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ARTICLE INFO ABSTRACT

Keywords: Propofol, an intravenous anesthetic, has a side effect of causing vascular pain at the injection site. However, no

Human TRPA1 effective method to inhibit this vascular pain has been established. Propofol-induced vascular pain is caused by

ErOPOf"l activation of transient receptor potential ankyrinl (TRPA1), which is expressed in the sensory nerve endings
emperature

distributed around blood vessels. TRPA1 exhibits temperature sensitivity, and the degree of its activation has
been reported to change with temperature. However, whether the temperature of propofol influences human
TRPA1 (hTRPA1) activation and regulates the extent of vascular pain has not been examined. We investigated
hTRPA1 activity in HEK293T cells in response to cooled or heated propofol using the patch-clamp method. We
found that hTRPA1 currents were smaller in a warm environment (>35 °C) with heated propofol. Our results
suggest that propofol should be kept above 35 °C to minimize hTRPA1 activation. Moreover, heating propofol
decreased hTRPAl-mediated currents but did not alter activation of human GABA, receptors. This finding
suggest that heated propofol can inhibit hTRPA1 activation and reduce vascular pain without losing its anes-

thetic function.

1. Introduction

Propofol, an intravenous anesthetic, is widely used for the induction
and maintenance of anesthesia. Propofol activates type A y-amino
butyric acid (GABAA) receptors in the central nervous system and in-
duces a loss of consciousness [1]. However, propofol has a side effect of
causing local pain at the injection site [2]. Previous studies showed that
the Visual Analogue Scale (VAS) score of postoperative pain and total
postoperative opioid consumption are higher in patients with vascular
pain than in those without it [3,4]. Therefore, vascular pain needs to be
resolved because it continues to affect patients after surgery. Various
treatments for propofol-induced vascular pain (vascular pain) have been
investigated, including the use of premedication [5,6]. For example,
pretreatment using lidocaine [5] or opioids and 5-HT3 antagonists [6] is
said to be most effective. Nevertheless, these treatments do not
completely prevent vascular pain. Multiple factors are said to cause
vascular pain, including the rate of administration [7] and the size of the
vein being injected [8]. These are indirect factors; the direct cause in-
volves transient receptor potential ankyrin 1 (TRPA1), an ion channel
[9]. One possible reason for the failure to prevent pain may be that the
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premedication does not inhibit the factors causing vascular pain. Addi-
tionally, the risk of side effects must be at least considered in the use of
premedication. Therefore, a strategy to prevent vascular pain without
the use of premedication is needed.

Propofol is emulsified in a fat emulsion because of the low water
solubility of its main ingredient, 2,6-diisopropylphenol. 2,6-Diisopro-
pylphenol has been shown to cause vascular pain by activating human
TRPA1 (hTRPA1) [10]. TRPA1 is a non-selective cation channel with
calcium permeability and is temperature sensitive. TRPA1 is expressed
on the sensory nerve endings distributed in perivascular regions [11].
While TRPA1 was initially reported to be activated by noxious cold
stimuli [12], recent studies have shown that TRPAL1 is also a heat sensor.
Mouse TRPAL is a receptor required for noxious heat sensation [13].
Single-channel analysis showed that purified human TRPA1 was acti-
vated by both cold and heat stimuli, with minimal opening probability at
approximately 22 °C [14]. However, agonist stimulation at a high
temperature of 39 °C was reported to suppress TRPA1 activity in rats and
humans [15]. Thus, TRPA1 appears to show a range of temperature
sensitivity. A package insert of propofol states that it should be stored at
25 °C or below to avoid freezing [16]. Although there are differences
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Fig. 1. Effect of hTRPA1 activation by propofol and the solvent A, B) Representative trace of Diprivan (A) or Maruishi-activated currents in HEK293T cells
transfected with plasmid expressing human TRPA1 (hTRPA1). The holding potentials were —60 mV with ramp pulses (—100~+100 mV, 300 ms). The insets show
current-voltage curves at the time points of a and b. Different types of solvent compositions were used: Diprivan for long-chain triglyceride (LCT) and Maruishi for
medium-chain triglyceride/long-chain triglyceride (MCT/LCT). C) Comparison of peak-current density of Intralipos and Diprivan at —60 mV (mean + SEM, n = 11).
Mann-Whitney U test. D) Comparison of peak-current density of Intralipos and Maruishi at —60 mV (mean + SEM, n = 11). Mann-Whitney U test.

depending on hospitals, propofol is often administered to patients at
room temperature. However, it is unclear whether propofol at different
temperatures alters the vascular pain sensation mediated by TRPA1.

In this study, we examined the effects of propofol at different tem-
peratures on hTRPA1 activity in HEK293T cells using the patch-clamp
method. Our results suggest a simple and useful method to reduce
propofol-induced vascular pain sensation.

2. Materials and methods
2.1. Chemicals

Two types of clinically used propofol emulsions, in different solvents,
were used in this study: 1 % Diprivan® Injection (SANDOZ, Switzerland;
LCT) (hereafter referred to as “Diprivan”) and Propofol Intravenous 1 %
(Maruishi Pharmaceutical, Japan; MCT/LCT) (hereafter referred to as
“Maruishi”). The two types of propofol have the same concentration of
active ingredient, but the composition of the solvent, fat emulsion, is
different. Diprivan consists of only long-chain triglyceride (LCT), while
Maruishi is a 1:1 mixture of medium-chain triglyceride/long-chain tri-
glyceride (MCT/LCT). Each was diluted in bath solution to 0.01 %.
Intralipos® Injection 20 % (Otsuka Pharmaceutical, Japan), which is
almost identical in composition to solvent, was used as a control for
propofol (as the solvent-alone treatment). Intralipos® Injection 20 %
was diluted in bath solution to 0.1 %. 2,6- Diisopropylphenol and
y-Aminobutyric acid (GABA) was purchased from Sigma-Aldrich. Allyl
isothiocyanate (AITC) was purchased from Tokyo Chemical Industry
Co., Ltd. Stock solutions were prepared in DMSO; the final concentration
of DMSO did not exceed 0.3 %.

2.2. Cell culture and transfection

HEK293T cells were cultured in DMEM (high glucose) with 1-gluta-
mine and phenol red (FUJIFILM Wako, Japan) supplemented with 10 %

(vol/vol) FBS (lot #S06537S1560; Biowest, France), penicillin/strep-
tomycin (1:100; Life Technologies, USA), and GlutaMAX (1:100; Life
Technologies) at 37 °C in humidified air containing 5 % CO».

Cells (2 x 10° cells) were seeded in a 35 mm dish 24 h before
transfection. The cells were transfected with 0.5 pg plasmid DNA
(hTRPA1-pcDNA3.1, human GABA-ARa1-pcDNA3, human GABA-ARp2-
pcDNA3) using Lipofectamine (Invitrogen, USA). After incubation for
2.5-4 h, cells were reseeded on cover glasses and further incubated at
37 °C in a humidified 5 % CO; incubator. The cells were subjected to
patch-clamp recording 20-30 h after transfection. Plasmids were
generously provided by Dr. Tominaga at NIPS (Okazaki, Japan).

2.3. Electrophysiology

Transfected HEK293T cells were used for whole-cell recordings. The
bath solution contained 140 mM NaCl, 5 mM KCl, 2 mM MgCl,, 2 mM
CaCly, 10 mM HEPES, and 10 mM glucose at pH 7.4 adjusted with
NaOH. The pipette solution was composed of 140 mM KCl, 5 mM EGTA,
and 10 mM HEPES, with the pH adjusted to 7.4 using KOH. Patch pi-
pettes were made from borosilicate glass (type 8250, King Precision
Glass, USA) with a four-step protocol using a P-97 (Sutter Instrument,
USA). The pipette resistance was 2.5-5 MQ. The holding potential was
—60 mV, and ramp pulses from —100 to +100 mV were applied for 300
ms every 5 s. Currents were recorded using a Multiclamp 700B amplifier
(Axon Instruments, USA), filtered at 1 kHz with a low-pass filter, and
digitized with a Digidata 1550B (Axon Instruments). The data were
acquired using pCLAMP 10 software (Axon Instruments).

Thermal and cool stimulation was applied by increasing the bath
temperature using preheated or precooled solution delivered through a
syringe. The bath temperature in the chamber was monitored during
recordings with a thermistor (TC-344B, Warner Instruments, USA)
placed within 100 pm of the patch-clamped cells. All experiments were
performed at room temperature except for those involving thermal or
cool stimulation. For each experiment, 4-10 trials were performed.
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Fig. 2. Effect of propofol at various temperatures on hTRPA1 activation All experiments were performed at room temperature (approximately 25-26 °C). A, B, C)
Typical traces, current-voltage curves, and graph of temperature changes of HEK293T cells expressing hTRPA1 in response to room temperature (A), cooling (B), and
heating (C) Diprivan. The holding potentials were —60 mV with ramp pulses (—100~+100 mV, 300 ms). The insets show current-voltage curves at the time points of
a, b, and c. D, E) The plot of hTRPA1 current density in response to Diprivan (D) and Maruishi (E) application from 10 °C to 45 °C. F) A typical trace, current-voltage
curves, and graph of temperature changes of HEK293T cells expressing hTRPA1 when changing the temperature at the time of Diprivan application. The holding
potentials were —60 mV with ramp pulses (—100~-+100 mV, 300 ms). G) Comparison of peak-current density of Diprivan with different temperatures at —60 mV

(mean + SEM, n = 5-9). n. s., not significant, Kruskal-Wallis test (n = 5-9).
2.4. Statistical analyses

Values are presented as the mean with the standard error of the mean
(SEM). Statistical analysis was performed using the Mann-Whitney U
test or Student’s t-test to calculate the significance of differences be-
tween two groups. Kruskal-Wallis test was used to calculate the signif-
icance of differences between multiple groups. p < 0.05 was considered
significant. Statistical analyses were performed using Origin Pro2023
software (OriginLab, USA).

3. Results
3.1. Effect of propofol and solvent on hTRPA1 activity

Owing to differences in propofol concentration in the aqueous phase,
MCT/LCT propofol has been reported to be associated with less pain
than LCT propofol [17,18]. We examined whether there was a difference
in hTRPA1-activating ability between Diprivan (a propofol emulsion in
LCT) and Maruishi (a propofol emulsion in MCT/LCT). We first checked
the currents in hTRPA1l-expressing HEK293T cells in Diprivan and
Maruishi. When 0.1 % Intralipos was applied, hTRPA1l-mediated
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Fig. 3. Effects of Heated AITC on hTRPA1 Activity A, B) Typical traces, current-voltage curves, and graph of temperature changes of HEK293T cells expressing
hTRPAL1 in response to room temperature (A) and heating (B) AITC. The holding potentials were —60 mV with ramp pulses (—100~+100 mV, 300 ms). The insets
show current-voltage curves at the time points of a, b, and c. C) The plot of hTRPA1 current density in response to AITC application over the range of

about 25 °C-45 °C.

currents were not observed (Fig. 1A and B). In contrast, when 0.01 %
Diprivan or 0.01 % Maruishi was applied, significant hTRPA1-mediated
currents with outward rectification were observed (Fig. 1A-D, p < 0.01).
These results indicated that the solvent of propofol had no effect on
hTRPA1 activation. In addition, both Diprivan and Maruishi had
hTRPAl-activating ability, and the degree of activation was similar.

3.2. Effect of propofol at various temperatures on hTRPA1 activity

Next, we examined the effect of propofol at 10 °C-45 °C on hTRPA1
activity with room temperature propofol as the control. Bath solutions
were precooled or preheated to the desired temperatures before the
application of propofol. Since Diprivan and Maruishi showed similar
degrees of TRPA1 activation in Result 1, Diprivan was used as the main
reagent here. Diprivan-activated hTRPA1 currents were observed both
at room temperature (Fig. 2A) and cooled conditions (Fig. 2B), but not in
heated condition (Fig. 2C). hTRPA1l-mediated currents were very small
with Diprivan or Maruishi at temperatures above 35 °C (Fig. 2D and E).
To examine the effect of preheating on hTRPA1 activation, we applied
room temperature Diprivan after preheating it to 35 °C (Fig. 2F). A clear
Diprivan-evoked hTRPA1 currents were observed, and although the
current density was not significantly different compared with that under
room temperature conditions, but half of the measured hTRPA1 currents
had smaller current values (Fig. 2G). AITC, a TRPA1 activator, did not
cause hTRPA1 activation after activation by Diprivan (Fig. 2F), which
may be because of desensitization. In addition, preheating to 35 °C and
applying Diprivan at 35 °C resulted in the lowest current density due to
hTRPAL. These results suggest that propofol should be kept above 35 °C
to minimize hTRPA1 activation.

3.3. Effects of heated AITC on hTRPA1 activity

Among the compounds that activate TRPA1, AITC has been shown to
covalently modify cysteine residues in the N-terminal cytoplasmic
ankyrin repeat domain of TRPA1 [19]. Thus, we examined whether the
compound that binds to a different site of TRPA1 (AITC) had different
results from propofol shown in Fig. 2D and E. As a result, the
AITC-activated hTRPA1 currents were observed at room temperature
(Fig. 3A), but when heated to 35 °C or higher, the currents were very
small (Fig. 3B). As shown in Fig. 3C, although some AITC-mediated
hTRPA1 currents were observed around 35 °C, the currents were
smaller at temperatures above 35 °C.

3.4. Effects of heated propofol on hTRPA1 activity

To examine the effects of heated propofol, we examined whether
heated Diprivan affected hTRPA1l-activating ability. In this study, in
order to put the solution into the syringe and pass it through the tube to
raise the temperature inside the chamber to 35 °C or higher at room
temperature (25-26 °C), the solution had to be heated to around 60 °C.
Therefore, propofol was heated to 60 °C for 1 h and then returned to
room temperature before use. Compared with the currents evoked by
room temperature Diprivan (Fig. 4A), the hTRPAl-mediated currents
evoked by once heated Diprivan were small (Fig. 4B). The peak-current
density was significantly lower in once heated Diprivan than in Diprivan
(Fig. 4C, p = 0.013). AITC-activated hTRPA1 currents were observed
after exposure to once heated Diprivan (Fig. 4B).

3.5. Effects of heated 2,6-diisopropylphenol on hTRPA1 activity

To determine the effect of heated on 2,6-diisopropylphenol, the



C. Suda et al.

0.01% Diprivan

?
’ AITC 300 pM
b
o 1T .
m <
[
~N
50 sec
C ;
— =0.013
& 600+ A
o
<
o )
24004 [
2 o
8 o
£ -200 %
o
5
(6]
0 Room Heated
temperature at 60°C

0.01% Diprivan

2 b

Biochemistry and Biophysics Reports 41 (2025) 101918

0.01% Diprivan
heated at 60°C

B
sl 1L

Fig. 4. Effects of hTRPALI activation by heated propofol Reagents at room temperature and reagents heated to 1 h and then retuern to room temperature were used.
A, B) Representative trace of 0.01 % Diprivan- (A) or once heated Diprivan— (B) activated hTRPA1 currents in HEK293T cells. The holding potentials were —60 mV
with ramp pulses (—100~+100 mV, 300 ms). The insets show current-voltage curves at the time points of a, b, and c. C) Comparison of hTRPA1 current density at
—60 mV in room temperature Diprivan and once heated Diprivan. The values were expressed as mean + SEM, with n = 6. Student’s t-test.

active ingredient in the propofol, we examined whether heated 2,6-dis-
opropylphenol affected hTRPAl-activating ability. As in Result 3, 2.6-
diisopropylphenol was heated to 60 °C for 1 h and then returned to
room temperature before use. Compared with the hTRPA1 current
induced by room temperature 2,6-disopropylphenol (Fig. 5A), the
hTRPAl-evoked currents by once heated 2,6-disopropylphenol were
small (Fig. 5B). AITC-activated hTRPA1 currents were also observed
after washout of once heated 2,6-diisopropylphenol (Fig. 5B). The peak-
current density was significantly lower in once heated 2,6-diisopropyl-
phenol than in room temperature 2,6-diisopropylphenol (Fig. 5C, p =
0.008)

3.6. Human GABAy-activating ability of heated propofol

Because heated propofol and 2,6-diisopropylphenol lost the ability to
activate hTRPA1 to some extent (Figs. 4 and 5), we examined whether
heated propofol maintained its anesthetic ability using HEK293T cells
expressing human GABA, receptors. GABA4 receptors consist of a pen-
tamer of two o subunits, two j subunits, and one y subunit [20-22]. The
most common combination of GABA4 receptor subunits expressed in the
central nervous system is alp2y2 [23], and the anesthetic effects of
propofol are thought to result from its binding to the «1p2 subunit of the
GABA, receptor [24]. Therefore, we used transfected cells with human
GABA-ARa1-pcDNA3 and human GABA-ARB2-pcDNA3 plasmids. First,
GABA, a positive control, was applied to determine whether GABA,
receptors were activated, and the results confirmed GABA-activated
human al1p2 GABAx-mediated currents (Fig. 6A). Similar human ol1p2
GABAp-mediated currents were observed by application of Diprivan
(0.01 %) or once heated Diprivan at room temperature (Fig. 6B and C).
Although the mechanism is unclear, some current activation was
observed upon Diprivan washout (Fig. 6B and C). The peak-current

density was not significantly different at room temperature Diprivan
and once heated Diprivan (Fig. 6D).

3.7. Human GABAx-activating ability of heated 2,6-diisopropylphenol

To confirm whether heated 2,6-diisopropylphenol, the active ingre-
dient of propofol, maintains its anesthetic ability, we measured human
a1p2 GABA, receptor-mediated current using HEK293T cells expressing
the human alf2 GABA4 receptor. Once heated 2,6-disopropylphenol
currents were observed compared to human alp2 GABAA mediated
currents with 2,6-disopropylphenol at room temperature (Fig. 7A and
B). Similar to Result 5, the mechanism is unclear, but some current
activation was observed after washing 2,6-diisopropylphenol (Fig. 7B).
The peak current densities were similar for room temperature 2,6-diiso-
propylphenol and once heated 2,6-diisopropylphenol, there were not
significantly different (Fig. 7C).

4. Discussion

In the present study, we explored strategies to reduce propofol-
induced vascular pain sensation. As previous reports showed that
TRPA1 has temperature sensitivity, we examined whether hTRPA1
activation is affected by propofol at different temperatures in HEK293T
cells. No studies have examined temperature-dependent effects of pro-
pofol in patch-clamp experiments. In an environment above 35 °C,
propofol-induced hTRPA1 currents were smaller. The results from the
pre-heating experiments indicated that propofol should be kept at
temperatures above 35 °C to minimize TRPA1 activation.

Propofol has been reported to interact with methionine residues
M912 and M953 at sites within the S5-S6 pore region of TRPA1 [25,26].
It has also been suggested that the S5-S6 pore region is involved in the
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expressed as mean + SEM, with n = 5-6. Mann-Whitney U test.

thermal stimulation-sensitive of TRPA1 [14]. These suggests that pro-
pofol and heat are activated in relation to the same pore area, and
therefore pre-heating before TRPA1 agonists application may have some
effect on the pore area. As shown in Fig. 3, not only propofol but also
AITC-mediated hTRPA1 currents were small at the thermal environment
above 35 °C. Therefore, heating to 35 °C is thought to have an inhibitory
effect on TRPA1 gating.

hTRPAl-mediated currents were not observed during pre-cooling
but were observed during pre-heating (Fig. 2), indicating that hTRPA1
is activated by thermal stimulation. However, as shown in Fig. 2F and G,
hTRPA1 currents were observed when the temperature was lowered
during the application of propofol after pre-heating. It is possible that
some hTRPA1 that was not sensitized by thermal stimulation was acti-
vated by Diprivan. This suggests that hTRPA1 is not completely desen-
sitized by thermal stimulation at approximately 35 °C. In a previous
report, co-application of heat and agonist resulted in suppression and
desensitization of TRPA1 activation at 39 °C, but TRPA1 activation was
still observed at 34 °C [15]. Therefore, it is likely that continuous
heating above 35 °C would make TRPA1 less activated by chemical
agonists. Consequently, it is important to apply propofol while keeping
the temperature around hTRPA1 above 35 °C from pre-heating, which
may suppress propofol-induced hTRPA1 activation at temperatures
closer to body temperature.

We also observed that hTRPA1-mediated currents activated by once
heated propofol and 2,6-diisopropylphenol were smaller (Figs. 4 and 5),
Human GABAx-mediated currents were caused by once heated propofol
and 2,6-diisopropylphenol to a similar extent as at room temperature
(Figs. 6 and 7). These indicate that heated propofol, with or without fat
emulsion, causes a change in its hTRPA1-activating ability, but propofol

activity on human GABA4 receptors was not lost with heating. In this
study, heating propofol at 60 °C had some effect on hTRPA1 activating
ability. Therefore, once heated propofol at 60 °C may have changed the
way TRPALl is activated or the propofol itself chemical or structural
modification. However, we have not been able to confirm any modifi-
cations caused by heating, so we will be examined in a future study. In
addition, this study examined only the combination of a1p2 subunits of
GABA, receptors. It has been reported that propofol also acts on p3
subunits [27,28], but the effects on expression systems, including 3
subunits, have not been explored in this study. Furthermore, GABAp
receptors also contain gamma subunits in vivo. To clarify the effects of
heated propofol on GABA, receptors, it is necessary to investigate other
subunit sets of GABA, receptors, such as the 3 subunits, and GABA
responses in isolated neurons.

In order to apply these results to clinical practice, it is important to
consider the local temperature of human peripheral veins. In the pe-
ripheral veins where the infusion is administered, the blood temperature
is similar to the tissue temperature, which is 32-33 °C [27]. Thus, it is
necessary for propofol to be heated to 37-39 °C before administration to
raise the local area where propofol is administered above 35 °C.
Although we were unable to conform any chemical changes in heated
propofol at 60 °C, the clinical usage guidelines for propofol [28] state
that “no significant changes were observed and the quality can be
determined to be stable” even after heating at 40 °C for four weeks in the
following stress test items: product description, pH, purity test (free fatty
acid), particle number test, mean particle diameter, quantitative test.
Therefore, since there is thought to be no problem with the stability of
propofol heated to 37-39 °C, it is believed that it can be administered to
humans even if heated to 39 °C. In fact, when propofol is administered to
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Fig. 6. Effects of human GABAA activation by heated propofol Reagents at room temperature and reagents heated to 1 h and then retuern to room temperature were
used. Representative trace of GABA- (A), Diprivan- (B) or once heated Diprivan- (C) activated human a1p2 GABA4 currents in HEK293T cells. The holding potentials
were —60 mV with ramp pulses (—100~+100 mV, 300 ms). The insets show current-voltage curves at the time points of a and b. D) Each bar graph indicates the
average value of the peak-current density of Diprivan and once heated Diprivan at —60 mV. n. s., not significant, Student’s t-test (n = 6-7).

humans, the pain experienced varies from person to person. We believe
that future clinical trials are needed in humans to determine whether
administering propofol heated to 37-39 °C will result in any changes to
vascular pain.

There were no differences in hTRPA1 activity between Diprivan and
Maruishi (Fig. 1), suggesting there may not be differences in the extent
of pain sensation between the two types of propofol. The vascular pain
sensation evaluated in most of previous clinical study was a subjective
patient assessment obtained from the time of propofol administration
before loss of consciousness. Although Maruishi dissolved in MCT/LCT
has been reported to be associated with less pain than Diprivan dissolved
in LCT in the clinic [29], hTRPAl-activating ability was not different
between the two propofol types in vitro (Fig. 1). Therefore, the differ-
ences in pain sensation in humans in response to different propofol types
may be from factors other than hTRPA1 activity.

5. Conclusions
Our results showed that hTRPA1 activation by propofol was smaller

in warm environments above 35 °C and suggest that heated propofol
may reduce vascular pain. Our findings also suggest that heated propofol

inhibits hTRPA1 activation and reduces vascular pain without losing its
anesthetic function.
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