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Lipid emulsion attenuates the vasodilation induced by a toxic dose of
a calcium channel blocker through its partitioning into the lipid phase
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Abstract. The present in vitro study examined whether lipid emulsion attenuates the vasodilation
evoked by toxic doses of calcium channel blockers (bepridil, verapamil, nifedipine and diltiazem)
via their partitioning into the lipid phase. The effects of the calcium channel blockers alone, the
lipid emulsion and calcium channel blocker mixture, and the centrifuged aqueous extract (CAE)
obtained from ultracentrifugation of the lipid emulsion and calcium channel blocker mixture on
isolated endothelium-denuded rat aortas precontracted with phenylephrine were observed. The effects
of lipid emulsion on calcium channel blocker concentration in the Krebs solution were examined
using ultraperformance liquid chromatography. A mixture of lipid emulsion with either bepridil or
verapamil and the corresponding CAE more effectively attenuated vasodilation than either bepridil
or verapamil alone, whereas the vasodilation induced by the mixture of lipid emulsion and either
bepridil or verapamil was not significantly different from that induced by the corresponding CAE.
The magnitude of the lipid emulsion-mediated reduction in vasodilation and calcium channel blocker
concentration was as follows: bepridil > verapamil > nifedipine or diltiazem. These results suggest
that lipid emulsion attenuates vasodilation induced by a toxic dose of bepridil and verapamil, seem-
ingly through partitioning of the calcium channel blocker into the lipid phase.
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Introduction

Lipid emulsion is reportedly effective in treating cardio-
vascular collapse induced by toxic doses of either local an-
aesthetic or other highly lipid-soluble drugs (Log [octanol/
water partition coefficient] > 2.0), including verapamil and
tricyclic antidepressants (Weinberg 2012; Cao et al. 2015; Ok
and Sohn 2018). Lipid emulsion is more effective at attenu-
ating verapamil-induced toxicity than attenuating toxicity
induced by other calcium channel blockers (St-Onge et al.
2014; Cao et al. 2015). In addition, according to case reports
and an analysis of reported cases undergoing lipid emulsion
treatment, intravenous and intraosseous administration
of lipid emulsion effectively alleviates the cardiovascular
depression induced by toxic doses of verapamil in adults
and children, which seems to be associated with a lower
verapamil concentration following administration of lipid
emulsion (French et al. 2011a; Liang et al. 2011; Presley and
Chyka 2013; Sampson and Bedy 2015). Among the proposed
underlying mechanisms associated with lipid emulsion
treatment as a non-specific antidote, the scavenging effect
(lipid sink and shuttle) is most widely accepted and states
that a highly lipid-soluble drug is absorbed into the lipid
emulsion of plasma from tissue affected by the toxic dose of
the drug (partitioning) and redistributed into muscle and
liver for detoxification (Weinberg 2012; Ok et al. 2018a).
Lipid emulsion attenuates the inhibition of cardiomyocyte
contractility induced by verapamil and reduces the verapamil
concentration (Kryshtal et al. 2016). Furthermore, the treat-
ment with a lipid emulsion alleviates vasodilation evoked
by calcium channel blockers, which appears to be positively
correlated with the lipid solubility (oil/Ringer partition coef-
ficient) of calcium channel blockers and the order of uptake
of calcium channel blockers into rat aortic vascular smooth
muscle cells (Pang and Sperelakis 1984; Ok et al. 2018Db).
The centrifuged aqueous extract (CAE) lacking the upper
lipid phase (layer) obtained after the ultracentrifugation
of a mixture of the highly lipid-soluble local anaesthetic
bupivacaine and lipid emulsion produces a smaller reduc-
tion in mean arterial pressure than bupivacaine alone, but
a significant difference in the mean arterial pressure was
not observed between subjects administered the CAE and
subjects given the bupivacaine and lipid emulsion mixture
(Hori etal. 2015). Moreover, the CAE without the upper lipid
phase obtained by ultracentrifugation was shown to partially
recover the attenuated fast sodium current induced by bupi-
vacaine alone in rat cardiomyocytes (Wagner et al. 2014).
These previous reports suggest that lipid emulsion-mediated
recovery is associated with greater partitioning of the highly
lipid-soluble bupivacaine into lipid emulsions (Wagner et al.
2014; Hori et al. 2015). However, the detailed mechanism
contributing to the inhibitory effect of lipid emulsion on the
vasodilation evoked by toxic doses of calcium channel block-

ers remains unknown. Based on previous reports, we tested
the hypothesis that lipid emulsion inhibits the vasodilation
induced by a toxic dose of calcium channel blockers through
the partitioning of calcium channel blockers into the lipid
phase of lipid emulsions (Pang and Sperelakis 1984; Wagner
et al. 2014; Hori et al. 2015; Ok et al. 2018a, 2018b). First,
the objective of this study was to examine whether a lipid
emulsion (Intralipid ) inhibits vasodilation induced by toxic
doses of calcium channel blockers through the partitioning
of the calcium channel blocker into the lipid phase of lipid
emulsions using ultracentrifugation to separate a mixture
of lipid emulsion and calcium channel blockers into an
upper lipid phase and lower CAE. Second, we investigated
the effect of lipid emulsion on the concentration of calcium
channel blockers.

Materials and Methods

All experimental protocols were approved by the Institu-
tional Animal Care and Use Committee of Gyeongsang
National University. All experimental procedures were
performed according to the Guide for the Care and Use of
Laboratory Animals approved by the Institute for Laboratory
Animal Research.

Preparation of isolated rat aorta and isometric tension
measurement

Isolated rat thoracic aorta was prepared for tension meas-
urement as described previously (Ok et al. 2018b). Male
Sprague-Dawley rats (body weight: 250 to 300 g; n = 35) were
anaesthetized with 100% carbon dioxide. The surrounding
connective tissue and fat were removed from the descending
thoracic aorta bathed in Krebs solution under a microscope.
The Krebs solution was composed of sodium chloride
(118 mmol/l), sodium bicarbonate (25 mmol/l), glucose
(11 mmol/l), potassium chloride (4.7 mmol/l) and monopo-
tassium phosphate (1.2 mmol/l). The isolated rat aorta was
cut into segments 3 to 4 mm in length. The endothelium of
the isolated rat aorta was removed by inserting a 25-gauge
needle into the isolated aortic lumen and rolling the aorta
forward and backward for approximately 10 seconds. The
isolated aortic rings were suspended in a Grass isometric
transducer (FT-03, Grass Instrument, Quincy, MA, USA).
The 3.0-g resting tension was maintained for 120 min, and
the Krebs solution was replaced with fresh Krebs solution
every 30 min. Phenylephrine (107 mol/l) was added to
the organ bath to induce contraction of isolated rat aorta
without the endothelium. After 1078 mol/l phenylephrine
induced sustained and stable vasoconstriction, acetylcholine
(10~ mol/l) was added to the organ bath to confirm en-
dothelial denudation. A less than 15% acetylcholine-induced
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relaxation from contraction evoked by phenylephrine was re-
garded as indicative of an endothelium-denuded aorta in this
experiment. The isolated rat aortas showing acetylcholine-
induced relaxation from phenylephrine-induced contraction
were then washed with fresh Krebs solution every 10 min for
30 min, and the baseline resting tension was recovered. The
little remaining endothelium after endothelial denudation
may affect endothelial nitric oxide production. Furthermore,
nifedipine and diltiazem enhance nitric oxide production
in endothelial cells, whereas verapamil has no effect (Ding
and Vaziri 2000). In addition, lipid emulsion inhibits ace-
tylcholine-induced nitric oxide-mediated relaxation (Ok et
al. 2015). Thus, as these may be confounding factors in the
interpretation of the results obtained from the current study,
we pretreated endothelium-denuded aortic rings with the
nitric oxide synthase inhibitor NW—nitro—L—arginine methyl
ester (L-NAME, 10* mol/l) to avoid these confounding fac-
tors, with a particular focus on partitioning calcium channel
blockers (Ding and Vaziri 2000; Ok et al. 2015).

Experimental protocols

After phenylephrine (1077 mol/l) produced a sustained
and stable contraction in isolated endothelium-denuded
rat aorta pretreated with L-NAME (107* mol/l), calcium
channel blockers (10~> mol/l bepridil, 10~ mol/l verapamil,
or 3 x 1077 mol/l nifedipine and diltiazem) alone, a mix-
ture of the lipid emulsion (0.998%) and calcium channel
blockers (10‘5 mol/l bepridil, 107 mol/l verapamil, or 3 x
10~7 mol/l nifedipine and diltiazem), and a corresponding
CAE obtained from a mixture of the lipid emulsion and
calcium channel blockers was added to the organ bath to
examine the effects on the isolated endothelium-denuded
rat aorta precontracted with 10~7 mol/l phenylephrine.
Then, the vascular tone change induced by these treatments
was monitored for 1 h. The maximal vasodilation in each
treatment condition was selected and was compared across
treatment with calcium channel blocker alone, a mixture
of lipid emulsion and calcium channel blocker, and CAE.
The isolated rat aortas, which were obtained from the
same rat, were treated with three formulations (calcium
channel blocker alone, a mixture of the calcium channel
blocker and the lipid emulsion, and corresponding CAE) of
each calcium channel blocker (bepridil, verapamil, nifedi-
pine or diltiazem). Seven independent experiments were
performed using the three formulations of each calcium
channel blocker. Detailed descriptions of the experimen-
tal protocols are provided below. After phenylephrine
(1077 mol/1) produced a sustained and stable contraction in
endothelium-denuded rat aortas pretreated with 1074 mol/l
L-NAME in 9.5 ml of Krebs solution, 500 pl of Krebs
solution containing each calcium channel blocker alone
(2 x 107* mol/l bepridil, 2 x 107® mol/l verapamil, or 6 x

Upper lipid phase
(layer)

Lower centrifuged
- aqueous extract

Figure 1. The differences in lipid emulsion containing verapamil
(2 x 107 mol/1) before (A) and after (B) 20-min ultracentrifuga-
tion (75,000 x g, 4°C).

1078 mol/l nifedipine and diltiazem), 500 ul of lipid emul-
sion (19.96%) (Fig. 1A) containing each calcium channel
blocker (2 x 10 mol/l bepridil, 2 x 107® mol/l verapamil,
or 6 x 10~ mol/I nifedipine and diltiazem), and 500 pl of
CAE (Fig. 1B) obtained from a mixture of lipid (19.96%)
and each calcium channel blocker (2 x 10~ mol/l bepri-
dil, 2 x 107 mol/l verapamil, or 6 x 10~® mol/l nifedipine
and diltiazem) using ultracentrifugation was added to the
organ bath to produce the calcium channel blocker alone,
mixture of calcium channel blocker and lipid emulsion, and
corresponding CAE, respectively. The toxic concentration
of calcium channel blockers used in this experiment was
chosen based on a previous report (Schulz and Schmoldt.
2003). A mixture (Fig. 1A) of lipid emulsion and calcium
channel blocker was prepared by mixing 10 cc of lipid emul-
sion (19.96%) containing each calcium channel blocker
(2 x 10~* mol/I bepridil, 2 x 107® mol/I verapamil, or 6 x
107 mol/l nifedipine and diltiazem) for 30 min (37°C;
60 rpm) using a Mylab Multi Mixer (#SLRM-3) (Seoulin
Bioscience, Bundang, Korea). CAE (Fig. 1B) was obtained
by ultracentrifuging (75,000 x g, 4°C) a mixture of lipid
emulsion (19.96%) and each calcium channel blocker
(2 x 10* mol/l bepridil, 2 x 107% mol/l verapamil, or 6 x
1078 mol/l nifedipine and diltiazem) for 20 min using an
Optimal TM MAX-XP ultracentrifuge (Beckman Coulter
Life Sciences, Indianapolis, IN, USA) and removing the
upper lipid phase (layer) from the resulting solution. The
recommended plasma lipid emulsion concentration for
the partitioning effect in cases of oral overdose-induced
intoxication is 1% triglyceride (1000 mg/dl) (Fettiplace et al.
2015). In addition, a previous study suggested that 1% lipid
emulsion attenuates vasodilation induced by a toxic dose
of a calcium channel blocker (Ok et al. 2018b). Therefore,
2 0.998% lipid emulsion concentration, which corresponds
to an approximately 1% plasma lipid emulsion concentra-
tion, was chosen in this experiment using 20% Intralipid® as
the lipid emulsion (Fettiplace et al. 2015; Ok et al. 2018b).



230

Ok et al.

The effect of lipid emulsion (1%) on phenylephrine-
induced contraction in isolated endothelium-denuded rat
aorta was investigated. After phenylephrine (107 mol/l)
produced a sustained and stable contraction, lipid emulsion
(1%) was added to the organ bath, and vascular tone was
monitored for 1 h.

Effect of lipid emulsion on the concentration of bepridil,
verapamil and diltiazem in the Krebs solution

Ultraperformance liquid chromatography was performed to
measure the concentration of calcium channel blockers as
described in a previous experiment (Lee et al. 2018). Calcium
channel blockers (10> mol/l bepridil, 10~ mol/l verapamil
and 3 x 10~ mol/l diltiazem) dissolved in the Krebs solution
were mixed with Intralipid (1%) on a rotator for 30 min
to emulsify the calcium channel blockers and lipids. After
centrifugation at 75,000 x g for 40 min, the unemulsified
calcium channel blocker in the aqueous layer was measured
by ultraperformance liquid chromatography-quadrupole
time-of-flight mass spectrometry (UPLC-Q-TOF MS; Wa-
ters, Milford, MA, USA). The unemulsified calcium channel
blocker samples were injected into an Acquity UPLC BEH
Cigcolumn (100 x 2.1 mm, 1.7 pm; Waters) equilibrated with
water containing 0.1% formic acid and eluted with a linear
acetonitrile containing a 0.1% formic acid gradient (1-100%)
at a flow rate of 0.35 ml/min for 5 min. The eluted calcium
channel blockers were analyzed by Q-TOF MS (Waters) us-
ing the multiple reaction monitoring (MRM) and positive
electrospray ionization modes. The capillary and sampling
cone voltages were set at 3kV and 30 V, respectively. The de-
solvation temperature and flow rate were 100°C and 800 I/h,
respectively, and the source temperature was set at 400°C.
Lock spray with leucine-enkephalin (556.2771 Da) was used
ata frequency of 10 s to ensure reproducibility and accuracy
for all analyses. For quantitative analysis of calcium channel
blockers, MRM was used, and the precursor and product
ions for calcium channel blockers were 289.21 and 140.13,
respectively. All mass data were collected and analyzed by
UIFI version 1.8.2 (Waters).

Effect of lipid emulsion on the nifedipine concentration

High-performance liquid chromatography (HPLC) was used
to measure the nifedipine concentration because nifedipine
is thermally unstable and photosensitive (Kleinbloesem et
al. 1984; Suzuki et al. 1985). The high temperature employed
in UPLC-Q-TOF MS and the photosensitivity of nifedipine
may result in the degradation of nifedipine into its pyridine
metabolite (Kleinbloesem et al. 1984; Suzuki et al. 1985).
In addition, HPLC accurately detects the concentration of
nifedipine to more than 10~ mol/l, which is higher than
the 3 x 1077 mol/l nifedipine used in the tension study.

Thus, 20 pg/ml (5.7 x 10> mol/l) nifedipine, which is ap-
proximately 190 times higher than the concentration used
in tension study (3 x 1077 mol/l), was chosen to examine the
effect of lipid emulsion on the nifedipine concentration in the
current study. We prepared sample solutions by centrifuging
the lipid emulsion (1%) containing 20 pg/mL (approximately
5.7 x 107> mol/l) nifedipine at 75,000 x g for 20 min at 4°C
and removing the upper lipid phase to obtain the CAE. The
stock solution of nifedipine was prepared at 2.28 mg/ml in
dimethyl sulfoxide (DMSO). Standard solutions for the cali-
bration curve were prepared by diluting appropriate portions
of stock solution with distilled water. Calibration curves were
obtained with four standard solutions containing 1, 10, 20
and 50 pg/ml nifedipine in distilled water, and linear regres-
sion analysis was performed. HPLC analysis was performed
using an ACE C18-AR column (250 mm x 4.6 mm I.D, 5 um
particle size, 10 nm pore size) (Advanced Chromatography
Technologies Ltd. Aberdeen, Scotland) and 1260 Infinity II
LC Systems (Agilent Technologies, INC. Santa Clara, CA,
USA) maintained at 30°C as described previously (Chung
et al. 2011). The mobile phases were (A) water and (B) ace-
tonitrile, with the following gradient: 5% B (0-2 min), 5-60%
B (2-15 min), 60% B (15-18 min), and 60-5% B (18-20 min)
(all v/v) at 1 ml/min. Eluates were monitored via a photodi-
ode array detector at 210, 254, 280, and 320 nm, and the scans
at 210 nm were recorded. Authentic nifedipine was used as
a standard for identification and quantification.

Drugs

All chemical agents were commercially available and of the
highest purity. L-NAME, acetylcholine, nifedipine, vera-
pamil, diltiazem, bepridil and formic acid were obtained
from Sigma Aldrich (St. Louis, Missouri, USA), and the
20% Intralipid used in this experiment was obtained from
Fresenius Kabi Korea (Seoul, Korea). Acetonitrile and water
for HPLC were obtained from Honeywell Burdick & Jackson
(Ulsan, Korea). Nifedipine and bepridil were dissolved in
DMSO. The other drugs were dissolved in distilled water.

Statistical analysis

The data are expressed as the mean + SD. The vasodila-
tion induced by calcium channel blocker alone, a mixture
of lipid emulsion and calcium channel blocker, and CAE
on the phenylephrine-induced contraction of isolated
endothelium-denuded rat aorta was expressed as the per-
centage of inhibition of maximal contraction induced by
phenylephrine. A normality test regarding the data from
the isometric tension study was performed by Shapiro-Wilk
tests using Prism 5.0 (GraphPad, Software, San Diego, CA,
USA). The effect of calcium channel blocker alone, a mixture
of lipid emulsion and calcium channel blocker and CAE on
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the phenylephrine-induced contraction was analysed using
one-way analysis of variance (ANOVA) followed by Bonfer-
roni’s multiple comparison test. The effect of lipid emulsion
on phenylephrine-induced contraction was analysed using
a linear mixed effect model. The effect of lipid emulsion on
the concentration of bepridil, verapamil, nifedipine and
diltiazem was analysed using one-way ANOVA followed by
Bonferroni’s multiple comparison test or unpaired Student’s
t-test. The sample size for the isometric tension study was
calculated using resource equation methods (Charan and
Kantharia. 2013). The value p < 0.05 was considered statisti-
cally significant.

Results

Bepridil (10~ mol/l) produced vasodilation in isolated en-
dothelium-denuded rat aorta (48 + 6%; Fig. 2A). The mixture
of lipid emulsion (0.998%) and bepridil (107> mol/l) or the
CAE obtained from ultracentrifugation of the mixture pro-
duced remarkably less vasodilation than bepridil (10> mol/l)
alone (p < 0.001; Fig. 2A). However, vasodilation induced
by the mixture of the lipid emulsion (0.998%) and bepridil
(107> mol/l) was not significantly different from that induced
by the corresponding CAE (p = 0.42; Fig. 2A). Verapamil
(10~ mol/l) produced vasodilation in isolated endothelium-
denuded rat aorta (29 + 5%; Fig. 2B). The mixture of lipid
emulsion (0.998%) and verapamil (1077 mol/l) or the cor-
responding CAE produced moderately less vasodilation
than verapamil ( 1077 mol/l) alone (p <0.001; Fig. 2B). How-
ever, vasodilation induced by the mixture of lipid emulsion
(0.998%) and verapamil (1077 mol/1) was not significantly
different from vasodilation induced by the corresponding
CAE (p =0.82; Fig. 2B). Nifedipine (3 x 10~7 mol/l) produced
vasodilation in isolated endothelium-denuded rat aorta (51 +
39%; Fig. 2C). The mixture (p = 0.03; Fig. 2C) of lipid emulsion
(0.998%) and nifedipine (3 x 10”7 mol/l) or the correspond-
ing CAE (p < 0.001; Fig. 2C) produced slightly less vasodila-
tion than nifedipine (3 x 10~7 mol/1) alone. In addition, the
CAE produced slightly less vasodilation than the mixture
of lipid emulsion (0.998%) and nifedipine (3 x 1077 mol/l)
(p < 0.001; Fig. 2C). Diltiazem (3 x 10”7 mol/l) produced
vasodilation in isolated endothelium-denuded rat aorta
(34 + 8%; Fig. 2D). However, vasodilation induced by the
mixture (p = 0.97) of lipid emulsion (0.998%) and diltiazem
(3 x 107 mol/l) or that induced by the corresponding CAE
(p = 0.07) was not significantly different from the vasodila-
tion induced by diltiazem alone (3 x 1077 mol/l; Fig. 2D).
The calcium channel blockers listed in decreasing order of
the inhibitory effect of lipid emulsion (0.998%) on the maxi-
mal vasodilation evoked by calcium channel blockers alone
were as follows: bepridil (81 + 3%) > verapamil (37 £ 10%)
> nifedipine (10 + 4%) or diltiazem (10 + 13%) (p < 0.001;
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Figure 2. Effects of calcium channel blockers (CCB, 1072 mol/l
bepridil (A), 107 mol/l verapamil (B), 3 x 1077 mol/l nifedi-
pine (C) and 3 x 107 mol/l diltiazem (D); n = 7) alone,
a mixture (n = 7) of 0.998% lipid emulsion (LE) and CCB, and
the corresponding centrifuged aqueous extract (CAE, n = 7)
obtained from ultracentrifugation of the mixture of LE and
CCB on the endothelium-denuded rat aortas precontracted with
107 mol/l phenylephrine. The data are shown as the mean +
SD and expressed as the percentage of vasodilation (inhibition)
of phenylephrine-induced contraction; n indicates the number
of biological replicates (independent experiments). * p < 0.001,
** p < 0.05 versus CCB alone; # p < 0.001 versus LE (0.998%) +
nifedipine (3 x 1077 mol/).
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Fig. 3A). However, the lipid emulsion (1%)-induced reduc-
tion in nifedipine-induced vasodilation was not significantly
different from that in diltiazem-induced vasodilation (Fig.
3A). Lipid emulsion (1%) itself had no effect on the con-
traction induced by phenylephrine (10~ mol/l) in isolated
endothelium-denuded rat aorta (Fig. 3B).

Lipid emulsion (1%) significantly decreased the con-
centration of bepridil (10~ mol/l), verapamil (10~ mol/l),
nifedipine (20 pg/ml) and diltiazem (3 x 1077 mol/l) (p <
0.001 versus calcium channel blocker alone; Fig. 4). In ad-
dition, the magnitude of the lipid emulsion (1%)-mediated
reduction in calcium channel blocker concentration was as
follows (Fig. 4): bepridil (80 + 3%) > verapamil (27 + 2%)
> diltiazem (8 + 5%) or nifedipine (3.5 + 0.3%). In addition,
the lipid emulsion (1%)-mediated reduction in the nifedipine
(20 pg/ml) concentration was not significantly different from
that in the diltiazem (3 x 10~/ mol/l) concentration (Fig. 4).

Discussion

This study suggests that lipid emulsion attenuates the vaso-
dilation evoked by a toxic dose of calcium channel blocker
through the partitioning of the blocker into the lipid phase
of the lipid emulsion. The major findings of this study are as
follows: 1) The vasodilation produced by a mixture of lipid

emulsion (0.998%) and either bepridil or verapamil was not
significantly different from the vasodilation produced by
the corresponding CAE. 2) The relative inhibitory potency
of lipid emulsion on the maximal vasodilation produced
by each calcium channel blocker alone or calcium channel
blocker concentration in decreasing order was as follows:
bepridil > verapamil > nifedipine or diltiazem.

When a lipid emulsion containing a specific drug is ul-
tracentrifuged, this lipid emulsion can be divided into three
parts: the upper lipid phase, the middle interface composed
of phospholipids, and the lower CAE (Sila-on et al. 2008).
The magnitude of partitioning of a specific drug into the
lipid phase of lipid emulsion is reportedly affected by the
lipid solubility and distribution volume of the drug, as well
as the temperature and pH (Mazoit et al. 2009; French et al.
2011b; Ruan et al. 2012). Ultracentrifugation of lipid emul-
sions containing drugs with variable lipid solubility results in
greater absorption of highly lipid-soluble drugs in the upper
lipid phase than of less lipid-soluble drugs and subsequently
leads to a relatively low concentration of highly lipid-soluble
drugs in the lower CAE, which seems to be equivalent to the
low concentration of highly lipid-soluble drugs in the plasma
(French et al. 2011b). The inhibitory effect of the mixture of
lipid emulsion and either bepridil or verapamil on the maxi-
mal vasodilation induced by a toxic dose of either bepridil or
verapamil alone was not significantly different from that of the
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2 ;' 50 (3 x 10”7 mol/l, n = 7) alone in isolated
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corresponding CAE (Fig. 2A and B). In the case of nifedipine,
the inhibitory effect of the lipid emulsion and nifedipine
mixture on the maximal vasodilation induced by a toxic dose
of nifedipine alone was less than that of the corresponding
CAE (Fig. 2C). This greater inhibitory effect of the CAE
may be ascribed to the chemical properties of nifedipine. As
nifedipine is chemically unstable, an ultracentrifuge-induced
physiochemical alteration of nifedipine may produce lower
concentrations of nifedipine in the CAE (Kleinbloesem et
al. 1984; Suzuki et al. 1985). However, the mixture of lipid
emulsion and diltiazem or the corresponding CAE had no
significant inhibitory effect on the maximal vasodilation in-
duced by the toxic dose of diltiazem (Fig. 2D). Calcium chan-
nel blockers produce vasodilation mainly via the blockade of
calcium influx via calcium channels, such as voltage-operated
calcium channels in the plasma membrane (Akata 2007). The
reported order of uptake of calcium channel blockers into rat
aortic smooth muscle cells is as follows: bepridil > verapamil
> nifedipine or diltiazem (Pang and Sperelakis 1984). There-
fore, as calcium channel blockers with high lipid solubility
seem to be more absorbed into lipid emulsions than calcium
channel blockers with low lipid solubility (Fig. 4), the mixture
of the lipid emulsion with either bepridil or verapamil and
the corresponding CAE may penetrate into the cell and cell
membrane less than bepridil or verapamil alone, leading to
less vasodilation via less calcium influx blockade. In an in
vivo state, the calcium channel blocker absorbed into the lipid
emulsion, which is a so-called lipid shuttle, may be delivered
to the liver for detoxification (Weinberg 2012; Ok et al. 2018a).
In the case of bepridil, which has the highest lipid solubility,
the magnitude (81 + 5%) of the lipid emulsion-mediated
inhibition in vasodilation induced by bepridil seemed to be
correlated with that of the lipid emulsion-mediated reduction
in bepridil concentration (80 + 3%). However, in the case of
other calcium channel blockers, the lipid emulsion-mediated
inhibition of vasodilation was not perfectly correlated with

the reduction in the calcium channel blocker concentration.
The magnitude of the lipid emulsion-mediated reduction in
both the vasodilation induced by verapamil and the vera-
pamil concentration was 37 + 10% and 27 + 2%, respectively.
In addition, the magnitude of the lipid emulsion-mediated
reduction in both the vasodilation induced by nifedipine
(3 x 10”7 mol/l) and the nifedipine concentration (20 pg/
ml) was 10 + 4% and 3.5 + 0.3%, respectively. Furthermore,
the inhibitory effect of lipid emulsion on diltiazem-induced
vasodilation was not significant (10 £ 13%), whereas lipid
emulsion (1%) decreased the diltiazem concentration by 8
+ 5%. This difference between the lipid emulsion-mediated
inhibition of vasodilation and the lipid emulsion-mediated
reduction in the concentration of each calcium channel
blocker may be due to the following putative causes: First, the
potency of calcium channel blockers to produce vasodilation
in isolated endothelium-denuded rat aortas precontracted
with phenylephrine is as follows: nifedipine > verapamil
> diltiazem (Ok et al. 2018b). Second, lipid emulsion reduced
the diltiazem concentration but potentially not to a level to
increase calcium influx. Conversely, lipid emulsion only
slightly reduced the nifedipine concentration, but the sig-
nificant lipid emulsion-mediated inhibition of vasodilation
induced by nifedipine may be due to both a greater potency
of nifedipine to produce vasodilation compared with that of
other calcium channel blockers and the different concentra-
tion (20 pg/ml versus 3 x 10~ mol/l) (Ok et al. 2018b). Third,
the relationship between the amount of calcium channel
blocker in the cells and the potency to inhibit calcium influx
may not be a perfectly proportional linear relationship and
may be dependent on the position of the calcium channel
blocker dose-response curves. Thus, further study regarding
the relationship between the lipid emulsion-induced reduc-
tion in calcium channel blocker concentration and the lipid
emulsion-mediated attenuation of the vasodilation induced
by the calcium channel blocker is needed.



234

Ok et al.

Similar to previous reports, lipid emulsion (1%) reduced
the verapamil concentration by 27 + 2% (French et al. 2011a;
Kryshtal et al. 2016). In addition, the magnitude of the lipid
emulsion-induced reduction in calcium channel blocker
concentration was as follows: bepridil (80 + 3%) > verapamil
(27 £2%) > diltiazem (8 £ 5%) or nifedipine (3.5 + 0.3). The
reported oil/Ringer partition coefficient of calcium channel
blockers (10® M), including bepridil, verapamil, nifedipine
and diltiazem, was reported as follows: bepridil (32.9 £ 3.1),
verapamil (17.0 + 0.5), nifedipine (2.30 £ 0.03) and diltiazem
(0.02 + 0.00) (Pang and Sperelakis. 1984). Although lipid
solubility is higher in nifedipine than in diltiazem, the dif-
ference in the lipid emulsion-mediated reduction in the
nifedipine and diltiazem concentration was not significant in
the present experiment. This lack of a significant difference
may be associated with the approximately 190 times higher
concentration of nifedipine (20 pg/ml: 5.7 x 10~ mol/l) than
of diltiazem (3 x 10~7 mol/l).

Taken together, these results suggest that vascular collapse
(severe vasodilation) induced by a toxic dose of verapamil is
relatively more responsive to lipid emulsion treatment than
that induced by other clinically available calcium channel
blockers. However, the extrapolation of this in vitro study on
the clinical cardiovascular collapse induced by toxic doses of
calcium channel blockers has several limitations. First, the
calcium channel blocker concentration was only measured
in the CAE in the current study. To prove the degree of
partitioning of the calcium channel blocker into the upper
lipid phase and lower CAE (upper lipid phase-induced en-
trapment of calcium channel blocker), the calcium channel
blocker concentration should be simultaneously measured
in both the upper lipid phase and lower CAE. Second, the
ultracentrifugation-induced physicochemical alterations
in the mixtures of lipid emulsion and each calcium channel
blocker may affect the results of the current study. Third,
most cases of intoxication caused by a toxic dose of calcium
channel blocker are induced by oral administration, whereas
the experimental conditions used in the present study are
more similar to intravenous calcium channel blocker ad-
ministration. Thus, the pharmacokinetics induced by oral
administration of calcium channel blockers may modify the
results of the current study.

In conclusion, lipid emulsion inhibits the maximal vaso-
dilation induced by a toxic dose of calcium channel block-
ers by inducing partitioning of the blockers into the lipid
phase of the lipid emulsion. In addition, the magnitude of
partitioning of calcium channel blockers by lipid emulsions
in decreasing order was as follows: bepridil > verapamil >
nifedipine or diltiazem.
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