 pg/ml
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Table 2 Mitochondrial energy metabolism PCR array showing genes
exhibiting propofol-induced downregulation

Gene Expression ratio (vs. 95% CI
control)
Complex I
NDUFB?2 0.83 0.69, 0.96
NDUFB3 0.82 0.69, 0.94
NDUFB4 0.80 0.67,0.92
NDUFB9 0.84 0.72, 0.95
NDUFBI10 0.85 0.72,0.98
NDUFS3 0.80 0.63, 0.97
NDUFS8 0.59 0.47,0.71
NDUFV2 0.84 0.75, 0.94
NDUFV3 0.63 0.46, 0.80
Complex II
SDHB 0.83 0.74,0.92
SDHD 0.48 0.22,0.74
Complex 111
UQCRCI 0.81 0.64, 0.98
UQCRC2 0.84 0.69, 0.99
UQCRFS! 0.86 0.75,0.97
Complex IV
COX411 0.65 0.45,0.85
cox412 0.59 0.26,0.91
coxsc 0.82 0.67,0.96
Complex V
ATP5G1 0.81 0.66, 0.96
ATP6VOD2 0.30 0.11, 0.48
OXAIL 0.76 0.64, 0.88

Propofol (50 pg/ml) reduced the expression of transcripts of genes
associated with mitochondrial complexes. Relative expression lev-
els were analyzed and compared statistically with Qiagen web-based
software for RT2 Profiler PCR array. Data are mean and confidence
interval (CI); n = 3 in each experimental condition

NDUFB2 NADH:ubiquinone oxidoreductase subunit B2, NDUFB3

NADH:ubiquinone  oxidoreductase  subunit B3, NDUFB4
NADH:ubiquinone  oxidoreductase ~ subunit B4, NDUFB9Y
NADH:ubiquinone  oxidoreductase = subunit B9, NDUFBIO
NADH:ubiquinone  oxidoreductase  subunit B10, NDUFS3

NADH:ubiquinone oxidoreductase core subunit S3, NDUFSS8
NADH:ubiquinone oxidoreductase core subunit S8, NDUFV2
NADH:ubiquinone oxidoreductase core subunit V2, NDUFV3
NADH:ubiquinone oxidoreductase core subunit V3, SDHB succinate
dehydrogenase complex iron sulfur subunit B, SDHD succinate dehy-
drogenase complex subunit D, COX4I1 cytochrome c oxidase subunit
411, COX412 cytochrome c oxidase subunit 412, COX8C cytochrome
¢ oxidase subunit 8C, ATP5GI ATP synthase, H* transporting, mito-
chondrial Fo complex subunit C1 (subunit 9), ATP6VOD2 ATPase H*
transporting VO subunit d2, OXA/L OXAI1L, mitochondrial inner-
membrane protein

propofol (Fig. 3a, left and middle, P = 0.01 for NDUFSS,
and P = 0.02 for SDHB).

Because these genes are regulated by peroxisome pro-
liferator-activated receptor gamma coactivator 1 alpha

(PGC-1alpha) [13], we investigated whether PGC-1alpha
was affected by propofol. We found that propofol dose-
dependently reduced PGC-Ialpha expression; the reduc-
tion was statistically significant in experimental condi-
tions with > 10 ug/ml propofol (Fig. 3a, right). Propofol
also decreased the expression of downstream target genes
of PGC-1alpha: nuclear respiratory factor 1/2 (NRF1/2), a
mitochondrial gene regulatory gene; decaprenyl diphosphate
synthase subunit 1 (PDSS7), a gene encoding an enzyme
involved in CoQ10 synthesis; peroxisome proliferator-acti-
vated receptor alpha (PPARalpha); and carnitine palmitoyl-
transferase 1B (CPT1B), a beta-oxidation regulatory gene
(Fig. 3b).

Coenzyme Q10 treatment protected
against the toxic effects of propofol in cultured
cardiomyocytes

Because of the structural similarities between propofol and
CoQ10, studies have hypothesized that propofol interferes
with respiration [6, 7]. We added CoQ10 to the culture
media during propofol exposure and investigated whether
this treatment protected against the toxic effects of propofol
in cardiomyocytes, which includes mitochondrial dysfunc-
tion. We used emulsified CoQ10 at 5 uM because of its sta-
bility in aqueous solution. When CoQ10 was added to the
culture media, propofol (50 ug/ml) did not reduce cell viabil-
ity, increase lactate production, or reduce intracellular ATP
levels (Fig. 4a—c). Consistent with these findings, confocal
microscopy showed that CoQ10 treatment reduced propofol-
induced morphological changes in mitochondria associated
with mitochondrial dysfunction (Fig. 2c). CoQ10 treatment
also prevented propofol-induced reduction in the expression
of PGC-lalpha, NRF1, NDUFSS8, SDHB, PPARalpha, and
CPTIB (Fig. 5).

Discussion

In this study, propofol-induced cytotoxicity was reproduced
in an experimental model using cultured human iPSC-
derived cardiomyocytes. Treatment with high concentrations
of propofol (> 10 pg/ml) for 48 h significantly impaired
mitochondrial function, and 50 pg/ml propofol reduced
cell viability and elevated lactate concentrations in culture
media. Mitochondrial dysfunction could at least partially
result from downregulation of gene expression of PGC-
lalpha and associated genes that regulate mitochondrial
energy metabolism. CoQ10 treatment of propofol-exposed
cells rescued mitochondrial function and cell viability
through recovery of gene expression.
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Fig. 3 Propofol-induced downregulation of genes regulating mito-
chondrial energy metabolism. a Effect of propofol on expression of
genes regulating mitochondrial function. qRT-PCR demonstrated
that treatment with propofol for 48 h downregulated NDUFSS8 (com-
plex 1, left, at 50 pg/ml) and SDHB (complex II, middle, > 10 pg/
ml). Expression of PGC-Ialpha (an upstream regulator of mitochon-
drial function) was also reduced with > 10 pg/ml propofol (right).
b Propofol-induced downregulation of downstream genes regulated
by PGC-lalpha. Downstream target genes of PGC-lalpha, specifi-
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Fig.4 Protective effects of coenzyme Q10 (CoQ10) against propofol
cytotoxicity in human induced pluripotent stem cell (iPSC)-derived
cardiomyocytes. iPSC-derived cardiomyocytes were co-treated with
CoQ10 and 50 pg/ml propofol for 48 h. Supplementation of 5 uM
CoQ10 protected cardiomyocytes from propofol-induced reduction of
cell viability (a), elevation of lactate concentrations in culture media
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cally NRF1/2 (which encodes a regulator of mitochondrial complex
genes), PDSS1 (which encodes a coenzyme Q10 [CoQ10] synthesis
enzyme), PPARalpha, and CPTIB (which encodes a regulator of beta
oxidation) were downregulated by treatment with 50 ug/ml propofol.
Each transcript level was normalized to beta-actin (ACTB). Data are
presented as triangular dots; n = 4-5 in each experimental condition.
*P < 0.05, **P < 0.01, compared with control conditions (0 pg/ml
propofol in triglyceride emulsion)
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compared with control conditions (0 pg/ml propofol in triglyceride
emulsion). RFU relative fluorescence units, RLU relative lumines-
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Cultured induced pluripotent stem cell-derived
cardiomyocytes as an experimental model
for investigating propofol toxicity

Because of the need for high-throughput assays for human
drug toxicity and the relatively minimal associated ethical
issues, experimental models using cultured iPSC-derived
cardiomyocytes have recently been developed and applied
in the field of drug safety testing, especially for drug-induced
arrhythmia [14-16]. iPSC-derived cardiomyocytes have

characteristically similar ion channels, receptors, transport-
ers, and contractile activity as native cardiac tissue or cells
[17, 18]. There is, however, debate about the similarities
in mitochondrial function between native and iPSC-derived
cardiomyocytes. A study reported that genes associated
with mitochondrial energy metabolism in iPSC-derived
cardiomyocytes showed lower expression levels than native
cardiac tissue; nevertheless, these cells had potential as a
screening model for drug-induced mitochondrial toxicity
[19]. iPSC-derived cardiomyocytes were used to study the
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cardioprotective effects of isoflurane under oxidative stress
conditions by evaluating mitochondrial morphology and
function [20, 21]. In this context, iPSC-derived cardiomyo-
cytes could be used for evaluation of mitochondrial function.

In the current study, we used commercially available
human iPSC-derived cardiomyocytes, which exhibit a car-
diomyocyte phenotype, to examine the toxicity of high con-
centrations of propofol, because cardiomyocytes are one of
the main cell types affected in PRIS. We found that > 10 pg/
ml propofol caused mitochondrial dysfunction, and 50 pg/
ml propofol induced cell death and elevated lactate con-
centrations in culture media. These findings are consistent
with the clinical signs of PRIS. There are no reports show-
ing plasma or tissue concentrations of propofol in PRIS
patients. Because the infusion of propofol at 4 mg/kg/h for
a 48-h duration is considered the upper limit for the preven-
tion of PRIS [2, 4], a relatively safe plasma concentration
of approximately 2.5 pg/ml could be predicted using the
Marsh model [22]. The toxic range of propofol in the current
experimental model (> 10 pg/ml) is much higher than the
plasma concentration range observed under normal clinical
conditions, and is consistent with concentrations observed in
cases of propofol overdose, and the toxicity was concentra-
tion-dependent. The pathophysiological changes associated
with PRIS could be reproduced in our experimental model
using cultured iPSC-derived cardiomyocytes.

Because previous studies have reported apoptosis in cul-
tured cells treated with propofol [5, 23], we investigated cas-
pase 3/7 activity as a measure of apoptosis. We observed
no change in caspase 3/7 activity in cardiomyocytes treated
with propofol in the experimental model. Although we could
not exclude the possibility of the toxic effects of propofol
contributing to apoptosis, the current focus of the study was
the regulation of mitochondrial function in the experimental
model using iPSC-derived cardiomyocytes. Nevertheless,
our current results need to be validated using in vivo or
ex vivo experimental models as a next step.

Mechanisms of propofol-induced mitochondrial
dysfunction

Impaired mitochondrial function is thought to be one of the
mechanisms underlying PRIS. This has mostly been dem-
onstrated in cell-free models using isolated mitochondria
[3, 6, 7]. The results of the current study show that > 10 pg/
ml propofol reduced the intracellular NAD*/NADH ratio,
which reflects disruption of electron transport. At the same
range of propofol concentrations, the mitochondrial mem-
brane potential was reduced, and fragmented mitochondria
were observed by confocal microscopy. These changes in
mitochondria reflect the reduction in intracellular energy
production and activation of anaerobic metabolism that were
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indicated by the decrease in intracellular ATP levels and the
increase in lactate concentrations in culture media.

To study the mechanisms for propofol-induced mitochon-
drial dysfunction, we evaluated the expression of genes asso-
ciated with mitochondrial energy metabolism. PCR array
analysis revealed that exposure to high concentrations of
propofol induced alterations in the expression of a number of
genes that encode components of the mitochondrial respira-
tory chain complexes. NDUFS8 (which encodes a subunit
of complex I) and SDHB (complex II) were downregulated
with high concentrations of propofol, in keeping with the
mitochondrial function quantification results. It is reported
that expression of these mitochondrial respiratory chain
components is regulated by an upstream regulator, PGC-
lalpha, which is also a prominent transcriptional coactivator
that regulates the production of CoQ10 via NRF1/2, and
fatty acid beta-oxidation via PPARalpha [13, 24-27]. Beta-
oxidation has been suggested as another target of the inhibi-
tory effects of propofol in PRIS [3]. Therefore, we explored
the expression of PGC-lalpha and its downstream target
genes. Our results indicated that PGC-Ialpha expression
significantly decreased with propofol, and downregulation
of NRF1/2, PPAR-alpha, PDSSI (which encodes an enzyme
involved in CoQ10 production), and CPT1B (which encodes
a rate-limiting enzyme in beta-oxidation) were observed.
There are several possibilities for this negative regulation
of PGC-Ialpha by propofol. First, given that previous stud-
ies have reported that CoQ10, which is structurally similar
to propofol, can increase PGC-1alpha expression [28-30],
propofol may act as a competitive inhibitor of PGC-1alpha
expression. Second, several reports suggest that propofol
inactivates Akt [5, 31], and that Akt activity regulates PGC-
lalpha expression [32, 33]; therefore, this Akt-mediated
regulatory mechanism may also explain propofol-induced
downregulation of PGC-1alpha. Mitochondrial impairment
caused by downregulated PGC-1alpha has been suggested
as a mechanism of several pathological conditions includ-
ing infectious diseases [28, 34, 35], lipid overload disease
[32, 36], and statin-induced myopathy [29]. Suppression of
the PGC-1lalpha-mediated pathway could be involved in
propofol-induced mitochondrial dysfunction.

Coenzyme Q10 protects against propofol-induced
mitochondrial dysfunction

Vanlander et al. reported that CoQ10, which is structur-
ally similar to propofol, ameliorates the decreased enzyme
activity observed in complex II and III in skeletal muscle
homogenates exposed to propofol [6]. Bergamini et al. found
that CoQ10 supplementation reduced propofol-induced
mitochondrial damage and cytotoxicity in cell culture
models using human cell lines [7]. These reports focused
on the direct inhibitory effects of propofol on oxidative
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phosphorylation in mitochondria. In the current study, we
found that cardiomyocytes treated with 5 uM CoQ10 were
protected against propofol-induced mitochondrial dysfunc-
tion and cell death. Additionally, we found that expression
of PGC-1alpha and associated genes was not affected by
propofol in cells treated with CoQ10. These protective
effects of CoQ10 might contribute to the maintenance of
mitochondrial function in human cardiomyocytes (Fig. 6).
Our results suggest that extrinsic administration of CoQ10
might have potential as a preventative treatment for propo-
fol-induced toxicity, at least as a factor to ameliorate mito-
chondrial function and related metabolic reactions.

Study limitations

This study has some limitations. First, the study was
designed as a cell culture experiment, and the results cannot
be directly extrapolated to the responses of human tissues
to high doses of propofol. For example, the results simply
showed cytotoxicity of propofol under an oxygen concentra-
tion higher than that in peripheral tissue. Hypoxic condi-
tions per se could cause cellular damage and could modify
the toxicity of high-dose propofol. In this context, further
studies are needed to determine factors that can be modi-
fied in propofol-induced cytotoxicity, including the oxygen
concentration. Second, this study was designed principally
to screen molecular changes in the cytotoxic mechanism
of propofol, and the size of the study was small. Further
ex vivo or in vivo studies are required to confirm the find-
ings, and the calculation of an appropriate sample size using
power analysis based on our current results is needed. Third,
although we demonstrated propofol-induced transcrip-
tional downregulation of PGC-Ialpha, post-transcriptional
regulation was not analyzed because of difficulties in the

Fig. 6 Model of propofol-
induced mitochondrial dysfunc-

Normal Cellular Condition

preparation of protein samples for such analyses. However,
the reduced expression of several genes regulated by PGC-
lalpha strongly supports a reduction in PGC-Ialpha gene
expression associated with this negative regulation. Fourth,
although we focused on changes in gene expression in this
study, we cannot exclude contributions from other mecha-
nisms including the Akt—-GSK-3 pathway [5], microRNA
[31], and mitochondrial DNA abnormalities [37, 38]. Nei-
ther could we show whether propofol and CoQ10 directly
affected respiratory chain activity, or whether propofol
and CoQ10 were incorporated into mitochondria. In this
context, further studies using isolated mitochondria from
human tissue or iPSC derived cardiomyocyte from large
scale culture are needed to prove the hypothesis derived
from studies using isolated mitochondria derived from ani-
mal tissue [6, 7]. Both propofol and CoQ10 in the current
study were emulsified for stability in water. This could be a
helpful method for minimizing differences in the distribu-
tion of propofol and CoQ10. We demonstrated a competi-
tive relationship between these two molecules, and multiple
mechanisms might contribute to the mode of action. Finally,
we did not study the effect of proposed clinical aggravating
factors, including catecholamines and steroids [4]. However,
the current iPSC-derived cell culture model may be useful
to study whether these factors enhance propofol toxicity.

Conclusions

We established an experimental model reproducing propo-
fol-induced cytotoxicity using human iPSC-derived cardio-
myocytes. Treatment with propofol (> 10 pg/ml) for 48 h
impaired mitochondrial function via downregulation of
expression of PGC-1alpha-regulated genes associated with
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mitochondrial energy metabolism. These effects may reduce
cell viability. Furthermore, CoQ10 could play an impor-
tant role in conferring resistance to propofol cytotoxicity
by restoring PGC-1alpha expression. Supplementation of
CoQ10 could therefore be used as a prophylactic or thera-
peutic approach to propofol-induced toxicity.

Acknowledgements The authors wish to thank Shizuko Ichinose,
Ph.D., Yuriko Sakamaki, and Ayako Mimata (Research Center for
Medical and Dental Sciences, Tokyo Medical and Dental University)
for technical assistance with confocal microscopy. We thank Alexander
Pishief, LLB, BBmedSc, from Edanz Group (www.edanzediting.com/
ac) for editing a draft of this manuscript.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

References

1. Parke TJ, Stevens JE, Rice AS, Greenaway CL, Bray RJ, Smith PJ,
Waldmann CS, Verghese C. Metabolic acidosis and fatal myocar-
dial failure after propofol infusion in children: five case reports.
BMIJ. 1992;305:613-6.

2. Kam PC, Cardone D. Propofol infusion syndrome. Anaesthesia.
2007;62:690-701.

3. Krajcova A, Waldauf P, Andel M, Duska F. Propofol infusion
syndrome: a structured review of experimental studies and 153
published case reports. Crit Care. 2015;19:398.

4. Fudickar A, Bein B. Propofol infusion syndrome: update of
clinical manifestation and pathophysiology. Minerva Anestesiol.
2009;75:339-44.

5. Hsing CH, Chen YH, Chen CL, Huang WC, Lin MC, Tseng
PC, Wang CY, Tsai CC, Choi PC, Lin CF. Anesthetic propo-
fol causes glycogen synthase kinase-3beta-regulated lysoso-
mal/mitochondrial apoptosis in macrophages. Anesthesiology.
2012;116:868-81.

6. Vanlander AV, Okun JG, de Jaeger A, Smet J, De Latter E, De
Paepe B, Dacremont G, Wuyts B, Vanheel B, De Paepe P, Jorens
PG, Van Regenmortel N, Van Coster R. Possible pathogenic
mechanism of propofol infusion syndrome involves coenzyme q.
Anesthesiology. 2015;122:343-52.

7. Bergamini C, Moruzzi N, Volta F, Faccioli L, Gerdes J, Mondar-
dini MC, Fato R. Role of mitochondrial complex I and protective
effect of CoQ10 supplementation in propofol induced cytotoxicity.
J Bioenerg Biomembr. 2016;48:413-23.

8. Cray SH, Robinson BH, Cox PN. Lactic acidemia and Brad-
yarrhythmia in a child sedated with propofol. Crit Care Med.
1998;26:2087-92.

9. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda
K, Yamanaka S. Induction of pluripotent stem cells from adult
human fibroblasts by defined factors. Cell. 2007;131:861-72.

10. Leist M, Bremer S, Brundin P, Hescheler J, Kirkeby A, Krause
KH, Poerzgen P, Puceat M, Schmidt M, Schrattenholz A, Zak NB,
Hentze H. The biological and ethical basis of the use of human
embryonic stem cells for in vitro test systems or cell therapy.
Altex. 2008;25:163-90.

@ Springer

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Vojnits K, Bremer S. Challenges of using pluripotent stem cells
for safety assessments of substances. Toxicology. 2010;270:10-7.
Liu W, Deng Y, Liu Y, Gong W, Deng W. Stem cell models for
drug discovery and toxicology studies. J Biochem Mol Toxicol.
2013;27:17-27.

Scarpulla RC. Transcriptional activators and coactivators in the
nuclear control of mitochondrial function in mammalian cells.
Gene. 2002;286:81-9.

Tanaka T, Tohyama S, Murata M, Nomura F, Kaneko T, Chen
H, Hattori F, Egashira T, Seki T, Ohno Y, Koshimizu U, Yuasa
S, Ogawa S, Yamanaka S, Yasuda K, Fukuda K. In vitro phar-
macologic testing using human induced pluripotent stem cell-
derived cardiomyocytes. Biochem Biophys Res Commun.
2009;385:497-502.

Yokoo N, Baba S, Kaichi S, Niwa A, Mima T, Doi H, Yamanaka
S, Nakahata T, Heike T. The effects of cardioactive drugs on car-
diomyocytes derived from human induced pluripotent stem cells.
Biochem Biophys Res Commun. 2009;387:482-8.

Guo L, Coyle L, Abrams RM, Kemper R, Chiao ET, Kolaja KL.
Refining the human iPSC-cardiomyocyte arrhythmic risk assess-
ment model. Toxicol Sci. 2013;136:581-94.

Cohen JD, Babiarz JE, Abrams RM, Guo L, Kameoka S, Chiao
E, Taunton J, Kolaja KL. Use of human stem cell derived car-
diomyocytes to examine sunitinib mediated cardiotoxicity
and electrophysiological alterations. Toxicol Appl Pharmacol.
2011;257:74-83.

MalJ, Guo L, Fiene SJ, Anson BD, Thomson JA, Kamp TJ, Kolaja
KL, Swanson BJ, January CT. High purity human-induced pluri-
potent stem cell-derived cardiomyocytes: electrophysiological
properties of action potentials and ionic currents. Am J Physiol
Heart Circ Physiol. 2011;301:H2006-17.

Rana P, Anson B, Engle S, Will Y. Characterization of human-
induced pluripotent stem cell-derived cardiomyocytes: bio-
energetics and utilization in safety screening. Toxicol Sci.
2012;130:117-31.

Canfield SG, Zaja I, Godshaw B, Twaroski D, Bai X, Bosnjak ZJ.
High glucose attenuates anesthetic cardioprotection in stem-cell-
derived cardiomyocytes: the role of reactive oxygen species and
mitochondrial fission. Anesth Analg. 2016;122:1269-79.
Canfield SG, Sepac A, Sedlic F, Muravyeva MY, Bai X, Bosnjak
ZJ. Marked hyperglycemia attenuates anesthetic preconditioning
in human-induced pluripotent stem cell-derived cardiomyocytes.
Anesthesiology. 2012;117:735-44.

Marsh B, White M, Morton N, Kenny GN. Pharmacokinetic
model driven infusion of propofol in children. Br J Anaesth.
1991;67:41-8.

Tsuchiya M, Asada A, Arita K, Utsumi T, Yoshida T, Sato EF,
Utsumi K, Inoue M. Induction and mechanism of apoptotic cell
death by propofol in HL-60 cells. Acta Anaesthesiol Scand.
2002;46:1068-74.

Chen JQ, Cammarata PR, Baines CP, Yager JD. Regulation of
mitochondrial respiratory chain biogenesis by estrogens/estrogen
receptors and physiological, pathological and pharmacological
implications. Biochim Biophys Acta. 2009;1793:1540-70.
Garcia-Diaz B, Barca E, Balreira A, Lopez LC, Tadesse S,
Krishna S, Naini A, Mariotti C, Castellotti B, Quinzii CM.
Lack of aprataxin impairs mitochondrial functions via down-
regulation of the APE1/NRF1/NRF2 pathway. Hum Mol Genet.
2015;24:4516-29.

Vega RB, Huss JM, Kelly DP. The coactivator PGC-1 cooperates
with peroxisome proliferator-activated receptor alpha in transcrip-
tional control of nuclear genes encoding mitochondrial fatty acid
oxidation enzymes. Mol Cell Biol. 2000;20:1868-76.

. Huss JM, Torra IP, Staels B, Giguere V, Kelly DP. Estrogen-

related receptor alpha directs peroxisome proliferator-activated
receptor alpha signaling in the transcriptional control of energy


http://www.edanzediting.com/ac
http://www.edanzediting.com/ac
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Journal of Anesthesia (2018) 32:120-131

131

28.

29.

30.

31.

32.

33.

metabolism in cardiac and skeletal muscle. Mol Cell Biol.
2004;24:9079-91.

Bullon P, Roman-Malo L, Marin-Aguilar F, Alvarez-Suarez JM,
Giampieri F, Battino M, Cordero MD. Lipophilic antioxidants
prevent lipopolysaccharide-induced mitochondrial dysfunction
through mitochondrial biogenesis improvement. Pharmacol Res.
2015:91:1-8.

Vaughan RA, Garcia-Smith R, Bisoffi M, Conn CA, Trujillo
KA. Ubiquinol rescues simvastatin-suppression of mitochondrial
content, function and metabolism: implications for statin-induced
rhabdomyolysis. Eur J Pharmacol. 2013;711:1-9.

Tian G, Sawashita J, Kubo H, Nishio SY, Hashimoto S, Suzuki
N, Yoshimura H, Tsuruoka M, Wang Y, Liu Y, Luo H, Xu Z,
Mori M, Kitano M, Hosoe K, Takeda T, Usami S, Higuchi K.
Ubiquinol-10 supplementation activates mitochondria functions
to decelerate senescence in senescence-accelerated mice. Antioxid
Redox Signal. 2014;20:2606-20.

Twaroski DM, Yan YS, Olson JM, Bosnjak ZJ, Bai XW. Down-
regulation of MicroRNA-21 Is involved in the propofol-induced
neurotoxicity observed in human stem cell-derived neurons. Anes-
thesiology. 2014;121:786-800.

Elezaby A, Sverdlov AL, Tu VH, Soni K, Luptak I, Qin F, Liesa
M, Shirihai OS, Rimer J, Schaffer JE, Colucci WS, Miller EJ.
Mitochondrial remodeling in mice with cardiomyocyte-specific
lipid overload. J Mol Cell Cardiol. 2015;79:275-83.

Li Y, He L, Zeng N, Sahu D, Cadenas E, Shearn C, Li W, Stiles
BL. Phosphatase and tensin homolog deleted on chromosome 10

34.

35.

36.

37.

38.

(PTEN) signaling regulates mitochondrial biogenesis and respira-
tion via estrogen-related receptor alpha (ERRalpha). J Biol Chem.
2013;288:25007-24.

dos Santos CC, Gattas DJ, Tsoporis JN, Smeding L, Kabir G,
Masoom H, Akram A, Plotz F, Slutsky AS, Husain M, Sibbald
WI, Parker TG. Sepsis-induced myocardial depression is associ-
ated with transcriptional changes in energy metabolism and con-
tractile related genes: a physiological and gene expression-based
approach. Crit Care Med. 2010;38:894-902.

Schilling J, Lai L, Sambandam N, Dey CE, Leone TC, Kelly DP.
Toll-like receptor-mediated inflammatory signaling reprograms
cardiac energy metabolism by repressing peroxisome proliferator-
activated receptor gamma coactivator-1 signaling. Circ Heart Fail.
2011;4:474-82.

Sparks LM, Xie H, Koza RA, Mynatt R, Hulver MW, Bray GA,
Smith SR. A high-fat diet coordinately downregulates genes
required for mitochondrial oxidative phosphorylation in skeletal
muscle. Diabetes. 2005;54:1926-33.

Vanlander AV, Jorens PG, Smet J, De Paepe B, Verbrugghe W,
Van den Eynden GG, Meire F, Pauwels P, Van der Aa N, Seneca
S, Lissens W, Okun JG, Van Coster R. Inborn oxidative phospho-
rylation defect as risk factor for propofol infusion syndrome. Acta
Anaesthesiol Scand. 2012;56:520-5.

Savard M, Dupre N, Turgeon AF, Desbiens R, Langevin S, Brunet
D. Propofol-related infusion syndrome heralding a mitochondrial
disease: case report. Neurology. 2013;81:770-1.

@ Springer



	Cytotoxicity of propofol in human induced pluripotent stem cell-derived cardiomyocytes
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Ethical considerations
	Cell culture
	Immunocytochemistry
	Propofol and coenzyme Q10 treatment
	Cellular ATP levels assay
	Cell viability and caspase 37 activity assay
	Measurement of lactate concentrations in culture media
	NAD+NADH ratio assay
	Mitochondrial membrane potential assay
	Mitochondrial morphologic assessment
	RNA extraction
	Analyses for mRNA expression by reverse transcription PCR
	Statistical analysis

	Results
	Induced pluripotent stem cell-derived cardiomyocyte phenotypes and responses to toxic effects of high concentrations of propofol
	Concentration-dependent induction of mitochondrial dysfunction by propofol
	Coenzyme Q10 treatment protected against the toxic effects of propofol in cultured cardiomyocytes

	Discussion
	Cultured induced pluripotent stem cell-derived cardiomyocytes as an experimental model for investigating propofol toxicity
	Mechanisms of propofol-induced mitochondrial dysfunction
	Coenzyme Q10 protects against propofol-induced mitochondrial dysfunction
	Study limitations

	Conclusions
	Acknowledgements 
	References




