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Background: Antioxidant anesthetics such as propofol (2,6-
diisopropylphenol) directly inhibit lipid peroxidation via the
generation of reactive oxygen species. Currently, there are no
other studies regarding the direct effects of propofol medium
chain triglyceride/long chain triglyceride (MCT/LCT) on reac-
tive oxygen species generation or in experimental models of
reactive oxygen species–induced oxidative stress in the brain.

Methods: The authors investigated the effects of propofol
MCT/LCT on reactive oxygen species (hydroxyl radical or su-
peroxide) by electron spin resonance spin trapping with 5,5-
dimethyl-1-pyrroline-N-oxide. The effects of propofol MCT/LCT
on oxidative stress in the brain of Wistar-Kyoto rats or stroke-
prone spontaneously hypertensive rats were investigated by
using an in vivo L-band electron spin resonance system to
monitor the decay rate of 3-methoxycarbonyl-2,2,5,5-tetram-
ethyl-pyrrolidine-1-oxyl as a nitroxyl spin probe.

Results: These studies provided direct evidence that propofol
MCT/LCT inhibited hydroxyl radical generation, but not superox-
ide generation. Regarding the hydroxyl radical from the Fenton
system, it is likely to be due to the scavenging effects of vehicle.
Anesthesia with propofol MCT/LCT reduced the degree of the high
oxidative stress in the brain of stroke-prone spontaneously hyper-
tensive rats.

Conclusion: The current data show that propofol, mixed with
clinical reagents (propofol MCT/LCT), resulted in the down-
regulation of high oxidative stress due to scavenging hydroxyl
radical, as demonstrated by in vitro or in vivo electron spin
resonance analysis. These results led to reduced levels of hy-
droxyl radical, formed by brain injury such as stroke, and may
therefore provide advantages for neuroprotection during anes-
thesia for craniotomy, e.g., in cases of brain disease.

IT has been reported that oxidative stress induced by
reactive oxygen species (ROS) such as the hydroxyl
radical (HO·) or superoxide (O2

·�) could be involved in
various brain dysfunctions, including ischemia–reperfu-
sion injury,1 brain tumor,2 aging,3 familial amyotrophic

lateral sclerosis,4 Alzheimer disease,5 and other neurode-
generative diseases.6 The protective effects of general
anesthetics in the brain are well known.7–9 Moreover,
antioxidant anesthetics, such as propofol (2,6-diisopro-
pylphenol), inhibit lipid peroxidation via the generation
of ROS.7–9 Recently, it has been reported that antioxi-
dant anesthetics reduce ischemia–reperfusion injury of
the brain via their antioxidant property.10,11

During the past decade, it has become well accepted
that propofol is an intravenous sedative–hypnotic agent
popular for sedation within the intensive care unit.12

The rapid recovery of patients after stopping propofol
treatment makes it an attractive option for the intensive
care unit, particularly for patients requiring only short-
term sedation. One distinct advantage is the overall re-
duction in medical costs.13 However, there are potential
risks related to propofol treatment that need to be taken
into consideration, such as increased serum triglyceride
levels after long-term application.13,14 Hypertriglyceride-
mia is one of the unwanted effects likely to occur during
long-term propofol sedation using a formulation contain-
ing long chain triglycerides (LCTs) extracted from soy-
bean oil. Recently, it has been reported that the use of
propofol that has been formulated in a solvent consisting
of medium chain triglycerides (MCTs) and LCT (MCT/
LCT) might reduce the risk of hypertriglyceridemia.15 It
has also been reported that propofol has distinct antiox-
idant properties, because the chemical structure of
propofol is similar to that of phenol-based ROS scaven-
gers such as vitamin E.16 However, no other study has
specifically investigated the direct effects of propofol
MCT/LCT on ROS generation or on experimental models
of ROS-induced oxidative stress in the brain.

We previously developed an electron spin resonance
(ESR)–based technique for the detection of free radical
reactions, including ROS, in biologic systems.17–22 Nitroxyl
radicals are very useful as exogenous spin probes for mea-
suring free radical distribution, oxygen concentration, and
redox metabolism by in vivo ESR in biologic systems.20–23

It has been reported that nitroxyl radicals, referred to as a
“nitroxyl spin probe,” lose their paramagnetism through a
redox reaction when exposed to a reducing agent in biologic
systems.24,25 The signal decay rate of the nitroxyl spin probe
provides evidence of ROS generation and changes of redox
status in biologic systems.26,27
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The stroke-prone spontaneously hypertensive rat
(SHRSP), a model of essential stroke, has several character-
istics of increased oxidative stress.21,22,28,29 This has led to
the technique being described as involving the blood-brain
barrier–permeable nitroxyl spin probe 3-methoxycarbonyl-
2,2,5,5-tetramethylpyrrolidine-1-oxyl (MC-PROXYL) for the
assessment of oxidative stress in the brain.20–22 Further-
more, these results suggest that MC-PROXYL is a suitable
spin probe for ESR detection of free radical reactions in the
brain of rodent models. In the current study, we investi-
gated the effect of propofol MCT/LCT, including an appro-
priate vehicle such as MCT/LCT, on the scavenging effects
of ROS and the decay rate constants of MC-PROXYL in the
SHRSP brain by ESR techniques. These studies showed that
propofol MCT/LCT could reduce ROS-induced oxidative
stress in the brain of the SHRSP due to scavenging HO·.

Materials and Methods

Reagents
Propofol MCT/LCT (1% propofol injection, Maruishi)

was purchased from Maruishi Pharmaceutical (Osaka,
Japan). MCT/LCT was prepared with soybean oil, MCT,
lecithin from chicken eggs, glycerol, and sodium oleate.
Propofol LCT (1% Diprivan injection) was purchased
from AstraZeneca Ltd. (Osaka, Japan). Xanthine oxidase
(XO) (grade III: from buttermilk, chromatographically
purified suspension in 2.3 M (NH4)2SO4, 10 mM sodium
phosphate buffer [pH 7.8], containing 1 mM EDTA and 1
mM sodium salicylate), xanthine, and superoxide dis-
mutase were obtained from Sigma (St. Louis, MO). Hy-
drogen peroxide (H2O2) and FeSO4 were obtained from
Wako Chemical (Osaka, Japan). 5,5-Dimethyl-1-pyrro-
line-N-oxide (DMPO) was purchased from Labotec (To-
kyo, Japan). MC-PROXYL was synthesized from 3-car-
boxy-2,2,5,5-tetramethyl-pyrrolidine-1-oxyl (carboxy-PROXYL;
Tokyo Kasei, Tokyo, Japan) and diazomethane (Wako
Chemical) was synthesized by a method described
previously.20 –22

In Vitro ESR Measurement
HO· were generated by the Fenton reaction (H2O2 plus

FeSO4) as described previously.30,31 HO· were generated
by ultraviolet irradiation of H2O2 as described previously.32,33

O2
·� were generated by the xanthine–XO system by

methods also described previously.18 All solutions were
prepared in 0.1 M phosphate-buffered saline (pH 7.2).
ESR spin trapping was conducted with a ROS generating
system containing DMPO. ESR observations were per-
formed with a JES-RE 3X, X-band spectrometer (JEOL,
Tokyo, Japan) connected to a WIN-RAD ESR Data Ana-
lyzer (Radical Research, Tokyo, Japan) at the following
instrument settings: microwave power, 8.00 mW; mag-
netic field, 335.638 � 5 mT; field modulation width,

0.079 mT; receiver gain, 400; sweep time, 1 min; and
time constant, 0.03 s. Hyperfine coupling constants
were calculated based on resonance frequency, mea-
sured with a microwave frequency counter, and reso-
nance field, measured with a JEOL ES-FC5 field measure-
ment unit. To quantify the spin adducts detected, we
obtained ESR spectra for manganese oxide standards.
After the ESR spectra were recorded, the signal intensity,
expressed as relative height, was normalized against the
signal intensity of the manganese oxide standard.30,31 All
experiments were repeated a minimum of four times.

In Vivo ESR Measurement
The procedures used in this study were in accordance

with the guidelines of the US National Institutes of
Health Guide for the Care and Use of Laboratory Ani-
mals (publication 85-23, revised 1985), and our proto-
cols were approved by Animal Care Committees of Ka-
nagawa Dental College (Yokosuka, Japan). Male
Wistar-Kyoto rats (WKYs) and SHRSPs, weighing ap-
proximately 100 –120 g, were purchased from Japan
SLC (Hamamatsu, Japan).

In preliminary experiments, we confirmed that WKYs
and SHRSPs were successfully anesthetized with a min-
imal concentration of pentobarbital (30 mg/kg, intrave-
nous) for in vivo L-band ESR. Therefore, WKYs and
SHRSPs were anesthetized with pentobarbital (30 mg/
kg, intravenous) or propofol MCT/LCT (20 mg/kg, intra-
venous) and used for in vivo L-band ESR. We then
analyzed the head region of WKYs or SHRSPs with in
vivo L-band ESR analysis as described previously.21,22

The ESR spectra from SHRSPs were obtained with a
L-band ESR spectrometer (JES-RE-3 l; JEOL, Akishima,
Japan) equipped with a four-window loop-gap resonator,
under the following conditions: microwave power, 10
mW; magnetic field, 50.0 � 10 mT; field modulation
width, 1 mT; receiver gain, 79–320; sweep time, 0.5
min; and time constant, 0.03 s. All experiments were
repeated a minimum of five times.

Measurement of Cerebral Blood Flow
The decay rate of MC-PROXYL was used, under the same

conditions as the L-band ESR assay, to ascertain whether
propofol MCT/LCT treatment had any effect on cerebral
blood flow (CBF) in the brain of SHRSPs and WKYs. CBF
was measured by a laser Doppler flowmeter (TBF-LN1;
Unique Medical, Tokyo, Japan) using a laser Doppler flow-
metry probe (LP-C; Unique Medical). It has previously been
reported that urethane anesthetic has a wide safety margin
and has little influence on normal blood pressure and the
general circulation.34,35 As a consequence, rats were anes-
thetized with urethane (1.2 g/kg, intraperitoneal) before
CBF measurements. Each rat was fixed on a wooden board
(18 � 25 cm) in the prone position. All limbs were fixed at
an angle of 45° to the body midline with adhesive tape. The
head was also fixed to the board with adhesive tape. A laser
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Doppler flowmetry probe was glued directly onto the sur-
face of the skull. The output signals from the flowmeter
were recorded on a computer hard disk through an ana-
log–digital converter and displayed simultaneously on the
monitor. CBF was recorded and analyzed using data analy-
sis software (Chart version 4.2; AD Instruments, Inc., Col-
orado Springs, CO). After CBF had stabilized at a baseline,
propofol MCT/LCT (20 mg/kg) was administered by tail
vein injection. CBF was then continuously monitored over
a 10-min period, the same time course as L-band ESR stud-
ies. Pericranial temperature, arterial oxygen tension, arte-
rial carbon dioxide tension, and blood pressure were con-
trolled and remained at consistent levels across all groups
before or during CBF measurements. All of the traces pre-
sented are typical results. All experiments were repeated a
minimum of four times.

Statistical Analysis
Statistical analyses were performed using Statcel (OMS,

Saitama, Japan). Analyses demonstrated that data arising
from this experiment were normally distributed. Results
are presented as mean � SD. Two-way analysis of vari-

ance was used to compare the averages of six concen-
tration levels and between agents. The Bonferroni/Dunn
test was used for multiple comparisons. Regression anal-
ysis was applied to data obtained from the L-band ESR
analysis. The Student t test was used to compare aver-
ages between WKY and SHRSP. A P value of less than
0.05 was considered to be statistically significant.

Results

Effects of Propofol MCT/LCT on HO· Generation by
the Fenton System
In the current study, we investigated the effects of propo-

fol MCT/LCT on HO·, which had been generated from the
Fenton reaction, by ESR spin trapping with DMPO.

As reported previously,30,31,36 after the addition of
H2O2 to FeSO4, we primarily observed a characteristic
DMPO-OH spin adduct spectrum with hyperfine split-
ting giving rise to four resolved peaks (figs. 1A and B,
control). With propofol MCT/LCT (56.09–5,609 �M) pre-
treatment of FeSO4 and subsequent addition of H2O2, it
was apparent that the DMPO-OH signal was reduced in a

Fig. 1. Effects of propofol medium chain triglyceride/long chain triglyceride (MCT/LCT) or vehicle on hydroxyl radical (HO·)
generation from the Fenton reaction. (A) Electron spin resonance spin trapping measurement of HO· generation from H2O2 (20 �M)
and FeSO4 (20 �M) in 0.1 M phosphate-buffered saline (pH 7.2) as spin trap 5,5-dimethyl-1-pyrroline-N-oxide (DMPO; 50 mM) in the
absence of propofol MCT/LCT (control) with propofol MCT/LCT pretreatment at 56.09 �M, 112.18 �M, 224.36 �M, 560.9 �M, and
original liquid (5,609 �M), respectively. (B) Electron spin resonance spin trapping measurement of HO· generation from H2O2 (20
�M) and FeSO4 (20 �M) in 0.1 M phosphate-buffered saline (pH 7.2) as spin trap DMPO (50 mM) in the absence of vehicle (MCT/LCT)
(control) with equivalent vehicle (MCT/LCT) pretreatment of propofol MCT/LCT. Signals appearing at either side of the electron spin
resonance spectra correspond to manganese oxide installed in the cavity as a reference. In C, we report the dose–response of
propofol MCT/LCT (56.09–5,609 �M; closed column) or equivalent vehicle (open column) on HO· generation from the Fenton
reaction. The signal intensity of the second peak of the spectrum was normalized as the relative height against the standard’s signal
intensity of the manganese oxide marker. Data are presented as mean � SD of quadruplicate experiments. * Significantly different
(P < 0.05) from the corresponding control value.
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dose-dependent manner (fig. 1A). However, with pre-
treatment using the equivalent vehicle (MCT/LCT), it
was also demonstrated that the DMPO-OH signal was
reduced in a dose-dependent manner (fig. 1B). These
data indicate that, within this system, propofol MCT/LCT
markedly inhibits HO· generation from the Fenton reac-
tion as a result of scavenging, both by the propofol
MCT/LCT and by the vehicle. It was also clear that both
propofol MCT/LCT and the vehicle reduced HO· gener-
ation in a dose-dependent manner (fig. 1C).

Effects of Propofol MCT/LCT on HO· Generation by
Ultraviolet Irradiation of H2O2

In the next study, we investigated the effects of propo-
fol MCT/LCT on HO·, which had been generated from
ultraviolet irradiation of H2O2, and by ESR spin trapping
with DMPO.

As reported previously,32,33,36 after ultraviolet irradia-
tion of H2O2, we primarily observed a characteristic
DMPO-OH spin adduct spectrum with hyperfine split-
ting giving rise to four resolved peaks (figs. 2A and B,
control). When H2O2 was pretreated with propofol

MCT/LCT (56.09–5,609 �M) followed by ultraviolet irra-
diation, it was apparent that the DMPO-OH signal was
reduced in a dose-dependent manner (fig. 2A). When the
experiment was repeated using the equivalent vehicle
pretreatment, it was evident that the DMPO-OH signal
was not significantly different at low concentration (figs.
2B and C) but was reduced at high concentrations
(�560.09 �M) of vehicle (figs. 2B and C). Interestingly,
the inhibitory effects of propofol MCT/LCT (�224.36
�M) were significant stronger than the vehicle alone (fig.
2C). These data suggest that propofol MCT/LCT directly
inhibited HO· generation in a manner that was indepen-
dent of the scavenging effects of the vehicle (fig. 2C).

Effects of Propofol MCT/LCT and Propofol LCT on
HO· Generation by the Fenton System
In the current study, we investigated the effects of

other propofol formulations, such as propofol LCT
(Diprivan) on HO· generated from the Fenton reaction
by ESR spin trapping with DMPO.

When FeSO4 was pretreated with propofol MCT/LCT
(56.09–5,609 �M) and the subsequent addition of H2O2, it

Fig. 2. Effects of propofol medium chain triglyceride/long chain triglyceride (MCT/LCT) or vehicle on the generation of hydroxyl
radical (HO·) from ultraviolet irradiation of H2O2. (A) Electron spin resonance spin trapping measurement of HO· generation from
ultraviolet irradiation (365 nm, 40 mW) of H2O2 (20 mM) in 0.1 M phosphate-buffered saline (pH 7.2) as spin trap 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO; 50 mM) in the absence of propofol MCT/LCT (control) with propofol MCT/LCT pretreatment at 56.09 �M,
112.18 �M, 224.36 �M, 560.9 �M, and original liquid (5,609 �M), respectively. (B) Electron spin resonance spin trapping measurement
of HO· generation from ultraviolet irradiation of H2O2 in 0.1 M phosphate-buffered saline (pH 7.2) as spin trap DMPO (50 mM) in the
absence of vehicle (MCT/LCT) (control) with equivalent vehicle (MCT/LCT) pretreatment of propofol MCT/LCT. Signals appearing at
either side of the electron spin resonance spectra correspond to manganese oxide installed in the cavity as a reference. In C, we
present the dose–response of propofol MCT/LCT (56.09–5,609 �M; closed column) or equivalent vehicle (open column) on HO·

generation via ultraviolet irradiation of H2O2. The signal intensity of the second peak of the spectrum was normalized as the relative
height against the standard’s signal intensity of the manganese oxide marker. Data are presented as mean � SD of quadruplicate
experiments. * Significantly different (P < 0.05) from the corresponding control value. † Significantly different (P < 0.05) from the
corresponding value of the MCT/LCT vehicle.
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was apparent that the DMPO-OH signal was reduced in a
dose-dependent manner (fig. 3A), as shown in figure 1.
With equivalent propofol LCT (56.09–5,609 �M) pretreat-
ment, it was also shown that the DMPO-OH signal was
reduced in a dose-dependent manner (fig. 3B). We also
observed that the inhibitory effects of a high concentration
of propofol MCT/LCT (�560.9 �M) were significantly
stronger than propofol LCT (fig. 3C). Collectively, these
data strongly indicate that, within this system, the vehicle
can account for the scavenging effects of HO· on the con-
centration of propofol MCT/LCT (fig. 1C).

Effects of Propofol MCT/LCT and Propofol LCT on
HO· Generation by Ultraviolet Irradiation of H2O2

In the next study, we also investigated the effects of
propofol LCT on HO· generated from ultraviolet irradia-
tion of H2O2 and ESR spin trapping with DMPO.

As shown in figure 2, with propofol MCT/LCT (56.09–
5,609 �M) pretreatment of H2O2 and subsequent ultravi-
olet irradiation, it was apparent that the DMPO-OH sig-
nal was reduced in a dose-dependent manner (fig. 4A).

With equivalent propofol LCT pretreatment, it was also
shown that the DMPO-OH signal was reduced in a dose-
dependent manner (fig. 4B). The inhibitory effects of
propofol MCT/LCT were no different in propofol LCT
(fig. 4C). These data suggest that propofol LCT can also
inhibit HO· generation directly (fig. 4C), in a manner
similar to that propofol MCT/LCT (fig. 2C).

Effects of Propofol MCT/LCT on O2
·� Generation

We also investigated the effects of propofol MCT/LCT
on XO-mediated O2

·� generation, as measured by ESR
spin trapping with DMPO. As reported previously,36

after addition of xanthine to XO, we primarily observed
a characteristic DMPO-OOH adduct spectrum with hy-
perfine splitting giving rise to 12 resolved peaks (fig. 5A, a).
These signals were quenched by 150 U/ml superoxide
dismutase, thus confirming that they were derived from
O2

·� (fig. 5A, b). With propofol MCT/LCT (original liquid;
5,609 �M) pretreatment of XO and subsequent addition of
xanthine, however, we did not observe any alterations in

Fig. 3. Effects of propofol medium chain triglyceride/long chain triglyceride (MCT/LCT) or propofol LCT (Diprivan) on hydroxyl
radical (HO·) generation from the Fenton reaction. (A) Electron spin resonance spin trapping measurement of HO· generation from
H2O2 (20 �M) and FeSO4 (20 �M) in 0.1 M phosphate-buffered saline (pH 7.2) as spin trap 5,5-dimethyl-1-pyrroline-N-oxide (DMPO;
50 mM) in the absence of propofol MCT/LCT (control) with propofol MCT/LCT pretreatment at 56.09 �M, 112.18 �M, 224.36 �M, 560.9
�M, and original liquid (5,609 �M), respectively. (B) Electron spin resonance spin trapping measurement of HO· generation from
H2O2 (20 �M) and FeSO4 (20 �M) in 0.1 M phosphate-buffered saline (pH 7.2) as spin trap DMPO (50 mM) in the absence of vehicle
(MCT/LCT) (control) with equivalent vehicle (MCT/LCT) pretreatment of propofol MCT/LCT. Signals appearing at either side of the
electron spin resonance spectra correspond to manganese oxide installed in the cavity as a reference. In C, we present the
dose–response of propofol MCT/LCT (56.09–5,609 �M; closed column) or propofol LCT (56.09–5,609 �M; open column) on HO·

generation from the Fenton reaction. The signal intensity of the second peak of the spectrum was normalized as the relative height
against the standard’s signal intensity of the manganese oxide marker. Data are presented as mean � SD of quadruplicate
experiments. * Significantly different (P < 0.05) from the corresponding control value. † Significantly different (P < 0.05) from the
corresponding value of propofol LCT.
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the ESR spectrum, which exhibited identical DMPO-OOH
spin adducts (fig. 5A, c). Data showed that propofol MCT/
LCT had no effect on O2

·� generation from xanthine–XO in
this system (fig. 5B).

Effects of Propofol MCT/LCT on SHRSP-induced
Oxidative Stress in the Brain
The effects of propofol MCT/LCT on SHRSP-induced

oxidative stress in the brain were investigated using an

Fig. 4. Effects of propofol medium chain triglyceride/long chain triglyceride (MCT/LCT) or propofol LCT (Diprivan) on the
generation of hydroxyl radical (HO·) from ultraviolet irradiation of H2O2. (A) Electron spin resonance spin trapping measurement
of HO· generation from ultraviolet irradiation (365 nm, 40 mW) of H2O2 (20 mM) in 0.1 M phosphate-buffered saline (pH 7.2) as spin
trap 5,5-dimethyl-1-pyrroline-N-oxide (DMPO; 50 mM) in the absence of propofol MCT/LCT (control) with propofol MCT/LCT
pretreatment at 56.09 �M, 112.18 �M, 224.36 �M, 560.9 �M, and original liquid (5,609 �M), respectively. (B) Electron spin resonance
spin trapping measurement of HO· generation via ultraviolet irradiation of H2O2 in 0.1 M phosphate-buffered saline (pH 7.2) as spin
trap DMPO (50 mM) in the absence of vehicle (MCT/LCT) (control) with equivalent vehicle (MCT/LCT) pretreatment of propofol
MCT/LCT. Signals appearing at either side of the electron spin resonance spectra correspond to manganese oxide installed in the
cavity as a reference. In C, we present the dose–response of propofol MCT/LCT (56.09–5,609 �M; closed column) or propofol LCT
(56.09–5,609 �M; open column) on HO· generation via ultraviolet irradiation of H2O2. The signal intensity of the second peak of the
spectrum was normalized as the relative height against the standard’s signal intensity of the manganese oxide marker. Data are
presented as mean � SD of quadruplicate experiments. * Significantly different (P < 0.05) from the corresponding control value.

Fig. 5. Effects of propofol medium chain
triglyceride/long chain triglyceride (MCT/
LCT) on superoxide (O2

·�) generation. (A)
Electron spin resonance spin trapping
measurement of O2

·� generation from
xanthine oxidase (0.1 U/ml) and xan-
thine (362 �M) in 0.1 M phosphate-buff-
ered saline (pH 7.2) as spin trap 5,5-di-
methyl-1-pyrroline-N-oxide (440 mM) (a)
in the absence of propofol MCT/LCT (con-
trol) (b) with pretreatment of superoxide
dismutase (150 U/ml) to xanthine oxidase
(c) with propofol MCT/LCT pretreatment
(original liquid; 5,609 �M). Signals ap-
pearing at either side of the electron spin
resonance spectra correspond to manga-
nese oxide installed in the cavity as a ref-
erence. In B, we report the effects of
propofol MCT/LCT (original liquid; 5,609
�M) on O2

·� generation from xanthine ox-
idase and xanthine. The signal intensity
of the second peak of the spectrum was normalized as the relative height against the standard’s signal intensity of the manganese
oxide marker. Data are presented as mean � SD of quadruplicate experiments.
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in vivo L-band system to monitor the decay rate of
MC-PROXYL as a nitroxyl spin probe. The decay rate
constants of MC-PROXYL were significantly greater in
the head region of SHRSPs than in WKYs anesthetized
with pentobarbital (30 mg/kg, intravenous) (fig. 6A).
Furthermore, the decay rate constant of SHRSPs was
significantly faster than in WKYs, suggesting that oxida-
tive stress in the brain of SHRSPs was higher compared
with that in WKYs, the latter being the oxidative stress
model reported in our previous study.21,22 However, we
did not observe any alterations in the decay rate constant
of MC-PROXYL in the head region of either SHRSPs or
WKYs anesthetized with propofol MCT/LCT (20 mg/kg,
intravenous) (fig. 6B). These results indicated that the
induced oxidative stress in the SHRSP brain was reduced
by propofol MCT/LCT but not by pentobarbital.

Effects of Propofol MCT/LCT on CBF in WKYs
or SHRSPs
Figure 7 shows the typical effects of propofol MCT/

LCT on CBF in WKYs (A) and SHRSPs (B). Upon propofol
MCT/LCT administration, we observed a rapid decline in
CBF, both in WKYs and in SHRSPs; CBF levels reached
the same minimum level in the two models within a few
seconds (figs. 7A and B). Furthermore, it was observed
that there was no significant difference between the

WKYs and SHRSPs when CBF levels were compared 10
min after propofol MCT/LCT injection (figs. 7A and B),
equivalent to the period of time monitored in the L-band
ESR study (fig. 6), although CBF levels in WKYs were
higher than in SHRSPs immediately before the injection
of propofol MCT/LCT (fig. 7C). These results indicated
that anesthesia undertaken with propofol MCT/LCT dur-
ing L-band ESR measurements had no significant effect
on the levels of CBF in either WKYs or SHRSPs.

Discussion

Propofol anesthesia has been associated with lower in-
tracranial pressure and cerebral swelling than volatile anes-
thesia in brain tumor patients undergoing craniotomy.37,38

The potential neuroprotective effect of propofol may be
mediated by its antioxidant properties, which have been
shown to play a role in apoptosis, ischemia–reperfusion
injury, and inflammatory-induced neuronal damage.39,40

However, questions and controversy remain regarding
whether propofol modulates ROS generation and ROS-
induced oxidative stress in the brain. Many existing studies
have assessed the antioxidant effects of propofol by mea-
suring lipid peroxidation.7–9 However, these previous stud-
ies do not demonstrate the direct effects of ROS generation.

Fig. 6. Effects of propofol medium chain
triglyceride/long chain triglyceride
(MCT/LCT) on stroke-prone spontane-
ously hypertensive rat (SHRSP)–induced
oxidative stress in the brain. Rats were
anesthetized with pentobarbital (30 mg/
kg, intravenous) (A) and propofol MCT/
LCT (20 mg/kg, intravenous) (B). L-band
electron spin resonance was used to de-
termine the signal decay of 3-methoxy-
carbonyl-2,2,5,5-tetramethyl-pyrrolidine-
1-oxyl (MC-PROXYL) in the head region
of live Wistar-Kyoto rats (WKYs) and
SHRSPs after intravenous injection of
MC-PROXYL. Rats were treated with MC-
PROXYL (140 mM, 5 ml/kg) via the tail
vein, and electron spin resonance spec-
tra were measured within the head re-
gion of live rats. The logarithmic signal
intensity of the second peak within the
electron spin resonance spectrum of the
nitroxyl spin probes was plotted against
time. (Inset) Regression line fitted to a
typical plot of L-band ESR data. Data are
presented as mean � SD of WKYs (n � 5)
or SHRSPs (n � 5) with pentobarbital and
with propofol MCT/LCT. * Significance
(P < 0.05) from the corresponding con-
trol value of the WKYs.
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As a consequence, we have performed studies to assess the
direct effects of ROS generation, such as HO· and O2

·�,
using ESR. Our studies provide direct evidence that propo-
fol MCT/LCT inhibits HO· generation but not O2

·� genera-
tion from xanthine–XO (figs. 1–5).

First, we can confirm that propofol MCT/LCT inhibited
the generation of HO· from the Fenton reaction in a
dose-dependent manner (figs. 1A and C). Surprisingly,
the equivalent vehicle solution also reduced HO· gener-
ation in a dose-dependent manner (figs. 1B and C) in this

system. It is well established that HO· can be generated
from a reaction known as the biologic Fenton reaction.

Fe2� � H2O2 →Fe3� � HO· � OH�

The existence of this type of reaction in disease states
was indicated by the ability of an iron chelator such as
Desferal to reduce the high-intensity signal of the
DMPO-OH spin adduct, thus suggesting the generation
of HO·.41,42 The generation of HO· from the Fenton
reaction has been shown to be a critical factor in various
ROS-induced brain diseases.43 Our current results pro-
vide the first direct evidence of the antioxidant proper-
ties of a vehicle such as MCT/LCT. The effects of the
vehicle are most probably due to scavenging HO· from
the biologic Fenton reaction in tissues such as the brain.
Further studies are urgently required to study how MCT/
LCT scavenges HO· generated via the Fenton reaction or
ultraviolet irradiation of H2O2 in vitro. It would also be
important to investigate how MCT/LCT scavenges HO·

from the brain of SHRSPs in vivo.
Second, we investigated the effect of propofol MCT/

LCT on other HO· generating systems using ultraviolet
irradiation of H2O2, a well-known Fe2�-independent re-
action.32,33 Interestingly, propofol MCT/LCT inhibited
the generation of HO· via ultraviolet irradiation of H2O2

in a dose-dependent manner (figs. 2A and C). An equiv-
alent vehicle also reduced the generation of HO· in a
dose-dependent manner (figs. 2B and C) in this system,
but the inhibitory effects observed were smaller than with
propofol MCT/LCT (fig. 2C). These results suggested that
the scavenging effects of propofol MCT/LCT on HO· in this
system would also be dependent on the effects of the
vehicle. However, the high concentration of propofol
MCT/LCT (� 224.36 �M) could be directly inhibited the
HO· generated by ultraviolet irradiation of H2O2.

Our next study was performed to compare the antiox-
idant characteristics of propofol MCT/LCT with other
types of propofol in an LCT emulsion, propofol LCT
(Diprivan), by measuring the HO· generating system by
use of the ESR technique. Propofol MCT/LCT inhibited
the generation of HO· via the Fenton system in a dose-
dependent manner (figs. 3A and C). With the equivalent
propofol LCT, we also observed a reduction in HO·

generation in a dose-dependent manner (figs. 3B and C),
although the inhibitory effects were smaller than with
propofol MCT/LCT (fig. 3C). The powerful effects of
propofol MCT/LCT on the generation of HO· via the
Fenton system are likely to be caused by scavenging of
the vehicle (fig. 1C). It is likely that a vehicle such as
propofol LCT exerts smaller antioxidant effects com-
pared with propofol MCT/LCT. In addition, propofol
LCT also directly inhibited the generation of HO· via
ultraviolet irradiation of H2O2 system (fig. 4C) in a similar
manner to propofol MCT/LCT (figs. 2 and 4). From these
results, it is possible that the dual antioxidant properties

Fig. 7. Effects of propofol medium chain triglyceride/long chain
triglyceride (MCT/LCT) on cerebral blood flow (CBF) in Wistar-
Kyoto rats (WKYs) and stroke-prone spontaneously hyperten-
sive rats (SHRSPs). Typical tracing of CBF in WKYs (A) and
SHRSPs (B). After CBF had stabilized at a baseline, propofol
MCT/LCT (20 mg/kg) was administered by tail vein injection.
CBF was continuously monitored for a period of 10 min, the
same time course as the L-band electron spin resonance studies.
The horizontal arrows on each trace correspond to the time
from the start and end of L-band electron spin resonance mea-
surement. (C) Each column represents baseline CBF before
propofol MCT/LCT administration (closed columns; control),
minimum CBF within a few seconds of propofol administration
(open columns; propofol MCT/LCT), and CBF 10 min after
propofol MCT/LCT administration (gray columns; recovery) in
WKYs and SHRSPs. The results are expressed as mean � SD of
WKYs (n � 4) or SHRSPs (n � 4). * Significance (P < 0.05) from
the corresponding control values of WKYs and SHRSPs.
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of propofol MCT/LCT would be stronger than those of
propofol LCT alone, especially in terms of the biologic
Fenton system. This is likely due to the scavenging ef-
fects of vehicle, such as MCT/LCT (fig. 1C).

Excellent and predictable recovery conditions, as well
as minimal postoperative side effects, make propofol
particularly suitable in awake craniotomies.37,38 How-
ever, little is known about the potential effects of propo-
fol on oxidative stress in the brain of in vivo experimen-
tal models. In vivo L-band ESR spectroscopy is a highly
useful technique for the noninvasive investigation of
redox status in living organisms. Our laboratories have
previously reported that quantitative ESR analysis using
MC-PROXYL has the potential to be highly useful for
understanding redox status under conditions of oxida-
tive stress in the rodent brain.20–22 Severe hypertension
and cerebrovascular diseases develop in SHRSPs.44 ROS
generation occurs after reperfusion, and this ROS-in-
duced oxidative stress can greatly damage neurons in
SHRSPs.45 We evaluated high oxidative stress in the
brain of SHRSPs using in vivo L-band ESR.21,22 Conse-
quently, it is clear from our SHRSP investigations that
ESR techniques are highly useful in the assessment of the
antioxidant properties of propofol MCT/LCT for use clin-
ically. Indeed, we confirmed that oxidative stress in the
brain of SHRSPs was higher compared with that in WKYs
anesthetized with pentobarbital (fig. 6A). When propo-
fol MCT/LCT was used as an anesthetic, rather than
pentobarbital, the level of oxidative stress in SHRSPs
became similar to that seen in WKYs (fig. 6B), suggesting
that propofol MCT/LCT reduced SHRSP-induced oxida-
tive stress in the brain. Consequently, propofol MCT/
LCT could be particularly useful in adjusting levels of
anesthesia in cases of ROS-induced brain disease.

Nitroxyl spin probes are usually eliminated by a com-
bination of excretion via the kidney and bioreduction to
the hydroxyl amine. The rate of elimination by the kid-
ney seems to follow the usual pharmacologic pattern for
the excretion of drugs, with those that tend to stay in the
vascular system being excreted rapidly.46 By contrast,
neutral water-soluble nitroxyl spin probes, exhibiting an
intermediate rate of urinary excretion, and lipophilic
nitroxyl spin probes, such as MC-PROXYL used in this
study (fig. 6), exhibit much reduced excretion via the
kidney.46,47 We have already confirmed that the metab-
olism of MC-PROXYL in the brain can be divided into
phase I (vascular system) and phase II (reduced excre-
tion via kidney), according to a two-compartment model
of distribution using in vivo L-band ESR analysis.21,22

Although several possible mechanisms should be consid-
ered to be responsible for the increased signal decay, a
number of studies of L-bands in living animals have been
associated with redox state, metabolism, and biologically
relevant free radical generation.48–53 Recently, it was
shown that oxygen concentration, antioxidant content,
and free radicals alter the signal decay rate of nitroxyl

radical.46,49 In the current study, we first measured the
decay rate constant of the phase I component, which
was dependent on bioreduction by the vascular system,
of MC-PROXYL metabolism in the brain using the L-band
ESR technique (fig. 6). Metabolism was probably in
phase I because of the presence of ascorbate, which is a
strong reducing agent of nitroxyl spin probes in the
vascular system of the brain.46 Therefore, we investi-
gated the effects of propofol MCT/LCT on CBF, which is
known to influence the bioreduction of MC-PROXYL in
the blood circulation of the brain, in WKYs and SHRSPs.
CBF in both WKYs and SHRSPs was immediately re-
duced by propofol MCT/LCT treatment. There were no
significant differences in CBF level when compared be-
tween WKYs and SHPSPs 10 min after the injection of
propofol MCT/LCT, a time period equivalent to the L-
band ESR study (fig. 7). Therefore, results suggested that
CBF is not likely to affect the bioreduction of MC-
PROXYL in the brain of either WKYs or SHRSPs. The
decay rate constant of MC-PROXYL was recovered when
animals were anesthetized with propofol MCT/LCT but
not pentobarbital (fig. 6). Collectively, this suggests that
propofol MCT/LCT could reduce high oxidative stress in
the brain of the SHRSP, a valued pathologic model of
ischemic brain injury such as stroke.

If we turn our attention to how our results may relate
to the clinic, it is important to consider the relative dose
levels of the treatments used in the current study. The
smallest concentration of propofol used was 10–30 �M,
compared with the minimum concentration of propofol
MCT/LCT of 56.09 �M used in our in vitro experiments
(figs. 1–4). However, the scavenging effects of low con-
centrations of propofol MCT/LCT (� 112.18 �M) were
observed to be dependent on the effects of vehicle (fig.
1C), in a manner similar to that of propofol LCT (fig. 3).
Brain tissue harvested from SHRSPs is known to exhibit
high levels of oxidative stress.21,22,28,29 Our current
study has shown that propofol MCT/LCT treatment re-
sulted in the recovery of normal levels of oxidative stress
in the brain of SHRSPs (figs. 6 and 7). These results
suggest the possibility that propofol MCT/LCT may ex-
hibit useful antioxidant activity for clinical anesthesia for
surgical aspects of brain disease such as craniotomy.
However, further studies will be required to examine the
clinical importance of propofol MCT/LCT, especially the
MCT/LCT vehicle, on anesthesia in cases of ROS-induced
brain disease.

In conclusion, our studies have demonstrated that
propofol MCT/LCT and vehicle exhibits antioxidant
properties by scavenging HO· and can reduce high oxi-
dative stress in the brain of SHRSPs. This suggests that
propofol MCT/LCT can prevent ROS-related injuries in
the brain, such as stroke, and thereby provide significant
advantage for neuroprotection during anesthesia for cra-
niotomy in patients with brain disease.
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