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Abstract

Lead (Pb2+) exposure is related to increased blood pressure or hypertension of human or animals. Abnormal vascular relaxant
responses of low level Pb2+ exposed animals were reported by several studies. However, it is difficult to tell whether these effects
were induced directly by Pb2+ or not. In this study we hypothesized that Pb2+ can directly affect the relaxation of vessels. Male
Wistar rat aortae were removed and cultured in PMRI 1640 with 1 ppm Pb2+ (4.8 �M lead acetate) for 0.5, 6, 12 and 24 h, and then
their responses to acetylcholine (ACh) and sodium nitroprusside (SNP) were examined. After incubated for 24 h, the relaxation
induced by ACh was significantly decreased in Pb2+ exposed aortic rings. However, there was not significant difference in relaxation
induced by SNP between Pb2+ exposed and control group. The nitrite in the culture media of aortic rings cultured for 24 h, measured
with Griess method, was significantly decreased in the Pb2+ exposed group. The expression of endothelial NOS (eNOS) and isoform

2+
NOS (iNOS) in the homogenate of aortic rings cultured for 24 h was measured by Western blot. The expression of eNOS of the Pb
exposed group was significantly upregulated compared with that of the control group. However, there was no significant difference
in the expression of iNOS in control and Pb2+ exposed group. In conclusion, Pb2+ was able to directly affect the relaxation of rat
aorta. This effect may have some relation with the lower level of NO in the media, though the expression of eNOS was upregulated.
© 2007 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction
As a ubiquitous environmental and industrial pollu-
tant, lead (Pb2+) has been proved to have neurotoxicity
(Goyer, 1996), nephrotoxicity (Sanchez et al., 2001),
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hepatotoxicity (Daggett et al., 1997) and reproductive
toxicity (Ronis et al., 1996). Some evidences demon-
strated that Pb2+ has been involved in the elevation of
blood pressure (Webb et al., 1981; Skoczynska et al.,
1986, 2001; Fenga et al., 2006; Marques et al., 2001)
and arteriosclerosis (Revis et al., 1981; Preuss et al.,

1994) in human and animals. The blood Pb2+ was able to
significantly increase all-cause and cardiovascular mor-
tality, even at substantially lower levels, such as below
0.48 �M (10 �g/dl) (Menke et al., 2006). Therefore, it

ed.
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s of importance to study the relation between the Pb2+

nd hypertension.
Vascular abnormity, including the increased

all–lumen ratio, increased vascular responsiveness
o vasoconstrictors and/or decreased responsiveness
o vasodilators, can be found in almost all kinds of
nimal hypertension models and genetic hypertension
atients (Mulvany, 1992; Gohlke et al., 1993; Intengan
nd Schiffrin, 2001). In Pb2+ induced hypertension
ats, relaxation to both acetylcholine (ACh) and sodium
itroprusside (SNP) was reduced (Marques et al., 2001).
owever, whether the reduced relaxation was induced
irectly (at least partly) by Pb2+ or not is not known,
ecause Pb2+ was proved to have the ability to change
he functions of neurogenic components and humoral
omponents in Pb2+ exposed rats, such as central sym-
athetic hyperactivity, barofeflex hyposensitivity, vagal
arasympathetic hypotone (Boscolo and Carmignani,
988; Carmignani et al., 2000), and increased activity
f renin–angiotensin–aldosterone axis (Campbell et
l., 1985). Most of these abnormities mentioned above
an induce abnormal vascular responses. However, if
dopting in vitro cultured vessels removed from normal
ats to address this question, the confounding effects of
ystematic neurogenic and humoral components can be
liminated. Our previous study found that Pb2+ was able
o directly enhance the contractile response of vessels
o 5-hydroxytryptamine (5-HT) with in vitro cultured
ortae (Zhang et al., 2005).

In this study, we assessed whether Pb2+ had direct
ffect on the relaxant response of in vitro cultured aorta.
ince the relaxation of vessel to ACh has close relation

o endothelium-derived relaxing factor (EDRF)-NO, we
lso assessed whether Pb2+ exposure was able to alter the
evel of NO, by measuring nitrite in the culture media,
nd the product of NO, by detecting the expressions of
ndothelial NOS (eNOS) and isoform NOS (iNOS) in
orta tissue.

. Materials and methods

.1. Drugs and reagents

Lead acetate, norepinephrine bitartrate, acetylcholine
hloride, sodium nitroprusside sulphanilamide and naphthyl-
thylenediamine dihydrochloride were purchased from

igma–Aldrich Corporation (St. Louis, MO, USA). All chem-

cals were made fresh on the day of use, and the amount of
olvent added did not exceed 1% of the solution. The addition
f these chemicals to tissue bath did not alter the pH of the solu-
ion in it. RPMI 1640 and fetal bovine serum were purchased
rom Gibco (Grand, NY, USA).
tters 170 (2007) 104–110 105

2.2. Preparation of rat aorta

Healthy male Wistar rats, 250–300 g, were obtained from
Laboratory Animal Center in Beijing Institute of Pharma-
cology and Toxicology. After anesthetized by pentobarbital
sodium (50 mg/kg) and killed by decapitation, thoracic aor-
tae were carefully excised and placed into icy D-Hanks with
100 U/ml penicillin and 100 U/ml streptomycin. After being
cleaned free of fat and other connective tissues, the thoracic
aortae were cut into 3 mm long rings, then suspended into cul-
ture solution (RPMI 1640 containing 10% fetal bovine serum)
with or without 1 ppm Pb2+ (4.8 �M lead acetate) at 37 ◦C for
0.5, 6, 12 and 24 h.

The Pb2+ concentration of 1 ppm in the present study was
chosen on the basis of previous studies: 0.1–1 ppm Pb2+ were
able to significantly reduce sGC-�1 subunit expression in
a concentration dependent manner, and the maximal reduc-
tion in sGC-�1 subunit expression was achieved in rat aortic
rings incubated with 1 ppm Pb2+ for 24 h (Courtois et al.,
2003); 1 ppm Pb2+ was able to directly enhance the contrac-
tile response of vessels to 5-HT with in vitro cultured aortae
(Zhang et al., 2005).

The studies were conducted in accord with the principles
and procedures outlined in the NIH guide for the Care and
Use of the Laboratory Animals (National Research Council,
1996).

2.3. Measurement of relaxant responses

After incubation, the reactivities of the aortic rings were
evaluated in the vascular tissue baths. Each bath contained
8 ml Krebs–Henseleit (K–H) solution (containing in mM:
NaCl, 118; KCl, 4.7; KH2PO4, 1.2; CaCl2, 2.5; MgSO4, 1.2;
NaHCO3, 25; glucose, 11.1; EDTA-Na2, 0.026) bubbled with
a mixture of 95% O2 and 5% CO2, and warmed to 37 ◦C by
an equitherm heating circulation system. The aortic rings were
mounted on a pair of stainless-steel �-shaped hooks, one of
which was fixed to the bottom of the chamber and the other
to an isometric force transducer (Xinhang Mechanical and
Electronic Inc., Gaobeidian, China) which was connected to
a polygraph (Meiyi Technological Inc., Nanjing, China). Tis-
sues were allowed to equilibrate under an optimum final force
of 1.5 g for a period of 60 min, renewing the buffer every
15 min. After stabilization, the preparations were depolarized
twice with 40 mM KCl, precontracted by 1 �M NE, and then
relaxed by cumulative addition of ACh (10 nM to 100 �M) or
contracted by 40 mM KCl then relaxed by cumulative addition
of SNP (1 nM to 10 �M). The aortic rings of Pb2+ exposure and
control used in each experiment were removed from the same
rat, and each ring was used only once. To check the integrity
of the endothelium of the rings, two rings chosen randomly

from each rat aorta without culture were processed with above
procedure. If the rings precontracted by 1 �M NE then relaxed
by 1 �M ACh both were able to show a relaxation more than
60% of the contraction induced by 1 �M NE, the rings from
the same aorta cultured were chosen for this experiment.
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2.4. Measurement of nitrite production as an assay of NO
release

NO production by aorta was assayed by measuring the accu-
mulation of nitrite in the culture medium using the Griess
reaction (Green et al., 1982; Ding et al., 1988). Aortic rings
were cultured in 24-well microtiter plates and exposed to 1 ppm
Pb2+ for 24 h. At the end of the incubation, the medium was col-
lected, treated with active carbon and 30% ZnSO4, then mixed
with an equal volume of Griess reagent (1% sulphanilamide,
0.1% naphthyl-ethylenediamine dihydrochloride, 5% H3PO4).
After 10 min at room temperature, the optical density of sam-
ples was read at 550 nm; sodium nitrite was used as standard.
After removing the medium, the aortic rings was dried and
weighted.

2.5. Western analysis of aortic eNOS and iNOS
expression

Aortic eNOS and iNOS expression was determined by
Western blot. After in vitro cultured for 24 h, aortae were
ground to powder in liquid nitrogen, homogenized in homog-
enization buffer (50 mM Tris–Cl pH 8.0, 150 mM NaCl,
0.02% sodium azide, 0.1% SDS, 1 mM phenylmethylsul-
fonyl fluoride, 1 �g/ml aprotinin, 1% Nonidet P-40, 1%
sodium deoxycholate and 1 �g/ml leupeptin), and centrifuged
at 14,000 × g for 20 min at 4 ◦C. The total protein of super-
natant was measured using the bicinchoninic acid method
kit (Beyotime Biotech Co. Ltd., Hangzhou, China). Twenty
micrograms of total protein was separated on 10% SDS-
polyacrylamide gels and transferred onto polyvinylidine
difluoride (PVDF) membranes. After blocked, the membranes
were probed with anti-eNOS polyclonal antibody (Santa Cruz,
sc-8311) or anti-iNOS polyclonal antibody (Santa Cruz, sc-
649) at 1:500 overnight or 1.5 h, then incubated with the
horseradish peroxidase conjugated secondary antibody at
1:2000 (Beijing Zhongshan Golden Bridge Biotechnology,
China) for 1 h. After rinsed, blots incubated with enhanced
chemiluminescence reagents to visualize bands. To compare
the expression of iNOS with the expression of another protein,
the expression of actin in a parallel gel with 15 �g samples
was analyzed with the same experimental procedure. The first
antibody for actin was actin polyclonal antibody (Santa Cruz,
sc-1616) at 1:500.

2.6. Statistics

The results were expressed as mean ± S.E.M. The maxi-
mal effects (Emax) were calculated through Microcal Origin
7.0 (Microcal Software Inc.). The data were analyzed by paired
t-test. p < 0.05 was considered statistically significant.
Based on our previous study, Pb2+ had no significant
effects on the aortic contraction to NE and KCl (Zhang et
al., 2005). In this study, the relaxation induced by ACh was
expressed as a percentage of the contraction to 1 �M NE
(taken as 100%). And the relaxation induced by SNP was
tters 170 (2007) 104–110

expressed as a percentage of the contraction to 40 mM KCl
(taken as 100%). The reasons to choose two references are
the following. After cultured more than 12 h, the contraction
induced by NE was significantly decreased, which was able
to be relaxed to the baseline with very low level of SNP.
We found that the relaxant response induced by ACh was
also affected by incubation. After cultured more than 12 h,
ACh was difficult to relax the contraction induced by 40 mM
KCl.

3. Results

3.1. Effect of Pb2+ on the relaxation responses of
cultured aorta to ACh and SNP

After the aortic rings were cultured with or without
1 ppm Pb2+ for 0.5 h, 6 h, 12 h or 24 h and treated as
the procedure described in Section 2, they were precon-
tracted by 1 �M NE to produce a maximal contraction
(taken as 100% contraction). After the vascular tone
reached a stable plateau, ACh (10 nM to 100 �M) was
cumulatively added to baths at a volume of 0.1% of the
bath volume. The relaxation induced by ACh was not
significantly different between Pb2+ exposed group and
control group when the rings cultured in vitro for 0.5,
6, 12 h. However, after cultured for 24 h, the relaxation
induced by ACh in the Pb2+ exposed group was signif-
icantly lower than that of control group The maximum
relaxation of Pb2+ exposed group was 51.03 ± 6.98%
(n = 6), while the maximum relaxation of control group
was 61.53 ± 7.46% (n = 6), with the p < 0.05 (Fig. 1D).

The relaxation responses to SNP (1 nM to 10 �M)
of cultured aortic rings were precontracted by 40 mM
KCl, and the other procedures were similar to the above
assay. There was no significant difference in the relax-
ation induced by SNP between Pb2+ exposed aortic rings
and control ones cultured for 0.5–24 h. Fig. 2 depicted
the relaxation induced by SNP in the Pb2+ exposed aor-
tic rings and control ones cultured for 24 h, with no
significant difference between these two group (n = 6)
(Fig. 2).

3.2. Effect of Pb2+ on the NO production of
cultured aorta

NO production by the cultured aorta was assayed
by measuring the accumulation of nitrite in the cul-
the culture medium of Pb2+ exposed aorta was signifi-
cantly lower than that of the control group (1.80 ± 0.47
and 2.54 ± 0.35 �M, respectively, n = 6, p < 0.05,
Fig. 3).
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Fig. 1. Effects of Pb2+ on the concentration–response curves to ACh of aortic rings cultured for 0.5 h (A), 6 h (B), 12 h (C) and 24 h (D). Aortic rings
cultured with or without 1 ppm lead acetate for 0.5, 6, 12 and 24 h were precontracted by 1 �M NE to produce a maximal contraction (taken as 100%
contraction). After the vascular tone reached a stable plateau, ACh was added cumulatively. Points represent means ± S.E.M. (n = 6). *Statistically
significant difference (p < 0.05) from control group.

Fig. 2. Effects of lead on the concentration–response curves to SNP
of aortic rings cultured for 24 h. Aortic rings cultured with or with-
out 1 ppm lead acetate for 24 h were precontracted by 40 mM KCl to
produce a maximal contraction (taken as 100% contraction). After the
vascular tone reached a stable plateau, SNP was added cumulatively
to baths at a volume of 0.1% of the bath volume. Points represent
means ± S.E.M. (n = 6).

Fig. 3. Effects of Pb2+ on the accumulation of nitrite in the culture
medium aorta cultured for 24 h. The accumulated nitrite in the culture
medium of aortic rings with or without 1 ppm Pb2+ for 24 h was mea-
sured by the Griess reaction. Bars represent means ± S.E.M. (n = 9).
*Statistically significant difference (p < 0.05) from control group.
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Fig. 4. Top, representative Western blots for eNOS (A), iNOS (B) an
for 24 h without exposure of Pb2+ (Con) and aortae incubated for 24 h w
and iNOS in aortic homogenates. Bars represent means ± S.E.M. (n =

3.3. Effect of Pb2+ on the expression of eNOS and
iNOS in the cultured aortae

Immunoblot analysis was performed on homogenates
from control and Pb2+ exposed aortae incubated for 24 h
to ascertain whether eNOS and iNOS protein expres-
sion was affected. Equivalent amounts of total protein
were immunoblotted with an eNOS or iNOS antibody.
The expression of eNOS of the Pb2+ group was marked
increased (n = 4) (Fig. 4A). However, there was no sig-
nificant difference in the iNOS immunoreactive bands
between Pb2+ exposed aortae and control ones (n = 4)
(Fig. 4B). These results demonstrated that there was
a divergence between the decreased accumulation of
nitrite in the culture medium of Pb2+ exposed aortae and
the upregulated expression of eNOS in the homogenates
of the Pb2+ exposed aortae.

4. Discussion

It was already reported by many researchers that Pb2+

was able to induce hypertension and arteriosclerosis in
animals and human being. Though abnormal vascular
relaxant responses in Pb2+ induced hypertensive animals
were also reported by many (Webb et al., 1981; Marques
et al., 2001; Karimi et al., 2002), none of them can
tell us whether these abnormal vascular responses were
induced, at least partly, by the direct interaction between
Pb2+ and vessels or not, for the confounding effects of

systematic neurogenic and humoral components were
not able to eliminate.

In this study, adopting in vitro cultured aortae, we
found Pb2+ was able to directly decrease the relaxant
protein abundance in the uncultured aortae (Con-0), aortae incubated
pm Pb2+ (Pb2+). Bottom, arbitrary optical densitometry units of eNOS

response of aorta to ACh after in vitro cultured for 24 h
(Fig. 1D). However, Pb2+ had no significant effect on the
relaxant response to SNP (Fig. 2), which was similar to
the result of one previous report (Karimi et al., 2002).
These results demonstrated that the adverse effects of
Pb2+ on the in vitro cultured aorta were mainly located
on the endothelium.

The ability of a blood vessel to relax to ACh is entirely
upon the presence of an intact endothelium through an
EDRF, which was late identified as NO (Furchgott and
Zawadzki, 1980; Palmer et al., 1987). In this study, we
found that the nitrite (breakdown products of NO) in
the culture media of aorta exposed to Pb2+ was sig-
nificantly decreased compared with that of the control
group (Fig. 3). In animal studies, the level of stable NO
metabolites (NOx) in urinary excretion was also reported
decreased significantly (Vaziri et al., 1997; Gonick et
al., 1997; Ding et al., 1998). These results may reflect
indirectly that the level of NO in serum available was
decreased, which may be the cause (at least partly) of
the decreased relaxant response to ACh of Pb2+ exposed
cultured aorta or vessels of Pb2+ exposed animals.

NO is synthesized by the action of NO synthases
(NOS). There are three isoforms of NOS: two are con-
stitutively expressed (eNOS and neuronal NOS (nNOS),
respectively) and one is an inducible iNOS (Cepinskas
et al., 2002). In this study, we found that eNOS pro-
tein mass was significantly elevated while iNOS protein
mass was at about the same level in the aortae exposed

2+
to 1 ppm Pb in vitro for 24 h. The result of eNOS
was in agreement with some results of animal studies
which reported the eNOS and iNOS protein mass was
marked raised both in aorta and kidney (Vaziri et al.,
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999). However, another paper reported that the eNOS
rotein mass in kidney cortex of Pb2+-treated rats was not
ignificantly different from that of control rats, whereas
NOS protein mass was significantly elevated in brain
nd kidney cortex (Gonick et al., 1997). Though there is
ivergence on the NOS protein mass in the references, till
ow no paper reported downregulation of NOS expres-
ion. Therefore, this is a paradox between the decreased
evel of NO and the upregulated expression of eNOS
nd/or iNOS. A plausible explanation for this paradox is
hat the NO was over-sequestrated, which is supported
y many evidences: the reactive oxygen species (ROS),
uch as O2

•− and the lipid peroxidation product, mal-
ndialdehyde (MDA), were marked elevated in Pb2+

xposed animals (Vaziri et al., 1997, 2003; Gonick et
l., 1997; Ding et al., 1998) and in vitro cultured aortae
Courtois et al., 2003; Zhang et al., 2005); nitrotyrosine,
he footprint of NO oxidation by ROS, was significantly
ncreased in plasma, kidney, heart, liver, and brain of
b2+ exposed rats (Vaziri et al., 1999); the Pb2+ induced
ypertension, marked raised plasma MDA concentration
nd decreased urinary NOx excretion was normalized or
meliorated by administrating antioxidants (Vaziri et al.,
997, 1999; Ding et al., 1998).

Although we found that Pb2+ was able to directly
ffect the relaxation of rat aorta to ACh with the in
itro cultured aortae, this model needs further emen-
ation, for it has apparent disadvantages: after aortic
ings cultured inertly for more than 12 h, the response
o are significantly altered, which cannot represent the
nnate characteristics of aortae very well, for example,
he contraction induced by NE or 5-HT was signifi-
antly decreased (Zhang et al., 2005), and the relaxation
nduced by ACh was also affected.

In summary, Pb2+ was able to directly affect the relax-
tion of rat aorta to ACh. This effect may be related
o the decreased level of NO in the media. Though the
NOS was upregulated in cultured aorta, it was not able
o eliminate this effect.

cknowledgement

This project was partly supported by the National
atural Science Foundation of China (no. 39400113).

eferences
oscolo, P., Carmignani, M., 1988. Neurohumoral blood pressure reg-
ulation in lead exposure. Environ. Health Persp. 78, 101–106.

ampbell, B.C., Meredith, P.A., Scott, J.J., 1985. Lead exposure and
changes in the renin–angiotensin–aldosterone system in man. Tox-
icol. Lett. 25, 25–32.
tters 170 (2007) 104–110 109

Carmignani, M., Volpe, A.R., Boscolo, P., Qiao, N., Gioacchino, M.D.,
Grilli, A., Felaco, M., 2000. Catcholamine and nitric oxide systems
as targets of chronic lead exposure in inducing selective functional
impairment. Life Sci. 68, 401–415.

Cepinskas, G., Rui, T., Kvietys, P.R., 2002. Interaction between reac-
tive oxygen metabolites and nitric oxide in oxidant tolerance. Free
Radic. Bio. Med. 33, 433–440.

Courtois, E., Marques, M., Barrientos, A., Casado, S., Lopez-Farre, A.,
2003. Lead-induced downregulation of soluble guanylate cyclase
in isolated rat aortic segments mediated by reactive oxygen species
and cyclooxygenase-2. J. Am. Soc. Nephrol. 14, 1464–1470.

Daggett, D.A., Nuwaysir, E.F., Nelson, S.A., Wright, L.S., Kornguth,
S.E., Siegel, F.L., 1997. Effects of triethyl lead administra-
tion on the expression of glutathione S-transferase isoenzymes
and quinone reductase in rat kidney and liver. Toxicology 117,
61–71.

Ding, A.H., Nathan, C.F., Stuehr, D.J., 1988. Release of reactive nitro-
gen intermediates and oxygen intermediates from mouse peritoneal
macrophages. J. Immunol. 141, 2407–2412.

Ding, Y., Vaziri, N.D., Gonick, H.C., 1998. Lead-induced hyperten-
sion. II. Response to sequential infusions of l-arginine, superoxide
dismutase, and nitroprusside. Environ. Res. 76, 107–113.

Fenga, C., Cacciola, A., Martino, L.B., Calderaro, S.R., Di Nola,
C., Verzera, A., Trimarchi, G., Germano, D., 2006. Relationship
of blood lead levels to blood pressure in exhaust battery storage
workers. Ind. Health. 44, 304–309.

Furchgott, R.F., Zawadzki, J.V., 1980. The obligatory role of
endothelial cells in the relaxation of arterial smooth muscle by
acetylcholine. Nature 288, 373–376.

Gohlke, P., Lamberty, V., Kuwer, I., Bartenbach, S., Schnell, A., Unger,
T., 1993. Vascular remodeling in systemic hypertension. Am. J.
Cardiol. 71, 2E–7E.

Gonick, H.C., Ding, Y., Bondy, S.C., Ni, Z., Vaziri, N.D., 1997. Lead-
induced hypertension: interplay of nitric oxide and reactive oxygen
species. Hypertension 30, 1487–1492.

Goyer, R.A., 1996. Results of lead research: prenatal exposure and neu-
rological consequences. Environ. Health Persp. 104, 1050–1054.

Green, L.C., Wagner, D.A., Glagowski, J., Skipper, P.L., Wishnok,
J.S., Tannenbaum, S.R., 1982. Analysis of nitrate, nitrite and
[15N]Nitrite in biological fluids. Anal. Biochem. 126, 131–138.

Intengan, H.D., Schiffrin, E.L., 2001. Vascular remodeling in hyperten-
sion: roles of apoptosis, imflammation, and fibrosis. Hypertension
38, 581–587.

Karimi, G., Khoshbaten, A., Abdollahi, M., Sharifzadeh, M., Nami-
ranian, K., Dehpour, A.R., 2002. Effects of subacute lead acetate
administration on nitric oxide and cyclooxygenase pathways in rat
isolated aortic ring. Pharmacol. Res. 46, 31–37.
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