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Differential effects of short- and long-term 
bupivacaine treatment on α1-adrenoceptor-mediated 
contraction of isolated rat aorta rings and the 
reversal effect of lipid emulsion
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Aim: Arterial function is significantly influenced by bupivacaine at both clinically relevant concentrations and toxic concentrations, but 
the underlying mechanisms are not fully understood.  In the present study we investigated the role of α1-adrenoceptors in bupivacaine 
effects on isolated rat aortas.
Methods: Isolated aortic rings were prepared from rats and suspended in an organ bath.  Phenylephrine (Phe)-induced vasoconstriction 
and acetylcholine (ACh)-induced vasodilation were recorded through an isometric force transducer connected to a data acquisition 
system.
Results: Administration of bupivacaine (30–300 μmol/L) produced mild vasoconstriction, and this response declined with repeated 
administrations.  Treatment of the aortic rings with bupivacaine (3–30 μmol/L) for 20 min enhanced Phe-induced vasoconstriction, 
while treatment for 40 min suppressed Phe-induced vasoconstriction.  Both the short- and long-term bupivacaine treatment 
suppressed ACh-induced vasodilation.  Incubation of the aortic rings with 0.2%–0.6% lipid emulsion (LE) for 100 min significantly 
increased the pD2 and Emax values of Phe-induced vasoconstriction, and incubation with 0.4% LE for 100 min reversed the inhibition of 
bupivacaine on vasoconstriction induced by Phe (30 μmol/L).  In contrast, incubation with LE suppressed ACh-induced vasodilation, 
even at a lower concentration and with a 5-min incubation.
Conclusion: Bupivacaine exerts dual effects on α1-adrenoceptor-mediated vasoconstriction of isolated rat aortic rings: short-term 
treatment enhances the response, while long-term treatment inhibits it; the inhibition may be reversed via long-term incubation with 
LE.
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Introduction
Bupivacaine (BUP) is one of the most commonly used local 
anesthetics in clinical practice.  However, unlike other local 
anesthetics, the therapeutic index of BUP is narrow, with small 
differences between cardiotoxic and neurotoxic concentrations, 
and its cardiotoxicity may occur without a neurological 
prodrome[1, 2].  In cases of unintentional administration by either 
intra-arterial or intravenous injection, BUP may cause refractory 
cardiotoxicity and cardiovascular collapse, which are largely 
resistant to current standard cardiopulmonary resuscitation.  
Laboratory investigations[3–7] and clinical reports[8–10] have 
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both indicated that lipid emulsion (LE) is effective in treating 
refractory cardiac arrest and recovering blood pressure in 
both humans and experimental animals exposed to overdoses 
of local anesthetics, including BUP, levobupivacaine and 
ropivacaine.

The effects of BUP on blood vessels are controversial and 
include both vasodilation and vasoconstriction.  Newton et al[11] 
reported that the intradermal injection of BUP exerted 
biphasic vascular effects, including vasodilatation at clinical 
concentrations (3.65–21.8 mmol/L) and mild vasoconstriction 
at subclinical concentrations (233–905 μmol/L), as assessed 
using laser Doppler imaging to measure the forearm 
skin flow of 10 healthy adult male volunteers.  BUP also 
induced concentration-dependent vasoconstriction at 
lower concentrations (15–73 μmol/L) and vasodilatation 
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at higher concentrations (0.365–0.73 mmol/L) in isolated 
human umbilical arteries[12].  By contrast, Bariskaner et al[13] 
reported that BUP (1 nmol/L–0.1 mmol/L) had no effect 
in isolated human umbilical arteries under resting tension.  
In endothelium-intact and denuded isolated rat aortas, 
vasoconstrictive responses to both thromboxane A2 receptor 
agonists and norepinephrine (NA) were inhibited by BUP at 
10 μmol/L, which was considered a clinical concentration; 
however, the same concentration of BUP affected neither 
carbachol-induced vasoconstriction nor the basal tension 
of the preparations[14].  Additionally, BUP at 10 μmol/
L inhibited carbachol-induced vasodilation in rat isolated 
aortas preconstricted with NA[14].  OK et al [15] observed 
that (–)BUP at 10–100 μmol/L produced concentration-
dependent vasoconstriction; however, the amplitude of the 
vasoconstriction was decreased when the concentration of 
(–)BUP was higher than 100 μmol/L; the decrease was more 
significant in the rat isolated aortas without endothelia.  

Peripheral blood vessels receive a dense sympathetic 
adrenergic innervation important for blood pressure 
control.  Although BUP itself has direct effects on blood 
vessels, whether time-dependent regulation of BUP on 
α1-adrenoreceptor-mediated vasoconstriction occurs is 
unknown.  In the present study, we investigated the time-
dependent regulation of BUP on α1-adrenoreceptor-mediated 
vasoconstriction in isolated rat aortic rings exposed to 
BUP for both short-term (20 min) and long-term (40 min) 
treatment.  If BUP inhibited the α1-adrenoreceptor-mediated 
vasoconstriction, we subsequently investigated the reversal 
effect of LE on the inhibition of vasoconstriction by BUP and 
the possible mechanism underlying this phenomenon.

Materials and methods
Animals 
The present study was approved by the Hebei Medical Uni-
versity Ethics Committee for Animals.  Male Wistar rats 
weighing 300–350 g were provided by the Laboratory Animal 
Center of Hebei Medical University and were housed at a con-
trolled temperature (23±1 °C) and humidity (50%±5%) with a 
constant 12-h light/dark cycle (lights on from 08:00 to 20:00) 
and free access to standard lab chow and tap water.  The ani-
mals were allowed to habituate to the animal maintenance 
facilities for a period of at least 3 d before the experiments.  All 
of the animals were handled in accordance with our institute’s 
guidelines for animal care and the NIH’s Guide for the Care 
and Use of Laboratory Animals (2011).

Chemicals
Phenylephrine hydrochloride (Phe), acetylcholine chloride 
(ACh), bupivacaine hydrochloride (BUP), yohimbine hydro-
chloride, and propranolol hydrochloride were each obtained 
from Sigma-Aldrich Chemical Co, USA.  The above reagents 
were dissolved in ultrapure water (Thermo Fisher Scientific, 
USA) to the required concentration and stored at 4 °C, pro-
tected from light.  The long-chain lipid emulsion (LE; 20%) 
was purchased from Sichuan Kelun Pharmaceutical Co Ltd, 

China.  Modified Krebs-Henseleit (K-H) solution was pre-
pared using NaCl, KCl, MgSO4, NaH2PO4, CaCl2, NaHCO3, 
and glucose; these reagents were each obtained from Sigma-
Aldrich.  NaCl, KCl, NaH2PO4, and MgSO4 were prepared as 
high-concentration stock solutions (stored at room tempera-
ture).  CaCl2, NaHCO3, and glucose were added before the 
experiment.

Thoracic aorta preparations
The rats were anesthetized via a hypodermic injection of ure-
thane (1.5 g/kg) and were subsequently sacrificed by cutting 
the femoral artery, resulting in exsanguination.  The descend-
ing thoracic aorta was dissected, and the surrounding connec-
tive tissue and fat were removed carefully using ice-cold K-H 
solution[16] containing 133 mmol/L NaCl, 4.7 mmol/L KCl, 
1.35 mmol/L NaH2PO4, 16.3 mmol/L NaHCO3, 0.61 mmol/L 
MgSO4, 7.8 mmol/L glucose, and 2.52 mmol/L CaCl2 (pH 7.2).  
Each aorta was cut into 4-mm ring segments and mounted 
horizontally in a 10-mL organ bath by carefully inserting tung-
sten wire through the lumen of the aortic ring and anchoring 
it to a stationary support.  Another tungsten wire was simi-
larly inserted and connected to an isometric force transducer 
(MLT0380/D; AD Instruments Pty Ltd, Australia) for the mea-
surement of tension, which was recorded using a data acquisi-
tion system (Powerlab/8SP; AD Instruments Pty Ltd, Austra-
lia).  The aortic rings were initially stretched to a basal tension 
of 3.0 g in the organ bath, which was maintained at 37 °C, and 
aerated continuously with 95% O2 and 5% CO2 to maintain a 
7.35–7.45 pH range.  The rings were equilibrated for 60 min, 
and the pre-warmed bath solution was changed every 15 min.  

Experimental protocols
The drug concentrations provided referred to the final con-
centrations in the organ bath.  An initial cumulative con-
centration-response curve to Phe (0.0001–30 μmol/L) was 
constructed to test the vasoconstrictive responsiveness of the 
preparation.  After the maximal contractile response reached 
a plateau, a cumulative concentration-response curve to ACh 
(0.0001–3 μmol/L) was constructed.  The endothelium was 
considered intact when the maximal ACh-induced vasodila-
tion response was >80%.  The preparations were subsequently 
washed thoroughly and equilibrated for 45 min; the follow-
ing experiments were performed after the tension returned to 
baseline.

BUP-induced vasoconstriction
The rat thoracic aorta preparations were incubated with BUP 
and administered either as single concentrations or a cumula-
tive concentration.  For the single-concentration experiments, 
one concentration of BUP (10, 30, 100, 300, 400, or 500 μmol/L) 
was added to the organ bath, and the maximal vasoconstric-
tion was recorded after 15 min (n=11).  The responses of 
several preparations were analyzed together to form a concen-
tration-response curve.  To examine the effects of cumulative 
administration, BUP was added cumulatively to the organ 
bath at 10-min intervals, and the maximal vasoconstriction at 
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each concentration was subsequently recorded.  A cumulative 
BUP concentration-response curve was generated for each 
preparation (n=11).  After each experiment, the preparations 
were washed thoroughly prior to measuring their vasocon-
striction in response to 60 mmol/L KCl; this provided a refer-
ence value (100%).  The vasoconstrictive effects of BUP were 
then expressed as a percentage of the KCl effect.

Repeat BUP-induced vasoconstriction
The isolated rat thoracic aortic preparations were used to 
construct a cumulative concentration-response curve to BUP 
as described above.  After washing the preparations thor-
oughly and equilibrating for 45 min, a second cumulative 
BUP concentration-response curve was constructed, followed 
by the construction of a third cumulative BUP concentration-
response curve (n=12).  All of the preparations were subse-
quently treated with 60 mmol/L KCl.  

The effects of a 20-min BUP pretreatment on the Phe and ACh 
responses
Six treatment groups (3-, 10-, 30-, 100-, and 300-μmol/L BUP 
groups and a solvent control group) were studied (n=11).  The 
preparations were incubated with the indicated concentration 
of BUP for 20 min prior to constructing a cumulative concen-
tration-response curve for Phe (0.0001–30 μmol/L).  When the 
maximal contractile response reached a plateau, the cumula-
tive concentration-response curve for ACh (0.0001–3 μmol/L) 
was constructed.  After washing the preparations thoroughly 
and equilibrating for 45 min, the Phe-induced concentration-
response curves were repeated in the absence of BUP.

The effects of a 40-min BUP pretreatment on the Phe and ACh 
responses
Five study groups (1-, 3-, 10-, and 300-μmol/L BUP groups 
and a solvent control group) were investigated (n=12).  The 
aortic preparations were incubated with the indicated BUP 
concentration for 40 min prior to analyzing the cumulative 
concentration-response curves for Phe (0.0001–30 μmol/L), 
followed by ACh (0.0001–3 μmol/L).  After washing the 
preparations thoroughly and equilibrating for 45 min, the Phe-
induced concentration-response curves were repeated in the 
absence of BUP.

The effects of LE on the BUP responses
Four groups of preparations were treated with saline (NS), 
NS+BUP, LE, or LE+BUP (n=10).  For the LE and LE+BUP 
groups, 0.4% LE was present in the K–H solution 5 min before 
the generation of an initial cumulative concentration-response 
curve to Phe to test the vasoconstrictive responsiveness of the 
preparation during the washing, the equilibrating time and the 
second Phe and ACh response curves.  The other two groups 
had an equivalent volume of NS added to the K–H solution 
at the same time-point.  Additionally, BUP (300 μmol/L) was 
added to the organ bath 40 min before the establishment of 
the second cumulative concentration-response curve to Phe 
in both the NS+BUP and the LE+BUP groups.  An equivalent 

amount of NS was used in the NS and LE groups.  The third 
Phe-induced concentration-response curve was repeated in all 
of the preparations of each group after washing the prepara-
tions thoroughly to remove the LE and BUP.

The effects of LE on Phe and ACh responses
The preparations were divided into five groups and treated 
with either LE (0.2%, 0.4%, 0.6%, or 0.8%) or NS (n=12).  For 
the LE groups, the K–H solution always contained the indi-
cated concentration of LE for 5 min prior to the establishment 
of an initial cumulative concentration-response curve to Phe 
and throughout the subsequent Phe and ACh response curves.  
An equivalent volume of saline was added to the K-H solution 
for the NS group.  

The effects of yohimbine and propranolol on the Phe responses
Yohimbine (0.3 μmol/L) and propranolol (1 μmol/L) were 
added to the organ bath to block the α2-receptors and the 
β-receptors, respectively, 20 min prior to the establishment of 
the second Phe concentration-response curve.  An equivalent 
amount of solvent was added to the organ bath as the control 
group.

Statistical analysis
The vasoconstrictive responses to BUP and Phe were exp-
ressed as either the maximal changes in tension (g) or as the 
percentages of the maximal response to KCl (% KCl).  The 
vasodilatory responses to ACh were expressed as the percent-
ages of vasodilation relative to the level of Phe-induced con-
striction.  The values were presented as the means±the stan-
dard errors of the means (SEMs).  Two-way analysis of vari-
ance (ANOVA) was used to evaluate any differences between 
the concentration-dependent response curves obtained both 
before and after drug pretreatment.  If the F statistic was sig-
nificant, the individual datum was compared with its respec-
tive control value using Bonferroni’s test.  The BUP-induced 
responses to both single and cumulative administration were 
also compared via two-way ANOVA and the Bonferroni’s test.  
The KCl responses in the different groups, the values of Emax 
and negative lgEC50 of Phe-induced vasoconstriction, as well 
as the values of maximal vasodilation, were evaluated via one-
way ANOVA followed by Dunnett’s test.  P values less than 
0.05 were considered statistically significant.  The data were 
analyzed using GraphPad Prism version 5.00 (San Diego, CA, 
USA).

Results
Single and cumulative BUP-mediated vasoconstriction in isolated 
rat thoracic aortas
BUP induced concentration-dependent vasoconstriction over a 
range of 10–300 μmol/L when administered either as a single 
concentration or cumulatively.  The maximal vasoconstriction 
was 24.9%±1.73% and 20.7%±1.33% for single and cumulative 
administration, respectively, with no significant difference 
between the two administration types (P>0.05; Figure 1A).  As 
the concentrations increased, the extent of BUP-induced vaso-
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constriction was significantly reduced.  This effect was sig-
nificantly larger during cumulative administration than dur-
ing the administration of a single concentration; 500 μmol/L 
BUP induced vasoconstrictive responses of 6.4%±3.12% and 
15.0%±1.63%, respectively (P<0.01, Figure 1A).  The vaso-
constrictive responses (g) induced by KCl (60 mmol/L) in 
the seven groups treated with the two different types of BUP 
administration (single and cumulative) were not significantly 
different from each other (P>0.05).  These vasoconstrictive 
responses were 2.44±0.08 g, 2.31±0.08 g, 2.29±0.16 g, 2.40±0.11 
g, 2.33±0.14 g, and 2.62±0.06 g in the single concentration 
groups and 2.20±0.03 g in the cumulative concentration group.

The vasoconstrictive responses to three consecutive cumulative 
BUP administrations in isolated rat thoracic aortas
When BUP (10, 30, 100, and 300 μmol/L) was administered 
cumulatively three times, the second and third vasoconstric-
tive responses were significantly lower than the first vaso-
constrictive response (P<0.05, P<0.01, respectively; Figure 
1B).  The vasoconstrictive responses to 300 μmol/L BUP 
were 0.35±0.04 g and 0.20±0.04 g during the second and third 
administrations, respectively, responses significantly lower 
than the first vasoconstrictive response (0.48±0.05 g; P<0.01).  

The third cumulative administration also induced a signifi-
cantly lower vasoconstrictive response than did the second 
(P<0.01, Figure 1B).  The vasoconstrictive response induced 
by 60 mmol/L KCl was 1.50±0.06 g, which was significantly 
lower than that observed in the preparations exposed to BUP 
(the single and cumulative groups) (P<0.01).

The effect of a 20-min BUP pretreatment on Phe-induced vaso-
constriction and ACh-induced vasodilation
Prior to analyzing the effects of BUP (3, 10, 30, 100, and 300 
μmol/L) on the aortic preparations, we confirmed that the 
preparations in the five different BUP concentration groups 
and the solvent control group exhibited no significant dif-
ferences in either their vasoconstrictive responses to Phe 
(0.0001–30 μmol/L) or their vasodilatory responses to ACh 
(0.0001–3 μmol/L) (P>0.05; Figure 2A and 3A).  The vaso-
constrictive responses to Phe were enhanced after a 20-min 
pretreatment with BUP (3, 10, and 30 μmol/L) compared with 
the solvent control group (P<0.01), and the enhancement pro-
duced by 30 μmol/L BUP was significantly stronger than that 
produced by 3 μmol/L BUP (P<0.01; Figure 2B).  Compared 
with the solvent control group, the high concentration of BUP 
(300 μmol/L) significantly inhibited aortic vasoconstriction in 
response to Phe (P<0.01; Figure 2B).  After washing the prepa-
rations pretreated with BUP thoroughly, the vasoconstrictive 
responses to Phe remained significantly lower than those 
observed in the control group (P<0.01; Figure 2C).  Addition-
ally, all of the groups pretreated with BUP at concentrations of 
3, 10, 30, 100, and 300 μmol/L exhibited significantly reduced 
vasodilatory responses to ACh compared with the solvent 
group (P<0.01; Figure 3B), and the inhibition induced by 30, 
100, and 300 μmol/L BUP was significantly greater than that 
induced by 3 μmol/L BUP (P<0.01).

The effect of a 40-min BUP pretreatment on Phe-induced vaso-
constriction and ACh-induced vasodilation 
Prior to analyzing the effects of BUP (1, 3, 10, and 300 μmol/L) 
on the aortic preparations, we confirmed that the four BUP 
concentration groups and the solvent control group prepa-
rations exhibited no significant differences in either their 
vasoconstrictive responses to Phe (0.0001–30 μmol/L) or their 
vasodilatory responses to ACh (0.0001–3 μmol/L) (P>0.05; 
Figure 2D and 3C).  The vasoconstrictive responses to Phe 
were significantly reduced by a 40-min pretreatment with BUP 
(10–300 μmol/L) compared with the solvent control group; 
this effect was concentration-dependent (P<0.01; Figure 2E).  
This inhibition persisted and was enhanced after 10 or 300 
μmol/L BUP was washed thoroughly (Figure 2F).  Addition-
ally, the groups pretreated with 3, 10, and 300 μmol/L BUP 
exhibited significantly reduced vasodilatory responses to ACh 
compared with the control group (P<0.01; Figure 3D), and the 
inhibitory effects of 10 and 300 μmol/L BUP were significantly 
stronger than those observed with 3 μmol/L BUP (P<0.01).

The LE-mediated reversal of BUP-induced vascular toxicity
There were no significant differences in the first vasoconstric-

Figure 1.  (A) Vasoconstrictive responses to bupivacaine elicited via either 
single concentrations or cumulative concentrations in isolated rat aortas.  
The data are expressed as the mean±SEM.  n=11.  cP<0.01 vs single 
concentration administration.  (B) The concentration-response curves for 
bupivacaine following cumulative administration constructed for three 
times in isolated rat aortas.  The data are expressed as the mean±SEM.  
n=12.  bP<0.05, cP<0.01 vs the first administration.  fP<0.01 vs the 
second administration.
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tive concentration-response curves to Phe (0.0001–30 μmol/L) 
in the preparations prior to treatment with NS+BUP, LE, and 
LE+BUP compared with NS (P>0.05; Figure 4A).  The vaso-
constrictive responses to the second exposure to Phe in these 
four groups are depicted in Figure 4B.  The group treated with 
LE exhibited significantly greater vasoconstriction than did 
the NS group.  Phe-induced vasoconstriction was increased 
by 23% at a concentration of 30 μmol/L (P<0.01; Figure 4B).  
The vasoconstrictive response in the NS+BUP group was sig-
nificantly lower than that of the NS group; vasoconstriction 
was decreased by 21% in response to 30 μmol/L Phe (P<0.01; 
Figure 4B).  LE pretreatment (LE+BUP) was associated with 
the restoration of the vasoconstrictive response to Phe (30 
μmol/L) to the level recorded in the NS group (P>0.05; Figure 
4B).  This LE-mediated enhancement of Phe-induced vaso-
constriction was reduced after the preparations were washed 
repeatedly (Figure 4C).

The first vasodilatory concentration-response curve to ACh 

(0.0001–3 μmol/L) did not differ significantly between the 
groups prior to NS and NS+BUP treatment (P>0.05); however, 
ACh-induced vasodilation was weaker in the LE and LE+BUP 
groups compared with the NS group (P<0.01), and no differ-
ence was observed between the LE and LE+BUP groups (Fig-
ure 5A).  The vasodilatory responses to the second ACh expo-
sure in the 4 groups are depicted in Figure 5B.  The vasodila-
tory responses in the preparations exposed to LE and NS+BUP 
were significantly decreased compared with the NS group 
(P<0.01), and the inhibition induced by NS+BUP was stronger 
than that observed in the LE group (P<0.05).  The vasodilatory 
response to ACh was significantly lower in the LE+BUP group 
compared with the NS+BUP group (P<0.01; Figure 5B).

The effect of different LE concentrations on Phe-induced vaso-
constriction and ACh-induced vasodilation
The vasoconstrictive response to Phe was not significantly 
altered following exposure to LE (0.2%–0.6%) for 5 min 

Figure 2.  Vasoconstrictive responses to phenylephrine in isolated rat aortas before (A) and after (B) short-term (20 min) treatment with bupivacaine 
(BUP), and the vasoconstrictive responses to phenylephrine after BUP was washed out (C).  The data are expressed as the mean±SEM.  n=11.  bP<0.05, 
cP<0.01 vs solvent. eP<0.05 vs BUP (3 μmol/L).  Vasoconstrictive responses to phenylephrine in isolated rat aortas before (D) and after (E) long-term (40 
min) treatment with bupivacaine (BUP), and the vasoconstrictive responses to phenylephrine after BUP was washed out (F).  The data are expressed as 
the mean±SEM.  n=12.  cP<0.01 vs solvent.
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Figure 3.  Vasodilatory responses to acetylcholine in isolated rat aortas before (A) and after (B) short-term (20 min) treatment with bupivacaine 
(BUP).  The data are expressed as the mean±SEM. n=11. bP<0.05, cP<0.01 vs solvent. eP<0.05, fP<0.01 vs BUP (3 μmol/L). Vasodilatory responses 
to acetylcholine in isolated rat aortas before (C) and after (D) long-term (40 min) treatment with bupivacaine (BUP).  The data are expressed as the 
mean±SEM.  n=12.  bP<0.05, cP<0.01 vs solvent.   fP<0.01 vs BUP (3 μmol/L).

Figure 4.  Vasoconstrictive responses to phenylephrine in isolated rat aortas pre-incubated with K-H solution containing either 0.4% lipid emulsion (LE) 
or the same volume of normal saline (NS) for 5 min (A) and 100 min (B).  Bupivacaine (BUP 300 μmol/L) was added to the organ bath 40 min before 
the 2nd construction of the concentration-response curves for phenylephrine (B), and the third concentration-response curves for phenylephrine were 
constructed after BUP and LE were washed out (C).  The data are expressed as the mean±SEM.  n=10.  cP<0.01 vs NS.  eP<0.05, fP<0.01 vs LE+BUP.
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compared with the NS group (P>0.05; Figure 6A).  The 
negative lgEC50 of Phe-induced vasoconstriction increased 
from 7.315±0.05 in the NS group to 7.737±0.07 in the 0.8% 
LE group (P<0.01); however, the Emax was not significantly 
altered (P>0.05; Figure 6A).  The vasoconstrictive responses 
to the second Phe exposure in the 5 groups are depicted in 
Figure 6B.  LE (0.2%–0.8%) not only increased the Emax of Phe-
induced vasoconstriction significantly (P<0.01; Table 1) but 
also increased the negative lgEC50 (P<0.01; Table 1).  LE (0.6% 
and 0.8%) significantly increased the negative lgEC50 of Phe-

induced vasoconstriction compared with 0.2% LE (P<0.05 and 
P<0.01, respectively; Table 1).

The vasodilatory response to ACh (0.0001–3 μmol/L) was 
decreased significantly following the exposure of the aorta 
preparations to LE (0.2%–0.8%) for 5 min compared with 
exposure to NS (P<0.01).  LE (0.8%) produced a significantly 
stronger reduction in ACh-induced vasodilation than did 
0.2% LE (P<0.01; Figure 6C).  The LE-induced inhibition of the 
ACh-induced vasodilatory response was exacerbated by the 
persistence of LE.  The maximal vasodilations observed fol-
lowing exposure to 0.2%, 0.4%, and 0.6% LE for 5 min were 
70.57%±6.22%, 62.70%±6.82%, and 67.38%±7.27%, respectively; 
these values were decreased to 51.99%±6.10%, 44.57%±6.30%, 
and 45.47%±4.70% for 100 min, respectively (Figure 6D).

The effects of yohimbine and propranolol on Phe-induced 
vasoconstriction
There were no significant differences in Phe-induced vaso-
constriction in the two groups of preparations prior to the 
administration of yohimbine (0.3 μmol/L) and propranolol 
(1 μmol/L) (P>0.05; Figure 7A).  The blockade of the α2- and 
β-adrenoceptors by yohimbine and propranolol, respectively, 
produced no significant differences in the vasoconstrictive 
response to Phe compared with that of the solvent group 
(P>0.05, Figure 7B).

Discussion
Previous clinical investigations have determined that the 
maximum plasma concentration of BUP is approximately 4.13 
μmol/L in patients undergoing epidural anesthesia with BUP 
for Cesarean section and that 90% of the patients require an 
intravenous infusion of ephedrine (an α- and β-adrenoceptor 
agonist) to correct their hypotension[17].  A simple calcula-
tion has demonstrated that the unintentional intravascular 
injection of BUP (150 mg) results in a peak blood concentra-
tion of approximately 100 μmol/L.  In the present study, 
BUP at a concentration of 1 μmol/L did not affect either the 
basal tension or the vasoconstrictive responses to a selective 
α1-adrenoceptor agonist of Phe, or ACh-induced vasodila-
tion, in isolated rat aortic rings.  However, we observed that 
3 μmol/L BUP exerted opposing effects on α1-adrenoceptor-
mediated vasoconstriction.  Pretreatment with 3 μmol/L 
BUP for 20 min (short-term exposure) significantly increased 
the vasoconstriction induced by the α1-adrenoceptor agonist 
of Phe, but a 40-min pretreatment (long-term exposure) sig-
nificantly decreased the vasoconstriction in the isolated rat 
aortic rings.  When the concentration of BUP was gradually 
increased (3–300 μmol/L), BUP-related enhancement was 
either weakened or inhibited completely (Figure 2B).  Addi-
tionally, ACh-induced vasodilation was significantly inhib-
ited via pretreatment with 3 μmol/L BUP for either 20 min 
or 40 min.  The time-independent inhibition of ACh-induced 
vasodilation and the long-term exposure-induced inhibition 
in the preparation treated with BUP could not be removed 
following the washout of BUP.  These results suggested that a 
clinical plasma concentration (3 μmol/L) in patients undergo-

Table 1.  Effects of lipid emulsion on phenylephrine-induced vaso-
constrictive responses of rat aortic vessels.  Mean±SEM.  n=12.  cP<0.01 
vs NS.  eP<0.05, fP<0.01 vs LE 0.2%.

     
Group

                                                     Phenylephrine
                                     Emax (g)                        -lg EC50 (mol/L)
 
 NS 2.385±0.043 6.849±0.040
 LE 0.2% 2.921±0.051c 7.204±0.047c

 LE 0.4% 2.991±0.061c 7.135±0.051c

 LE 0.6% 2.957±0.043c 7.329±0.039ce

 LE 0.8% 2.993±0.048c 7.440±0.046cf

Figure 5.  Vasodilatory responses to acetylcholine in isolated rat aortas 
pre-incubated with K-H solution containing either lipid emulsion (LE) or 
the same volume of normal saline (NS) for 5 min (A) and 100 min (B). 
Bupivacaine (BUP 300 μmol/L) was added to the organ bath 40 min 
before the second construction of the concentration-response curves 
for acetylcholine (B). The data are expressed as the mean±SEM. n=10.  
cP<0.01 vs NS. eP<0.05, fP<0.01 vs LE.  iP<0.01 vs NS+BUP.
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Figure 6.  Vasoconstrictive responses to phenylephrine in isolated rat aortas pre-incubated with K–H solution containing either lipid emulsion (LE) or 
the same volume of normal saline (NS) for 5 min (A) and 100 min (B).  The data are expressed as the mean±SEM.  n=12.  cP<0.01 vs LE (0.2%–0.8%).  
Vasodilatory responses to acetylcholine in isolated rat aortas pre-incubated with K–H solution containing either lipid emulsion (LE) or the same volume 
of normal saline (NS) for 5 min (C) and 100 min (D).  The data are expressed as the mean±SEM.  n=12.  cP<0.01 vs NS.  fP<0.01 vs LE (0.2%).

Figure 7.  Vasoconstrictive responses to phenylephrine in isolated rat aortas before (A) and after (B) treatment with a combination of yohimbine (0.3 
μmol/L) and propranolol (1 μmol/L) for 20 min.  The data are expressed as the mean±SEM.  n=9.
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ing epidural anesthesia with BUP may result in dysfunction 
of the vasodilation mediated by NO (endothelium) and the 
vasoconstriction mediated by α1-adrenoceptors (sympathetic 
nerve transmitter), causing an anesthesia-induced hypotensive 
response in affected patients.

Systemic toxicity from local anesthetics is a rare but poten-
tially fatal complication of regional anesthesia[18].  LE is effec-
tive in treating the toxicity induced by local anesthetics, 
including cardiovascular toxicity and central nervous system 
toxicity[19].  The mechanism underlying the use of LE for the 
reversal of local anesthetic-induced toxicity remains incom-
pletely understood.  In addition to the lipid sink theory[9, 10], 
possible mechanisms associated with LE treatment include the 
improvement of fatty acid metabolism[20], an inotropic effect[21] 
and the promotion of NO production[19, 22].  Further investiga-
tions of these phenomena are warranted.

The most important finding of our study was that the inhi-
bition of α1-adrenoceptor-mediated vasoconstriction by BUP 
was reversed by long-term treatment with LE, which signifi-
cantly increased the pD2 and Emax values of the vasoconstrictive 
responses to an α1-adrenoceptor agonist in the isolated rat aor-
tic rings.  As the inhibitory effect of BUP on Phe-induced vaso-
constriction was not removed via a complete washout, and the 
reversal effect of LE was easily washed out (Figure 4C); we 
speculated that the reversal effect of LE was not a result of the 
interaction between LE and BUP.  However, it may have been 
the result of the enhancement of both the affinity and the effi-
cacy of the α1-adrenoceptor agonist by LE.  Additionally, the 
enhancement effect of LE on the α1-adrenoceptor agonist was 
time-dependent and concentration-independent, as the effect 
required the long-term exposure of the arterial preparation 
to LE, and there was no significant difference in the vasocon-
strictive responses to Phe in the preparation pretreated with 
0.2%–0.6% LE.

Recently, Lee et al[23] reported that the concentration-con-
traction response curve for NA was significantly shifted to the 
right, without a change in the Emax value, in the isolated rat 
aortas pretreated with LE (0.3% or 0.49%) for 5 and 20 min.  
NA is a neurotransmitter released from sympathetic nerve 
endings that activate α1-adrenoceptors on the cell membrane 
of vascular smooth muscle to produce vasoconstriction, and 
activates β2-adrenoceptors to produce vasodilation.  In in vitro 
experiments, both the neuronal uptake and the nonneuronal 
uptake of NA also significantly affected NA-induced vaso-
constriction[16, 24–26].  Whether LE affected the neuronal uptake 
and nonneuronal uptake of NA is unknown, and the activa-
tion of α2-adrenoceptors and β2-adrenoceptors by NA was 
not ruled out in the study by Lee et al[23].  In our experiments, 
however, we used an artificially synthesized α-adrenoceptor 
agonist of Phe influenced by neither neuronal uptake nor non-
neuronal uptake in in vitro experiments[27, 28].  Furthermore, 
the vasoconstrictive responses to Phe were not affected by the 
combination of the β-adrenoceptor antagonist propranolol and 
α2-adrenoceptor antagonist yohimbine in our experimental 
system, indicating that only α1-adrenoceptors are involved in 
the vasoconstrictive responses to Phe (Figure 7).

In 2014, Said et al[29] reported that pretreatment for 30 min 
with medium-chain LE, but not long-chain LE, significantly 
inhibited 5-HT-induced endothelium-dependent relaxation 
in isolated porcine coronary arterial rings.  By contrast, in the 
present study, we provided new evidence that long-chain LE 
significantly inhibited ACh-induced endothelium-dependent 
relaxation in isolated rat aortic rings and that this type of 
inhibition by long-chain LE occurred quickly (5 min pretreat-
ment) and in a concentration dependent manner (0.2%–0.8%).  
Meanwhile, we were curious whether this type of inhibition 
by LE was involved in the direct enhancement effect of LE on 
both the affinity and the efficacy of α1-adrenoceptor agonists.  
In the present study, although pretreatment for 5 min with 
0.2%–0.6% LE did not change the vasoconstrictive responses 
to Phe, ACh-induced endothelium-dependent relaxation 
was inhibited significantly (Figure 6A and 6C).  In particular, 
the inhibitory effect on ACh-induced relaxation following 
long term exposure of 0.8% LE was significantly stronger 
than that of 0.2% LE, but there was no significant difference 
in the enhanced Emax values of Phe (Table 1).  Therefore, we 
hypothesized that the enhancement effect of LE on both the 
affinity and the efficacy of the α1-adrenoceptor agonists was 
not related to its inhibitory effect on ACh-induced relaxation 
in the present experiments.  However, the inhibitory effect of 
LE on endothelium-dependent vasodilation warrants clinical 
attention.  

Long-acting local anesthetics (BUP, levobupivacaine and 
ropivacaine) are easier to combine with LE.  The ability of 
long-chain LE combined with local anesthetics was 2.5 times 
greater than that of medium/long-chain LE[30].  Li et al[31] 
investigated the protective and restorative effects of several 
emulsions with different fat compositions on BUP-induced rat 
cardiac arrest and determined that long-chain LE was superior 
to medium/long-chain LE.  The effects of medium/long-chain 
LE on the vasoconstriction mediated by the α1-adrenoceptors 
and the receptor subtype that primarily contributed to the 
effects of long-chain LE remain unknown.

BUP administered cumulatively at a high concentration 
(30–300 μmol/L) produced a mild vasoconstrictive response, 
which peaked at 300 μmol/L in the isolated rat aortic 
rings.  When the BUP concentration was increased to 500 
μmol/L, however, the vasoconstrictive response significantly 
decreased.  In a previous publication, the decreased vasocon-
strictive response was attributed to the vasodilatory effects of 
BUP[15].  Moreover, we observed that the vasodilation cumu-
latively produced by 500 μmol/L BUP was much greater than 
that produced in a non-cumulative manner.  Additionally, the 
vasoconstrictive responses to the third cumulative administra-
tion of BUP (30–300 μmol/L) were much smaller than those 
observed in response to the first administration.  Therefore, 
BUP may contain two active components, one responsible for 
vasoconstriction and another responsible for vasodilation; 
the vasodilation component became much stronger follow-
ing prolonged exposure to a higher concentration of BUP 
in the isolated rat aortic rings[32].  Burmester et al[33] reported 
that (±)BUP and (+)BUP induce the relaxation of guinea pig 
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coronary arteries, whereas (–)BUP induces vasoconstriction 
in isolated hearts.  Iida et al[34] observed the same phenomena 
in the cerebral pial arterioles of pentobarbital-anesthetized 
dogs.  Furthermore, BUP cumulatively administered 3 times 
inhibited the high K+-induced vasoconstriction observed in 
the present experiments.  Clinically, BUP achieves high local 
tissue concentrations as a local anesthetic.  BUP-induced vaso-
constriction may be beneficial for sustaining anesthesia during 
the earlier stages, and BUP-induced vasodilation during the 
later stages may promote both the metabolism and the excre-
tion of the drug itself.

Bariskaner et al[13] reported that BUP produced a concen-
tration-dependent relaxation in the human umbilical artery 
strip preconstricted with 10-6 mol/L 5-HT, indicating that BUP 
inhibits 5-HT-induced vasoconstriction.  In the present study, 
however, although 5-HT produced reproducible concentra-
tion-related vasoconstriction in isolated rat aortas at 0.1–300 
μmol/L, pretreatment with 10 μmol/L BUP did not signifi-
cantly affect the vasoconstrictor responses to 5-HT (n=10, 
unpublished data).  Therefore, we excluded the possible influ-
ence of the 5-HT receptors from our experiments.

In conclusion, BUP exerts the following opposing effects 
on α1-adrenoceptor-mediated vasoconstriction when exposed 
to isolated rat aortic rings: short-term exposure-related 
enhancement and long-term exposure-related inhibition; the 
inhibition may be reversed via long term exposure to LE, 
which significantly enhances both the affinity and the efficacy 
of α1-adrenoceptor agonists in vasoconstriction.
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