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VASCULAR ENDOTHELIN CONVERTING ENZYME-1 EXPRESSION AND ACTIVITY IS
UPREGULATED IN CLINICAL DIABETES

Circulating and vascular endothelin-1 (ET-1)
levels are elevated in diabetes, but the molec-
ular components of the enzymatic activation
of ET-1 in the vasculature remains unknown.
Furthermore, the distribution of ET receptors
favors a contractile phenotype in African
Americans with diabetes. Whether there is any
difference in local ET-1 activation in this pop-
ulation is unknown. This study examined the
expression and activity of ET converting en-
zyme-1 subisoforms (ECE-1) in the internal
mammary artery specimens obtained from pa-
tients undergoing coronary artery bypass graft-
ing. The study groups included African-Amer-
ican (AA) and Caucasian (CA), nondiabetic
(ND) and diabetic (D) patients: AAND N�10,
CAND N�9, AAD N�9, and CAD N�11. The
expression of ECE-1a, ECE-1b and ECE-1c sub-
isoforms was studied by RT-PCR. ECE-1a was
upregulated 2- and 4-fold in the CAD and
AAD groups, respectively (P�.05). In African-
American patient groups, ECE-1 activity (fmol/
mg protein.h) was augmented from 2,804 �
185 in nondiabetic tissue samples to 6,857 �
393 in the diabetic tissue (P�.05). There was
a similar increase in the CAD group, which did
not significantly differ from AA diabetics. ECE-
1 inhibitors, phosphoramidon and FR-901533,
inhibited vascular ECE-1 activity by more than
80%. While neutral endopeptidase (NEP) and
matrix metalloproteinase-2 (MMP-2) are able
to process big ET-1, inhibitors of NEP (thior-
phan) and MMP (batimistat) did not affect
ECE-1 activity. In conclusion, the enzymatic
pathway essential for generating vascular ET-
1 is activated in the vasculature of both AA
and CA diabetic patients and this activation
is highly specific for ECE-1. (Ethn Dis.
2002;12[suppl3]:S3-5–S3-9)
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INTRODUCTION

The incidence of diabetes is higher
in African Americans (AA) compared to
Caucasians (CA) and AAs suffer higher
complication rates, including retinopa-
thy, nephropathy, severe limb ischemia,
and stroke.1,2 We have shown that cir-
culating levels of endothelin-1 (ET-1) is
significantly higher in African-American
hypertensives compared to Caucasians.3

ET-1 is generated from post-translation-
al processing of a precursor protein,
preproET-1 (PPET-1) to big ET-1
which is further processed to biological-
ly active ET-1 by endothelin converting
enzyme (ECE-1).4 Recent investigations
identified upregulated arterial PPET-1
expression in both African-American
and Caucasian diabetic patients.5 Also,
the vasorelaxation-promoting ETB re-
ceptor subtype expression was decreased
in African-American patients, providing
evidence that the ET system is altered
in favor of a contractile phenotype in
this patient population. Whether and to
what extent ECE-1 activity, a rate lim-
iting step in ET-1 biosynthesis, is altered
in the vasculature of diabetic patients
and whether there are racial differences
in the regulation of enzymatic activity
remain unclear. Moreover, there are four
splice variants of ECE-16 and the activ-
ity and expression of vascular ECE-1
subisoforms in diabetes remain to be de-
fined. Therefore, this study was de-
signed to determine ECE-1 activity and
subisoform expression profiles in the pe-
ripheral vasculature of diabetic African-
American and Caucasian patients.

METHODS

Materials
Synthetic MMP inhibitor (Batimis-

tat) was provided by British Biotech
Inc. (Oxford, UK). ECE inhibitor
(FR901533) was a gift from Fujisawa
Pharmaceuticals (Osaka, Japan). Thior-
phan and phoshoramidon were pur-
chased from Sigma Chemical Co. (St.
Louis, Mo).

Patient Enrollment and Tissue
Collection

Internal mammary artery specimens
were obtained from patients undergoing
coronary artery bypass grafting surgery.
Twenty type 2 diabetic (AAD�9 and
CAD�11) and 19 nondiabetic
(AAND�10 and CAND�9) patients
were enrolled in the study. All patients
were on combination therapy, which in-
cluded calcium channel blockers, angio-
tensin converting enzyme inhibitors, di-
uretics, lipid-lowering agents and anti-
thrombotic therapy, as well as insulin
and oral agents for diabetic patients.
The use of medications, mean age and
female/male ratio were similar in all
groups. Specimens were snap frozen in
liquid nitrogen, and stored at �80�C.
Informed patient consent was obtained
from all patients who participated in the
study and the protocol was approved by
the Medical College of Georgia Insti-
tutional Review Board for Human Re-
search.

Expression Studies by RT-PCR
RNA was extracted from internal

mammary artery specimens (100 mg)
using RNeasy kit from Qiagen (Valen-
cia, Calif ). First strand cDNA synthesis
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was performed with 1 �g of total RNA
and oligo(dT)12–18 primers by using
AMV reverse transcriptase (Promega,
Madison, Wis). The PCR was carried
out in a reaction mixture containing 20
mM Tris-HCl (pH 8.5), 50 mM KCl,
1.5 mM MgCl2, 0.2 mM each dNTP,
500 nM of each sense and antisense
primer, 3 �l first strand cDNA, and 2.5
units of Taq DNA polymerase. In order
to determine the linear range for the
generation of desired PCR products,
initially various PCR cycles (20–40)
were employed for amplification. Based
on these results, subsequent PCR am-
plification steps were set for 30 cycles.
In order to ensure that an equivalent
cDNA template was used in each reac-
tion, amplification of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH)
was used as an internal control. PCR
products were electrophoresed on 2%
agarose gels and, images were captured
using Image-Pro software (Media Cy-
bernetics, Silver Spring, Md). The den-
sity of PCR products were analyzed by
Gel-Pro Analyzer software (Media Cy-
bernetics, Silver Spring, Md) and nor-
malized over GAPDH expression.

Vascular Membrane Preparation
Internal mammary artery specimens

(200 mg) were homogenized in 5 ml
Buffer A (20 mM Tris-HCl, pH 7.4, 20
�M pepstatin A, 1 mM PMSF, and 250
mM sucrose). After an initial centrifu-
gation at 1000 � g for 10 min, super-
natant was centrifuged at 100,000 � g
for 60 min. Pellet was resuspended in
500 �l Buffer A and membrane aliquo-
tes were stored at �80�C. The protein
content in the membrane preparation
was measured using the Bradford Pro-
tein Assay from Bio-Rad Laboratories
(Hercules, Calif ).

Measurement of ECE-1 Activity
Enzyme activity was determined by

incubating 30 �g membrane prepara-
tions with big ET-1 (0.1 �M) in 50 �l
reaction buffer (0.1 M sodium phos-
phate buffer, pH 6.8 and 0.5 M NaCl)

for 1 h at 37�C. To determine whether
cleavage of big ET-1 by the membrane
fractions was specific for ECE-1, en-
zyme reactions were repeated in the
presence of a set of inhibitors. These in-
cluded: phosphoramidon (100 �M), a
nonspecific ECE inhibitor; thiorphan
(100 �M), a nonspecific neutral endo-
peptidase inhibitor that does not inhibit
ECE activity; a specific ECE inhibitor
(100 �M), FR901533; and a matrix
metalloprotease inhibitor (100 �M),
batimistat. The reaction was terminated
with 50 �l of 5 mM EDTA and the
mixture assayed for ET-1 by an ELISA
kit described previously. All assays were
performed in duplicate.

Data Analysis
Values obtained for ECE-1 activity

(fmol ET-1/mg protein.hour) in the 4
study groups were compared using anal-
ysis of variance. All statistical tests were
performed using Prism software
(GraphPad Software, San Diego, Calif ).
Results were expressed as mean � stan-
dard error of the mean (SEM). Values
of P�.05 were considered to be statis-
tically significant.

RESULTS

Expression of ECE-1
Subisoforms

Standard RT-PCR analysis demon-
strated expression of ECE-1a and ECE-
1c subisoforms in arterial specimens
(Figure 1A). The densitometric analysis
of PCR products revealed mRNA for
ECE-1a was upregulated by 2- and 4-
fold in Caucasian and African-American
diabetics, respectively, compared to their
nondiabetic counterparts. There was no
detectable change in ECE-1c expression
in diabetics vs nondiabetics (Figure 1B).
Furthermore, there was no difference in
ECE-1a expression between African-
American and Caucasian diabetic pa-
tients.

ECE-1 Activity
ECE activity was increased nearly 2-

fold in the diabetic tissue (Figure 2A)
and there was no statistically significant
difference between African-American
and Caucasian patients. ECE activity in
nondiabetic and diabetic specimens re-
mained unchanged in the presence of
thiorphan, a metalloprotease inhibitor
that does not affect ECE activity (Figure
2B) and batimistat, a matrix metallo-
protease inhibitor (Figure 2C). The
non-specific ECE inhibitor phosphor-
amidon decreased ECE activity approx-
imately by 90% in both normal and di-
abetic membranes (Figure 2D). A selec-
tive ECE-1 inhibitor also inhibited en-
zyme activity by more than 90% (Figure
2E). These results strongly suggest that
the enzyme activity measured is specific
for ECE-1.

DISCUSSION

While plasma ET-1 levels are in-
creased in diabetic patients and related
animal models, the enzymatic regulation
responsible for big ET-1 activation in
diabetes remained unexplored. Previous
studies provide evidence that the ET
system, including ET-1 peptide and ET
receptors, is differentially regulated in
African-American hypertensive and di-
abetic patients.3,5,7 Therefore, the cur-
rent study investigated the subisoform
specific expression of ECE-1 in normal
and diabetic arterial tissue obtained
from patients with different racial back-
grounds. Moreover, inhibitors of other
enzymes, such as NEP and MMP-2 that
have been shown to cleave big ET-1,8,9

were utilized to provide evidence that
the processing of big ET-1 to ET-1 is
specifically mediated by ECE-1. These
results indicate that selective upregula-
tion of ECE-1 to a subisoform accom-
panies increased vascular ET-1 synthesis
in diabetes.

Several lines of evidence suggest that
elevated plasma ET-1 levels may be in-
volved in the pathogenesis of diabetic
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Fig 1. (A) A representative standard RT-PCR analysis for ECE-1 isoforms in arterial
tissue from diabetic and nondiabetic African-American and Caucasian patients. (B)
Densitometric analyses of the PCR products normalized to GAPDH demonstrated
increased ECE-1a mRNA levels in diabetic tissue (AAD and CAD). *P�.05 vs AAND
or CAND

vasculopathy. First, plasma ET-1 levels
are elevated in both type 1 and type 2
diabetes, as well as in streptozotocin
(STZ)-induced diabetes in rats.10–12 Bas-
al ET-1 production in mesenteric arter-
ies isolated from STZ-diabetic rats is
significantly higher than in arteries from
normal rats.13 Furthermore, a significant
correlation has been observed between
plasma ET-1 levels and diabetic compli-
cations. For example, ET-1 levels are
higher in patients with microalbumin-
uria and elevated glycosylated hemoglo-
bin (HbA1) concentrations.10 The risk of
developing diabetes as well as vascular

complications of diabetes is 2- to 3-fold
higher in African Americans.1 Further-
more, hypertension, insulin resistance,
and obesity cluster in this population.
Although the reasons for increased in-
cidence of complications in African
Americans remains unclear, recent find-
ings provide evidence that altered ET
activity may contribute to increased car-
diovascular complications in this patient
population. For example, plasma levels
of ET-1 are elevated3 and the distribu-
tion of ET receptors in the saphenous
veins of African Americans with coro-
nary artery disease is altered. The den-

sity of the vasorelaxation-promoting en-
dothelial ETB receptor is decreased and
the vasoconstriction-promoting smooth
muscle ETB receptor density is increased
compared to age-matched Caucasian pa-
tients.7 Following ET-1 contraction, en-
dothelium-independent arterial relaxa-
tion is significantly impaired in African-
American diabetics.5 Recent findings
provide insight that arterial ET-1 gene
expression is upregulated in both Cau-
casian and African-American diabetics.5

Since the enzymatic processing of big
ET-1 is an important regulatory step in
the biosynthesis of ET-1, the current
study investigated whether an enhanced
ECE-1 expression may contribute to the
conversion of inactive big ET-1 to active
ET-1, leading to elevated local peptide
levels in diabetic African Americans.

Four subisoforms of ECE-1 are gen-
erated by alternative splicing of the same
gene product and cannot be distin-
guished by enzyme activity assays.14,15

Thus, RT-PCR was used to study the
expression of ECE-1 subisoforms and
demonstrated that ECE-1a mRNA is se-
lectively increased in the diabetic arterial
tissue. Future studies investigating the
presence of ECE-1 subisoforms by im-
munohistochemical studies should pro-
vide information regarding ECE-1 sub-
isoform localization on endothelial and
vascular smooth muscle, as well as sur-
rounding connective tissue.

In a recent study, Fernandez-Patron
and colleagues reported that vascular
matrix metalloproteinase-2 (MMP-2)
can cleave big ET-1 between Gly32-
Leu33 residues. The resulting peptide
ET-1[1–31] is also a potent vasocon-
strictor.8 MMP-2 belongs to an endog-
enous family of enzymes responsible for
extracellular collagen degradation and
remodeling.16 There are a number of
MMP species that are abundant in var-
ious tissues and display differences in
substrate specificity.16 Clinical and ex-
perimental models of diabetes have
demonstrated altered MMP activity as-
sociated with vascular remodeling.
Based on these observations, the current
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Fig 2. The conversion of big ET-1 to ET-1 by ECE-1 in membranes prepared from CAND (N�9), AAND (N�10), CAD (N�11)
and AAD (N�9) patients. ECE-1 activity was increased in diabetic samples (*P�.05 vs normal). In the presence of 100 �M
thiorphan (B), and batimistat (C), enzyme activity remained unchanged. Phosphoramidon (D) and FR901533 (E) significantly
inhibited the enzyme activity as compared to enzyme activity measured in the absence of any inhibitors (*P�.05)

study investigated whether MMPs can
contribute to the activation of big ET-
1. Using a synthetic metalloproteinase
inhibitor, batimistat, we demonstrated
that inhibition of MMPs did not affect
the conversion of big ET-1 to ET-1. In
addition to ECE-1 and MMP-2, NEP,
which is widely expressed in the vascular
wall, has been reported to process big
ET-1 to ET-1 and smaller fragments.9

Therefore, we tested whether the pres-
ence of a NEP inhibitor, thiorphan,
would influence the conversion rate of
big ET-1 in the arterial vasculature and
demonstrated that NEP does not con-
tribute to the activation of big ET-1.
Our findings that only ECE-1 inhibi-
tors, phosphoramidon and FR901533,
decrease the enzymatic activity provide
further support that arterial enzyme ac-
tivity measured in normal and diabetic
samples is specific for ECE-1.

In summary, the present study dem-
onstrated for the first time that upre-

gulated ECE-1a expression and activity
accompanies elevated tissue ET-1 in di-
abetes. Furthermore, vascular activation
of ET-1 is highly specific for ECE-1a in
both African-American and Caucasian
diabetic patients.

ACKNOWLEDGMENT
Supported in part by an American Heart

Association Scientist Development Grant
and American Diabetes Association Research
Award to Adviye Ergul, MD, PhD.

REFERENCES
1. Association AD. Diabetes facts and figures.

Available at: www.diabetes.org/ada/facts.asp#
africanamerican. Accessed: 2002.

2. Bakris GL, Williams M, Dworkin L, et al.
Preserving renal function in adults with hy-
pertension and diabetes: a consensus ap-
proach. Am J Kidney Dis. 2000;36:646–661.

3. Ergul S, Parish CD, Puett D, Ergul A. Racial
differences in plasma endothelin-1 concentra-
tions in individuals with essential hyperten-
sion. Hypertension. 1996;28:652–655.

4. Yanagisawa M, Kurihara H, Kimura S, Goto

K, Masaki T. A novel potent vasoconstrictor
peptide produced by vascular endothelial
cells. Nature. 1988;332:411–415.

5. Brothers TE, Grubbs AL, Zhang Y, Ergul A.
Selective downregulation of endothelin-B re-
ceptors in diabetic African-American patients.
Ethn Dis. 2002;12[suppl 1]:46–50.

6. Schweizer A, Valdenaire O, Nelbock P, et al.
Human endothelin converting enzyme (ECE-
1): 3 isoforms with distinct subcellular local-
izations. Biochem J. 1997;328:871–877.

7. Ergul A, Tackett RL, Puett D. Distribution
of endothelin receptors in saphenous veins of
African Americans: implications of racial dif-
ferences. J Cardiovasc Pharmacol. 1999;34:
327–332.

8. Fernandez-Patron C, Radomski MW, David-
ge ST. Vascular matrix metalloproteinase-2
cleaves big endothelin-1 yielding a novel va-
soconstrictor. Circ Res. 1999;85:906–911.

9. Rubanyi GM, Polokoff MA. Endothelins:
molecular biology, biochemistry, pharmacol-
ogy, physiology, and pathophysiology. Phar-
macol Rev. 1994;46:325–415.

10. Collier A, Leach JP, McLellan A, Jardine A,
Morton JJ, Small M. Plasma endothelin-like
immunoreactivity levels in IDDM patients
with microalbuminuria. Diabetes Care. 1992;
15:1038–1040.

11. Haak T, Jungmann E, Felber A, Hillmann U,



S3-9Ethnicity & Disease, Volume 12, Autumn 2002

VASCULAR ENDOTHELIN CONVERTING ENZYME-1 - Anstadt et al

Usadel KH. Increased plasma levels of endo-
thelin in diabetic patients with hypertension.
Am J Hypertens. 1992;5:161–166.

12. Takahashi K, Ghatei MA, Lam HC,
O’Halloran DJ, Bloom SR. Elevated plasma
endothelin in patients with diabetes mellitus.
Diabetologia. 1990;33:306–310.

13. Takeda Y, Miyamori I, Yoneda T, Takeda R.
Production of endothelin-1 from the mesen-
teric arteries of streptozotocin induced dia-
betic rats. Life Sci. 1991;48:2553–2556.

14. Valdenaire O, Rohrbacher E, Mattei M-G.
Organization of the gene encoding the hu-
man endothelin-converting enzyme (ECE-1).
J Biol Chem. 1995;270:29794–29798.

15. Valdenaire O, Lepailleur-Enouf D, Egidy G,
et al. A fourth isoform of endothelin con-
verting enzyme (ECE-1) is generated from an
additional promoter molecular cloning and
characterization. Eur J Biochem. 1999;264:
341–349.

16. Woessner JF. The matrix metalloproteinase
family. In: Parks WC, Mecham RP, eds. Ma-
trix Metalloproteinases. San Diego, Calif: Ac-
ademic Press; 1998:1–15.

AUTHOR CONTRIBUTIONS
Acquisition of data: Anstadt, Hutchinson,

Portik-Dobos, Jafri, Bannan, Mawulaw-
de, Ergul

Manuscript draft: Anstadt, Hutchinson, Por-
tik-Dobos, Jafri, Bannan, Mawulawde,
Ergul

Administrative, technical, or material assis-
tance: Anstadt, Hutchinson, Portik-Do-
bos, Jafri, Bannan, Mawulawde, Ergul


