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Abstract
Endothelin-1 (ET-1) is implicated in the development of endothelial dysfunction through the
generation of reactive oxygen species by NADPH oxidase activation. Interleukin-10 (IL-10) is an
antiinflammatory cytokine that stimulates nitric oxide production, decreases superoxide production,
and restores endothelial integrity after vascular injury. In this study, we tested whether IL-10
attenuates ET-1-induced endothelial dysfunction by improving acetylcholine (ACh)-induced
relaxation of cultured murine aortic rings. Aortic rings (2 mm long) of C57BL/6 mice were incubated
in 2 mL DMEM containing 120 U/mL penicillin and 120 µg/mL streptomycin in the presence of one
of 4 treatments: vehicle (deionized water), ET-1 (100 nmol/L), recombinant mouse IL-10 (300 ng/
mL), or a combination of both ET-1 and IL-10. After incubation at 37 °C for either 1 or 6 h (short-
term exposure) or 22 h (overnight exposure), rings were mounted in a wire myograph and stretched
to a passive force of 5 mN. Endothelium-dependent vasorelaxation was assessed by constructing
cumulative concentration–response curves to ACh (0.001–10 µmol/L) during 10 µmol/L
phenylephrine (PE)-induced contraction. Short-term exposure of ET-1 did not result in an impairment
of ACh-induced relaxation. Overnight exposure of aortic rings to ET-1 resulted in a statistically
significant endothelial dysfunction characterized by a reduced maximal relaxation response to ACh
compared with that of untreated rings (Emax 57% ± 3% versus 82% ± 4%). IL-10 treatment restored
ACh-induced relaxation (Emax 77% ± 3%). Western blotting showed decreased eNOS expression in
response to ET-1, whereas vessels treated with a combination of ET-1 and IL-10 showed increased
expression of eNOS. Immunohistochemical analysis showed decreased eNOS expression in ET-1-
treated vessels compared with those treated with both ET-1 and IL-10. We conclude that, in murine
aorta, the antiinflammatory cytokine IL-10 prevents impairment in endothelium-dependent
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relaxation induced in response to long-term incubation with ET-1 via normalization of eNOS
expression.
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Introduction
Nitric oxide (NO) and endothelin-1 (ET-1) are important endothelium-derived mediators that
regulate the vascular tone. ET-1 is one of the most potent vasoconstrictors, produced by
endothelial cells (Yanagisawa et al. 1988), airway epithelial cells, macrophages, fibroblasts,
cardiomyocytes, and various brain neurons (Kedzierski and Yanagisawa 2001; Touyz and
Schiffrin 1999). Its primary action is via activation of G protein-coupled receptors (Arai et al.
1990; Simonson and Dunn 1990). ET-1 has been associated with various cardiac (Mallat et al.
1999), renal (Hocher et al. 1997), and pulmonary diseases (Giaid et al. 1993; Hocher et al.
1997; Nishida et al. 2004). Hence, ET-1-receptor blockers are used in the treatment of various
cardiac diseases (Rich and McLaughlin 2003). ET-1 also stimulates production of
proinflammatory cytokines by leukocytes (Cunningham et al. 1997), and thus impairment of
endothelium-dependent relaxation may be due to the action of inflammatory factors.

ET-1 decreases endothelial NO synthase (eNOS) expression and simultaneously increases
reactive oxygen species via NADPH oxidase activation (Lund et al. 2005; Wedgwood and
Black 2005). NADPH oxidase activity is also regulated by cytokines, hormones, and
mechanical forces that are known to be involved in the pathogenesis of vascular diseases
(Pollman et al. 1996). antiinflammatory cytokines like transforming growth factor (TGF)-β,
interleukin (IL)-10, and IL-1 receptor antagonist exert inhibitory effects on injured vascular
cells (Kofler et al. 2005). The antiinflammatory properties of IL-10 include inhibition of
nuclear factor κB (leading to suppressed cytokine production), inhibition of matrix-degrading
metalloproteinases, and reduction of tissue factor expression (Moore et al. 2001). In the
vasculature, IL-10 promotes healing by inhibiting the production of proinflammatory cytokines
that stimulate production of reactive oxygen species in endothelial cells (Moore et al. 2001).
IL-10 improves eNOS-mediated relaxation of vessels by attenuating increases in superoxide
production (Gunnett et al. 2000), which may relate to uncoupling of eNOS (Fortuno et al.
2005). Previously we have shown that IL-10 prevents impairment in endothelium-dependent
relaxation via a decrease in NADPH oxidase expression (Zemse et al. 2007).

In this study, our aim was to test the hypothesis that ET-1 causes impairment of acetylcholine
(ACh)-induced endothelium-dependent relaxation in murine aortic rings via downregulation
of eNOS expression and that IL-10 counteracts the impairment. We addressed this by
incubating murine aortic rings with ET-1 for 1, 6, or 22 h, after which rings were mounted in
a wire myograph to assess ACh-induced relaxation responses. Furthermore, eNOS expression
and localization were determined.

Materials and methods
Animals

Experiments were conducted in 8-week-old male C57BL/6 mice (Jackson Laboratory, Bar
Harbor, Me.). All procedures followed the guidelines of, and were approved by, our
institutional animal care and use committee.
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Isolation of aortic rings and experimental protocols
Mice were euthanized with sodium pentobarbital (50 mg/kg i.v.) (Abbott Laboratories, Abbott
Park, Ill.), after which the thoracic aorta was excised, placed in ice-cold physiologic saline
solution (PSS), and cleaned of adhering connective and adipose tissue. Each aorta was divided
into 4 rings of 2 mm length. The aortic rings were incubated for 22 h at 37 °C in 2 mL Dulbecco’s
modified Eagle’s medium (DMEM) containing 120 U/mL penicillin and 120 µg/mL
streptomycin and one of 4 treatments: vehicle (deionized water), ET-1 (100 nmol/L),
recombinant mouse IL-10 (300 ng/mL), or a combination of both ET-1 and IL-10. Acute studies
were also performed using 1-hour and 6-hour incubations in the same 4 treatment media. Pilot
studies were performed before the final concentration of IL-10 was selected. At 30 ng/mL,
IL-10 had no effect on the impaired endothelium responses to ACh induced by ET-1. Following
incubation, the aortic rings were mounted in a wire myograph (Danish Myotech) filled with
PSS with the following ionic composition (in mmol/L): 130 NaCl, 4.7 KCl, 1.18 KH2PO4,
1.18 MgSO4·7H2O, 14.9 NaHCO3, 5.6 dextrose, 1.56 CaCl2·2H2O, and 0.026 EDTA. They
were maintained at 37 °C and continuously gassed with a mixture of 95% O2 and 5% CO2. A
passive force of 5 mN was applied to the aortic rings and they were allowed to equilibrate for
at least 60 min. Endothelium-dependent relaxation was measured on 10 µmol/L phenylephrine
(PE)-contracted rings, followed by calculation of a cumulative concentration–response curve
to ACh from 0.001 to 10 µmol/L. Endothelium-independent relaxation was tested with sodium
nitroprusside (SNP) from 0.001 to 100 µmol/L.

Immunofluorescence
Four aorta isolated from 4 mice were incubated overnight (22 h) with one of 4 treatments, as
described in the experimental protocol: vehicle (deionized water), ET-1 (100 nmol/L), IL-10
(300 ng/mL), or the combination of ET-1 and IL-10. Following incubation, aorta were fixed
in 4% paraformaldehyde and subsequently washed with phosphate-buffered saline (PBS).
Aorta were frozen in Tissue-Tek optical coherence tomography (OCT) medium, cut on a
cryostat (model CM3000, Leica) into sections 8 µm wide, and mounted on glass slides. Slides
were protected from light and incubated in a blocking buffer (100 mL PBS, 1 mL goat serum,
500 µL of 20% Triton X-100), and then treated with primary antibody to eNOS (BD
Biosciences) overnight at 4 °C. Slides were washed with PBS and incubated in Cy3 antibody
(Invitrogen) for 1 h. The slides were washed and allowed to dry, then covered with antifade
mounting agent and cover slip. Images were obtained with a Zeiss LSM 510 Meta confocal
microscope (Thornwood, N.Y.), with an excitation of 488 nm and emission of 574–595 nm or
a 560 nm long-pass filter. Time series experiments were performed to quantify the intensity of
eNOS expression in terms of numerical values. We selected 8 different endothelial areas of
aorta per slide on the slides of all 4 treated groups.

Immunohistochemistry
Isolated aorta were treated as described earlier and then embedded in OCT medium. Sections
8 µm wide were cut from frozen aorta, mounted on Superfrost slides, and treated with blocking
serum obtained from Vectastain Elite ABC kit (Vector Laboratories, Burlingame, Calif.).
Subsequently slides were treated with primary antibody prepared in the blocking serum
overnight at 4 °C. The next day the sections were treated with secondary biotinylated antibody
for 30 min. Slides were then treated with ABC reagent for 30 min. At the end of the procedure,
slides were stained with DAB (3,3′-diaminobenzidine) solution for 30–45 s (all reagents
provided in the Vectastain kit).

Slides were counterstained with hematoxylin and a cover slip was mounted. Slides were
observed in a brightfield microscope, and images were captured by Axiom software.
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Western blot analysis
Four aorta were isolated from 4 mice and incubated overnight as described earlier. Aortic tissue
was lysed by radioimmunoprecipitation assay (RIPA) lysis buffer in the presence of 1 mmol/
L phenylmethylsulfonyl fluoride (PMSF), 1 mmol/L sodium orthovanadate, 1 mmol/L sodium
fluoride, 1 µg/mL aprotinin, 1 µg/mL leupeptin, and 1 µg/mL pepstatin for 20 min on ice.
Whole tissue lysates were centrifuged at 10 000g for 20 min at 4 °C, and the supernatants were
collected. The protein concentrations were determined by the Bio-Rad protein assay. Samples
of 50 µg were separated by SDS – 10% polyacrylamide gel electrophoresis and transferred by
electroblotting onto a Hybond ECL nitro-cellulose membrane (Amersham Biosciences, N.J.).
For the immunoassay, the membranes were blocked in 5% (w/v) nonfat dry milk in 1× PBS –
0.2% Tween 20 for 1 h at 4 °C with primary antibodies, polyclonal rabbit anti-eNOS antibody
(BD Biosciences, N.J.), and monoclonal anti-β-actin (Sigma-Aldrich, St. Louis, Mo.).
Immunocomplexes were detected through horseradish peroxidase-conjugated goat anti-mouse
antisera (Amersham Biosciences), followed by enhanced chemiluminescence (ECL) reaction
(Pierce Biotechnology, Rockford, Ill.).

Reagents
Phenylephrine, acetylcholine, sodium nitroprusside, and ET-1 were purchased from Sigma
Chemical. Mouse recombinant IL-10 was purchased from R&D Systems (Minneapolis,
Minn.).

Statistical analysis
Results are presented as means ± SE. Experimental values were calculated relative to the
maximal changes from the contraction produced by PE in each segment. The pEC50 values for
PE, ACh, and SNP are expressed as the negative logarithm of the molar concentration to
produce 50% of the maximal response. Statistical analysis was performed by using two-way
analysis of ANOVA followed by Bonferroni post test to compare the concentration–response
curves between the groups. The analyses were performed using GraphPad Prism software.
Values of p < 0.05 were considered a statistically significant difference.

Results
Short-term exposure (1 h and 6 h) to ET-1 and IL-10 had no effect on endothelium-dependent
relaxation

Cumulative concentration–response curves to ACh performed 1 h after incubation with ET-1
did not affect sensitivity for ACh compared with that of untreated rings (pEC50 6.53 ± 0.16
versus 7.02 ± 0.19) (Fig. 1 and Table 1). Maximal relaxation to ACh tended to be lower in
ET-1-treated rings than in untreated rings but did not differ statistically (Emax 63% ± 4% versus
77% ± 5%) (Fig. 1 and Table 1). We next addressed whether 6 h incubation with ET-1 resulted
in an impaired ACh-induced relaxation. Figure 1B shows that relaxing responses to ACh were
comparable for untreated rings and ET-1-treated rings. Maximal relaxing responses to ACh
were similar in untreated rings and ET-1-treated rings (Emax 79% ± 2% versus 72% ± 4%,
respectively) (Fig. 1). Sensitivity for ACh was unchanged for both groups (Table 1).

IL-10 restored endothelium-dependent relaxation impaired by ET-1 after 22-hour incubation
Maximal force induced in response to 10 µmol/L PE was not influenced by the different
treatments: vehicle (19 ± 0.9 mN), ET-1 (18 ± 1.0 mN), IL-10 (18 ± 1.0 mN), or combined
ET-1 and IL-10 (18 ± 1.0 mN) (Fig. 2A). For untreated rings, sensitivity and maximal relaxation
with 10 µmol/L ACh were 6.95 ± 0.11 mN and 82% ± 4%, respectively (Fig. 2B and Table 1).
Overnight (22 h) exposure with ET-1 (100 nmol/L) did not affect pEC50, but significantly
reduced Emax values (57% ± 3%) (Fig. 2B and Table 1). This effect of ET-1 appears to be
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endothelium-dependent, since relaxation to the NO donor SNP was similar in aortic rings
treated with vehicle or ET-1 (Fig. 2C).

We next examined the effect of IL-10 on ACh-induced relaxation in aortic rings treated with
or without ET-1. Figure 2B shows that aortic rings treated with both ET-1 (100 nmol/L) and
recombinant IL-10 (300 ng/mL) had completely restored maximal relaxation responses to ACh
(77% ± 3%), and increased sensitivity for ACh compared with ET-1-treated rings (7.21 ± 0.10
mN versus 6.88 ± 0.12, respectively) (Table 1). Rings treated with IL-10 alone showed
responses similar to those of untreated vessels (Emax 73% ± 4%) (Table 1). Relaxation to SNP
in aortic rings treated with either IL-10 or ET-1 in combination with IL-10 was not different
from control values, as depicted in Fig. 2C.

IL-10 restored eNOS expression in ET-1-treated aortic rings
Representative Western blotting images are shown in Fig. 3A for aortic rings treated for 22 h
in the presence of vehicle, or ET-1, or the combination of ET-1 and IL-10. Protein expression
level of eNOS was significantly decreased in aortic rings treated with ET-1 compared with
aortic rings treated with the vehicle (Fig. 3A). Treatment with IL-10 in the presence of ET-1
restored the eNOS protein expression level to that of aortic rings treated with vehicle alone
(Fig. 3A). eNOS staining quantified via densitometry analysis was significantly lower in aortic
rings treated with ET-1 than in those treated with the combination of ET-1 and IL-10 (Fig. 3B).

ET-1-treated vessels showed decreased immunofluorescence staining to eNOS
Immunofluorescence of cross-sections of ET-1-treated aortic rings showed decreased eNOS
expression (Fig. 4B) compared with that of untreated rings (Fig. 4A). IL-10 in combination
with ET-1 restored eNOS expression to levels comparable with that of untreated rings (Fig.
4D and 4E). eNOS staining quantified via densitometry analysis was significantly greater in
aortic rings treated with ET-1 than in rings treated with the combination of ET-1 and IL-10
(arbitrary units; 1554 ± 217 versus 377 ± 94) (Fig. 4E). eNOS staining in control rings (Fig.
4A) was similar to that of rings treated with IL-10 (Fig. 4C).

DAB staining was decreased in ET-1-treated vessels and reversed by IL-10 treatment
Immunohistochemistry revealed a reduction in eNOS staining in ET-1-treated rings (Fig. 5B)
compared with that of untreated rings (Fig. 5A). eNOS staining in control rings (Fig. 5A) was
similar to that of rings treated with the combination of ET-1 and IL-10 (Fig. 5D).

Discussion
Here we demonstrated that overnight (22 h) treatment, but not short-term (1 or 6 h) incubation,
with ET-1 lead to impairment in ACh-induced endothelium-dependent relaxation in murine
aortic rings. The primary cause for this endothelial dysfunction is most likely a decrease in
eNOS expression due to treatment with ET-1. Our next observation was that combined
treatment of ET-1 with IL-10 restored this impairment in relaxation, suggesting that
exogenously added antiinflammatory IL-10 inhibits ET-1-induced endothelial dysfunction,
probably via a normalization of eNOS expression.

ET-1 acts via two receptors, ETA and ETB, on the smooth muscle and endothelial cells. The
ETA receptors on endothelial cells and smooth muscle cells cause vasoconstriction, whereas
ETB receptors on endothelial cells promotes vasodilation. The primary action of ET-1,
however, is vasoconstriction via its ETA receptors and ETB receptors on smooth muscle cells
(Kedzierski and Yanagisawa 2001; Touyz and Schiffrin 1999). ET-1 also causes a decrease in
eNOS expression and an increase in the reactive oxygen species under certain conditions
(Groeneweg et al. 2006; Wedgwood and Black 2005). There is limited knowledge about the
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effect of ET-1 on production of cytokines in vascular function (Cunningham et al. 1997; Kuga
et al. 1996; Tanowitz et al. 2005). Here we hypothesized that IL-10 would improve the
impairment in endothelium-dependent ACh-induced relaxation induced by ET-1, presumably
by normalizing the balance of pro- and antiinflammatory cytokines. Serum levels of IL-10 are
relatively low, ranging around 200–500 pg/mL (Sablotzki et al. 1997; Torres et al. 2005).
Clinical studies suggest that serum levels of IL-10 are elevated in patients with acute coronary
syndromes (Bossowska et al. 2003) and preeclampsia (Orange et al. 2005). Here we used higher
(300 ng/mL) than the reported levels of IL-10 to enable sufficient levels of IL-10 to
counterbalance the actions of ET-1. Our previous experiments using 30 ng/mL IL-10 did not
improve ACh-induced relaxations in the presence of ET-1 (data not shown).

After treating the aortic rings with ET-1 for either 1 or 6 h, we found no significant impairment
in relaxation induced, which suggests that the effect of ET-1 is not acute (Fig. 1 and Table 1).
Hence, we performed longer (22 h) treatment with ET-1, and, similar to the results of our
previous work using angiotensin II, this overnight exposure to ET-1 caused impairment in
endothelium-dependent, ACh-induced relaxation in murine aorta (Zemse et al. 2007). The
impaired relaxation was accompanied by a reduction in eNOS protein. In large arteries such
as the aorta, NO derived from eNOS is the main vasorelaxing compound (Gryglewski et al.
1986;Lee et al. 2006). Indeed, downregulation of eNOS would be the most likely primary cause
of this impaired endothelium-dependent relaxation. We observed that coincubation of IL-10
along with ET-1 not only restored the endothelium-dependent relaxation responses to ACh,
but also normalized eNOS expression levels. Hence IL-10 may play a beneficial role in
maintaining eNOS expression in endothelial cells. Studies have shown that IL-10 plays an
important role in vascular protection in atherosclerosis (Mallat et al. 1999;Pinderski et al.
2002), possibly by inhibiting the production of pro-inflammatory cytokines that stimulate
production of reactive oxygen species in endothelial cells (Moore et al. 2001). IL-10 also
protects eNOS-mediated relaxation of vessels by attenuating increases in superoxide
production (Gunnett et al. 2002). Our previous data showed that IL-10 inhibited the angiotensin
II-mediated impairment in relaxation by normalizing NADPH oxidase expression (Zemse et
al. 2007). These data suggest that IL-10 plays an important role in maintaining the protective
state of the endothelium by inhibiting the inflammatory effects of such vasoconstrictors as
angiotensin II and ET-1 (Moore et al. 2001). This inflammation is also inhibited by antioxidant
vitamins and superoxide dismutase (SOD) (Heistad 2003). Further studies need to be
performed to determine the precise action of ET-1, including whether it occurs through
upregulation of ETA receptor or downregulation of ETB receptors.

In conclusion, our studies show that 22-hour treatment with ET-1 leads to impairment in
endothelium-dependent relaxation to ACh via downregulation of eNOS expression. IL-10
normalizes this impaired relaxation by normalization of eNOS expression.
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Fig. 1.
Short-term incubation (1 h or 6 h) with ET-1 and IL-10 had no effect on endothelium-dependent
relaxation of aorta in mice. Cumulative concentration–response curves toACh(0.001–10 µmol/
L) in PE (10 µmol/L)-contracted aortic rings treated with vehicle (□, deionized H2O), ET-1
(■, 100 nmol/L), IL-10 (▼, 300 ng/mL), or a combination of ET-1 and IL-10 (◆) for either
(A) 1 h or (B) 6 h. Vasorelaxation was expressed as a percentage of the contraction induced
by PE. Values are means ± SE (n = 4–6). ET, endothelin; IL, interleukin; ACh, acetylcholine;
PE, phenylephrine.
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Fig. 2.
IL-10 restored endothelium-dependent relaxation impaired by ET-1 after 22-hour incubation.
Cumulative concentration–response curves to 0.001–10 µmol/L PE (A), ACh (B), and SNP
(C) in PE (10 µmol/L)-contracted aortic rings treated for 22 h with □, vehicle (deionized
H2O); ■, ET-1 (100 nmol/L); ▼, IL-10 (300 ng/mL); or ◆, a combination of ET-1 and IL-10.
Vasorelaxation induced by increasing concentrations of ACh was expressed as a percentage
of the relaxation to PE-contracted vessels. Values are means ± SE (n = 6–10). Significant at *,
p < 0.05 vs. all other groups. IL, interleukin; PE, phenylephrine; ACh, acetylcholine; SNP,
sodium nitroprusside.
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Fig. 3.
IL-10 restored eNOS expression in ET-1-treated aortic rings. (A) Representative Western blot
shows expression of eNOS in untreated (control), ET-1-treated (100 nmol/L), and ET-1- and
IL-10-treated aortic rings. (B) Densitometric analysis was performed on untreated (control)
(white bar), ET-1-treated (100 nmol/L, black bar), and ET-1- and IL-10-treated (grey bar) aortic
rings. Values are expressed as the normalized ratio of the intensities of eNOS to β-actin (n =
7–9). Significant at *, p < 0.05.
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Fig. 4.
ET-1-treated aorta of mice showed decreased immunofluorescence staining to eNOS.
Immunohistochemical staining of eNOS on cross-sections (8 µm thick) of aortic rings treated
for 22 h at 37 °C with (A) vehicle, (B) ET-1 (100 nmol/L), (C) IL-10 (300 ng/mL), or (D) ET-1
and IL-10. Each figure is subdivided into darkfield staining, brightfield staining (to visualize
the tissue), and a merged figure of darkfield and brightfield. Fluorescence intensity of
immunohistochemical staining for eNOS in aortic rings of vehicle-treated (white bar), ET-1-
treated (black bar), IL-10-treated (light grey bar), and combined ET-1- and IL-10-treated (dark
grey bar). Values are arbitrary units (n = 5). Significant at *, p < 0.01.
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Fig. 5.
DAB staining was decreased in ET-1-treated vessels and reversed by IL-10 treatment. DAB
staining of eNOS on cross-sections (8 µm thick) of aortic rings treated for 22 h at 37 °C with
(A) vehicle, (B) ET-1 (100 nmol/L), (C) IL-10 (300 ng/mL), or (D) ET-1 and IL-10. eNOS
staining is shown by the arrows.
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