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Estradiol-17� Stimulates Specific Receptor and
Endogenous Nitric Oxide-Dependent Dynamic
Endothelial Protein S-Nitrosylation: Analysis
of Endothelial Nitrosyl-Proteome

Hong-hai Zhang, Lin Feng, Itamar Livnat, Jeong-Kyu Hoh, Jae-Yoon Shim,
Wu-Xiang Liao, and Dong-bao Chen

Department of Obstetrics and Gynecology, University of California Irvine, Irvine, California 92697

Covalent adduction of a nitrosyl group to cysteines [S-nitrosylation (S-NO)] is emerging as a key
route for nitric oxide (NO) to directly modulate protein functions. Here, we studied the effects of
estrogens on endothelial protein S-NO and analyzed thenitrosyl-proteomes by biotin/CyDye switch
technique combined with two-dimensional fluorescence difference gel electrophoresis and iden-
tified nitrosoproteins by matrix-assisted laser desorption/ionization-time of flight mass spectrom-
etry. Estradiol-17� (E2) rapidly stimulated protein S-NO in human umbilical vein endothelial cells,
maximizing within 10- to 30-min post-E2 (10 nM) exposure. E2-BSA also rapidly stimulated protein
S-NO. Both E2 and E2-BSA-induced protein S-NO was blocked by ICI 182,780 and N-nitro-L-arginine-
methylester. Human umbilical vein endothelial cells expressed estrogen receptor (ER)� and ER�;
both seemed to be required for E2 stimulation of protein S-NO because: 1) neither ER� or ER�

agonist alone, but their combination, stimulated protein S-NO; and 2) either ER� or ER� antagonist
blocked E2-induced protein S-NO. Numerous nitrosoproteins (spots) were observed on two-di-
mensional fluorescence difference gel. One hundred spots of interest were picked up; 58 were
identified and, of which 15 were novel nitrosoproteins, 28 were up-regulated, 11 were decreased,
and the rest were unchanged by E2. Pathway analysis suggested that nitrosoproteins are involved
in regulating various endothelial functions, including apoptosis, cell structure and metabolism,
redox homeostasis, etc. Thus, estrogens stimulate dynamic endothelial protein S-NO via mecha-
nisms linked to specific ERs possibly on the plasma membrane and endogenous NO. These findings
signify a critical next step for the understanding of the biological targets of enhanced NO pro-
duction by estrogens. (Endocrinology 151: 3874–3887, 2010)

Endothelial cells, lining the luminal surface of all blood
vessels throughout the body, play a key role in vascular

health largely by synthesizing nitric oxide (NO) via endo-
thelial NO synthase (eNOS), because the liable gas possesses
potent antiinflammatory, antiapoptotic, antithrombotic,
and antioxidant effects (1–3). When administrated in vivo,
estradiol-17� (E2) potently dilates blood vessels within
5–30 min (4). Intensive investigations during the last de-
cade have shown that estrogen-induced vasodilatation is
endothelium and NO dependent (5, 6). E2 rapidly stim-
ulates endothelial NO production in association with in-
creasedeNOSactivitybutnot eNOSexpression in vitro (7,

8). Rapid eNOS activation by estrogens involve complex
protein kinase(s)-mediated phosphorylation and dynamic
interactions with cofactors and other regulatory proteins,
including heat shock protein 90 and caveolin-1 (9–11).
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Abbreviations: BST, Biotin switch technique; CHAPS, 3-(3-cholamidopropyl) dimeth-
ylammonio-1-propanesulfonate; cGMP, cyclic GMP; CVD, cardiovascular disease;
DAPI,4�,6-diamidino-2-phenylindole; 2D-DIGE, two-dimensional fluorescence DIGE;
DIGE, difference gel electrophoresis; D-NAME, N-nitro-D-arginine-methylester; DPN, dia-
rylpropionitrile; E2, estradiol-17�; E2-BSA, �-estradiol 6-(O-carboxymethyl)oxime-BSA;
eNOS, endothelial NO synthase; ER, estrogen receptor; GAPDH, glyceraldehyde-3-phos-
phate dehydrogenase; GSNO, nitrosoglutathione; HEN buffer, 25 mM HEPES (pH 7.7), 1 mM

EDTA, and 0.1 mM neocuproine; HUVEC, human umbilical vein endothelial cells; IEF, iso-
electric focusing; L-NAME, N-nitro-L-arginine-methylester; MALDI, matrix-assisted laser de-
sorption ionization; MMTS, methyl methanethiosulfonate; MPP, 1,3-bis(4-hydroxyphenyl)-4-
methyl-5,[4-(2 piperidinylethoxy)phenol]-1H-pyrazole dihydrochloride dihydro-chloride; MS,
mass spectrometry; MS/MS, tandem MS; MTSEA, 2[hyhen](6-biotinoyl-amino-hexanoyl
amino) ethylmethanethiosulfonate; NO, nitric oxide; PHTPP, 4-[2-phenyl-5,7-bis(trifluorom-
ethyl)pyrazolo[1,5-a]pyri midin-3-yl]phenol; PPT, 4,4�,4�-(4-Propyl-[1H]-pyrazole-1,3,5-triyl-
)trisphenol; SDS, sodium dodecyl sulfate; S-NO, S-nitrosylation; TOF, time of flight; UAEC,
uterine artery endothelial cells.
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These mechanisms have greatly advanced the concept of
rapid “nongenomic” estrogen action via specific receptors
localized on the plasma membrane. In addition, endothe-
lial cells are direct targets for long-term estrogen actions,
including transcription of genes, such as eNOS, through
binding to classic estrogen receptors (ERs) (i.e. ER� and
ER�) in the nucleus (12).

Formation of cyclic GMP (cGMP) is the classical route
for many NO biological functions, including vascular re-
modeling, vessel relaxation, platelet aggregation, etc. (13).
However, many NO bioactivities are cGMP independent
(14). NO is a short-lived gaseous molecule (15). Once
formed, it can rapidly converted into other reactive nitro-
gen species, such as nitrogen trioxide, peroxinitrite, and
nitrosoglutathione (GSNO) (16). These reactive nitrogen
species can directly donate a nitrosyl (-NO) group to cys-
teines in peptides or proteins thereby forming nitrosothi-
ols. This reaction is referred as to S-nitrosylation (S-NO),
which has emerged as a crucial cGMP-independent NO
signaling pathway (17). This rapid, reversible, and redox-
sensitive posttranslational modification regulates the
functions of a plethora of proteins in nearly all major bi-
ological pathways; thus, its biological importance has
been compared with O-phosphorylation (18). However,
only until the biotin switch technique (BST) was invented
in 2001 (19) can the fragile S-NO bond be accurately mea-
sured. In this method, the SNO group is selectively reduced
by ascorbate and then labeled with biotin, thus allowing
nitrosoproteins to be readily displayed, affinity purified,
and identified.

Estrogens stimulation of endothelial NO production
has been well established (7–9, 20, 21). Enhanced endo-
thelial NO production conveys significantly to the vascu-
lar effects of estrogens. However, little is known regarding
the direct endothelial protein targets of NO on estrogens
stimulation. S-NO represents a major route that NO di-
rectly modulates protein functions (18). In this study, ex-
periments were designed to specifically test the hypothesis
that E2 stimulates specific ER and endogenous NO-de-
pendent dynamic protein S-NO in endothelial cells. We
also developed a BST based novel proteomic approach and
analyzed basal and estrogen responsive endothelial ni-
trosyl-proteomes by using primary human umbilical vein
endothelial cells (HUVEC) as the model.

Materials and Methods

Chemicals and antibodies
E2, �-estradiol 6-(O-carboxymethyl)oxime-BSA (E2-BSA),

sodium ascorbate, HEPES, fatty acid-free BSA, N-nitro-L-argi-
nine-methylester (L-NAME), N-nitro-D-arginine-methylester
(D-NAME), methyl methanethiosulfonate (MMTS), sodium dode-
cyl sulfate (SDS), andallother chemicalsunless specified,were from

Sigma (St. Louis, MO). N-[6-(biotinamido)hexyl]-3�-(2�-pyridyldi-
thio) propionamide were from Thermo Scientific (Rockford, IL).
ICI 182,780, 4,4�,4�-(4-propyl-[1H]-pyrazole-1,3,5-triyl)tris-
phenol (PPT), diarylpropionitrile (DPN), 1,3-bis(4-hydroxy-
phenyl)-4-methyl-5,[4-(2 piperidinylethoxy)phenol]-1H-pyra-
zole dihydrochloride dihydro-chloride (MPP), 4-[2-Phenyl-5,
7-bis(trifluoromethyl)pyrazolo[1,5-a]pyri midin-3-yl]phenol
(PHTPP) were from Tocris (Ellisville, MO). GSNO was from Cay-
man (Ann Arbor, MI). Antibiotin antibody was from Cell Signaling
(Beverly, MA). The 2-(6-biotinoyl-amino-hexanoyl amino) ethyl-
methanethiosulfonate (MTSEA)-Texas Red was from Toronto
Research Chemicals (Downsview, Ontario, Canada). CyDye dif-
ference gel electrophoresis (DIGE) fluors were from GE Health-
care (Buckinghamshire, UK). Anti-�-actin antibody was from
Ambion (Austin, TX). Anti-ER� antibody was from Neomark-
ers (Fremont, CA). Anti-ER� antibody was from Affinity Biore-
agents (Rockford, IL). Prolong Gold antifade reagent with 4�,6-
diamidino-2-phenylindole (DAPI) and M-199 medium was from
Invitrogen (Carlsbad, CA).

Cell culture
HUVEC was isolated from healthy term placentas by colla-

genase digestion as described (20). Cord collection was from
University of California San Diego Medical Center Hospital (San
Diego, CA) and approved by the Institutional Review Boards.
Cells were cultured on gelatin-coated dishes in endothelial cell
medium (ScienCell, Carlsbad, CA) containing 5% fetal bovine
serum (ScienCell, Carlsbad, CA) and supplemented with 1%
antibiotics and 1% endothelial cell growth supplement and used
within five passages. When grown to approximately 70% con-
fluence, the medium was replaced with phenol red-free M199
containing 0.1% BSA, 25 mM HEPES for 6 h. After 1-h equili-
bration with fresh M199-0.1% BSA-25 mM HEPES, the cells
were treated with E2 for various times with or without pharma-
cological inhibitors. Ethanol (�0.01%) was used to dissolve E2
and other drugs, which did not alter cellular responses. GSNO
was used as a NO donor for a positive control. Primary uterine
artery endothelial cells (UAEC) were isolated by collagenase di-
gestion from late pregnant (120–130 d of gestation, term �145
d) ewes as described previously (22). The animal use protocol
was approved by the University of California San Diego Animal
Subjects Committee, and we followed the National Research
Council’s Guide for the Care and Use of Laboratory Animals.

BST method
BST was performed as previously described (19). Briefly,

HUVEC or UAEC (�4 � 106 cells) was lysed in HEN buffer [25
mM HEPES (pH 7.7), 1 mM EDTA, and 0.1 mM neocuproine]
containing 0.4% 3-(3-cholamidopropyl) dimethylammonio-1-
propanesulfonate (CHAPS), 20 mM MMTS, and 2.5% SDS. Pro-
tein content of all samples was adjusted to 0.6 mg/ml using HEN
buffer. The samples (50 �g/group) were transferred to amber
Eppendorf tubes and incubated at 50 C in dark for 30 min. After
centrifugation (12,000 � g, 10 min), the supernatants were
transferred into 2-ml tubes and mixed with cooled (�20 C) ac-
etone (1:4, vol/vol) and incubated at �20 C for 2 h. Acetone
precipitated proteins were resuspended in HEN buffer contain-
ing 1 mM sodium ascorbate, 0.1 �M CuCl2, 1 mM N-[6-(bioti-
namido)hexyl]-3�-(2�-pyridyldithio) propionamide, and 1%
SDS. The samples (0.6 mg/ml) were incubated at 37 C in dark for
2 h with occasional agitation, and finally mixed with SDS sample
buffer for SDS-PAGE.

Endocrinology, August 2010, 151(8):3874–3887 endo.endojournals.org 3875

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/151/8/3874/2456945 by U

C
 - Irvine user on 13 Septem

ber 2023



SDS-PAGE and immunoblotting
Proteins were separated on 8–12% SDS-PAGE and trans-

ferred onto polyvinylidene fluoride membranes as described pre-
viously (23). Total nitrosoproteins were detected by immuno-
blotting with antibiotin antibody. The level of all nitrosoproteins
for each lane was summed and normalized as a ratio to �-actin.

Detection of nitrosoproteins in intact cells by
fluorescence microscopy

Nitrosoproteins were detected in intact cells by a modified
BST protocol as previously described (24) and modified as be-
low. HUVEC grown on gelatin-coated glass coverslips were se-
rum starved and treated with E2 or GSNO, washed with cold
PBS, and then fixed in methanol at �20 C for 30 min. Free thiols
were blocked with 20 mM MMTS in HEN buffer containing 80%
methanol at 50 C in dark for 30 min. After three washings with
HEN buffer, the cells were incubated with 0.2 M ascorbate and
0.2 mM MTSEA-Texas Red in HEN/methanol in dark at room
temperature for 1 h. After extensive washing with HEN buffer,
the samples were mounted with Prolong Gold antifade reagent
with DAPI and examined under a Leica fluorescence microscopy
for image acquisition by a Hamamatsu high-resolution charge-
coupled device camera (Leica, Wetzlar, Germany) using the Sim-
plePCI image analysis software.

CyDye switch and two-dimensional fluorescence
difference gel electrophoresis (2D-DIGE)

CyDye switch was performed as described below, which was
recently published by others (25). Briefly, afterblocking free thiols
in cell lysates (100 �g protein/sample) in HEN buffer containing 20
mM of MMTS, acetone precipitated proteins were resuspended in
35 �l of reducing buffer [30 mM Tris-HCl (pH 8.0), 7 M urea, 2 M

thiourea, and 4% CHAPS] containing 1 mM sodium ascorbate and
0.1 �M copper choloride and incubated in dark at 37 C for 1 h.
CyDye DIGE Fluor Cy3 (or Cy5) saturation dye (4 �l, 2 mM) were
added intocontrolorE2-treated samples, respectively.The samples
were mixed and incubated in dark at 37 C for 30 min. The samples
were thenmixedwith2Dsamplebuffer (7 M urea,2 M thiourea,4%
CHAPS, 2% pharmalytes 3–10, and 130 mM dithiothreitol) and
stored at �80 C for 2D-DIGE within 2 wk.

2D-DIGE was performed by Applied Biomics, Inc. (Hay-
ward, CA). Just before 2D-DIGE, equal amounts of Cy3- and
Cy5-labeled samples (50 �g each) were mixed with rehydration
buffer. After adding destreak solution (GE Healthcare) and 1%
pH 3–10 pharmalyte (GE Healthcare), the samples were loaded
onto an isoelectric focusing (IEF) strip (pH 3–10 linear range; GE
Healthcare). IEF was done for a total of 25,000 V/h with stan-
dard conditions using Ettan IPGPhore II. After the IEF, electro-
phoresis was performed at 16 C on 10% SDS-PAGE. The re-
sulting 2D gel was scanned using a Typhoon Trio scanner (GE
Healthcare) with excitation and emission wavelengths for Cy3
(548/560 nm)- and Cy5 (641/660 nm)-labeled proteins with set-
tings that the same samples labeled with Cy3 or Cy5 resulted in
similar relative red or green fluorescence intensities. Image anal-
ysis for intensity measurement of spots of interest was performed
using the ImageQuant and DeCyder softwares (GE Healthcare).

These BST-based methods are summarized diagrammatically
in Supplemental Fig. 1 published on The Endocrine Society’s
Journals Online web site at http://endo.endojournals.org.

Protein identification by matrix-assisted laser
desorption/ionization (MALDI)-time of flight (TOF)
and tandem MS (mass spectrometry) (MS/MS)

Protein identification was performed by Applied Biomics,
Inc. After analyses of the 2D-DIGE image, selected spots of in-
terest (based on intensity and visibility) were picked up. Each
sample was washed twice with 25 mM ammonium bicarbonate
and 50% acetonitrile to remove staining dye, once with water
and once with 100% acetonitrile. The samples were dried, re-
hydrated in digestion buffer [25 mM ammonium bicarbonate,
2% acetonitrile, and 0.5% Promega sequencing grade trypsin
(Promega, Madison, WI)]. Proteins were digested in-gel at 37 C
overnight. Digested peptides were extracted and desalted using
C-18 Zip-tips (Millipore, Billerica, MA). The samples were
mixed with �-cyano-4-hydroxycinnamic acid matrix and spot-
ted into a MALDI plate. Mass spectra of each sample were ob-
tained by using an Applied Biosystems 4700 Proteomics Ana-
lyzer (Applied Biosystems, Foster City, CA). Ten to 20 of the
most abundant peptides in each sample were further subjected to
fragmentation and MS/MS analysis. Identification of each sam-
ple (spot) was searched based on peptide fingerprinting MS and
fragmentation MS/MS spectra. The spectra were submitted for
database search using GPS Explorer software (Applied Biosys-
tems, Foster City, CA) equipped with the MASCOT search en-
gine to identify proteins from National Center for Biotechnology
Information nonredundant Homo sapiens amino acid sequence
database with oxidation and carbamidomethy and phosphory-
lation as variable modifications. The highest scoring hit with a
protein score confidence interval more than 95% for each spot
was accepted as positive identification.

Pathway analysis and statistics
Ingenuity pathway analysis (Ingenuity Systems, Redwood

City, CA) tool was used to perform pathway analysis of the
identified endothelial S-nitrosoproteins. Positive result was de-
fined as -log (P value) more than 1.30 (P � 0.05). Statistics were
performed using SigmaStat version 3.5 (Systat Software, Inc.,
San Jose, CA). For comparison of data between estrogen treat-
ment and control, we used Student’s t test. Significance was de-
fined as P � 0.05.

Results

E2 stimulates protein S-NO in endothelial cells
To determine the effects of E2 on protein S-NO in en-

dothelial cells, endothelial cells were pre-starved in phenol
red-free medium without serum; thus the cells were pre-
sumptively deprived of estrogens before E2 treatment. We
first measured total levels of nitrosoproteins in HUVEC
treated with or without E2 or a NO donor GSNO. S-NO of
various proteins was readily detectable in untreated control
HUVEC.Treatmentwith10nM E2or1mg/mlGSNOfor30
min stimulated S-NO of various proteins in HUVEC. All
bandswere lost in thepresenceofHgCl2,areagentselectively
displaces NO from S-NO bonds (26), implicating specificity
of the assay. Similarly, E2 increased the levels of nitroso-
proteins in UAEC (Fig. 1).
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In HUVEC, total levels of nitrosoproteins began to in-
crease by 10 nM E2 at 2 min, maximized around 10–30
min, and returned to baseline at 60 min (Fig. 2A). When
treated with 0.1 nM to 1 �M E2 for 30 min, only 10 nM E2
significantly stimulated total levels of nitrosoproteins in
HUVEC. However, several individual proteins were
clearly S-nitrosylated by 1 nM to 1 �M E2 (Fig. 2B). These
data suggest that E2 stimulates protein S-NO in a time and
concentration-dependent manner.

E2 stimulation of protein S-NO is mediated by
specific ERs

The biological function of estrogens in endothelial
cells is mediated by specific ERs, including ER� and
ER� (27). We detected immunoreactive ER� and ER�

proteins HUVEC, confirming a previous report (28) and
showing that HUVEC are direct estrogen target cells. To
test whether estrogens stimulation of protein S-NO in
HUVEC is mediated by its specific receptors, we pre-
treated HUVEC with or without a pure ER antagonist
ICI 182,780 (1 �M) for 1 h and then determined the
effects of E2 and E2-BSA treatments on protein S-NO in
HUVEC. As shown in Fig. 3, in comparison with control
cells, ICI 182,780 alone did not alter total nitrosopro-

tein levels. In the presence of ICI 182,780, the levels of
total nitrosoproteins in E2 (10 nM, 20 min)-treated cells
were significantly decreased. Estrogen-induced protein
S-NO seemed to be atypical rapid nongenomic action
presumptively via receptors on the plasma membrane as
this occurred within minutes (Fig. 2A). We then tested
the effects of E2-BSA in the presence or absence of ICI
182,780 on protein S-NO. Treatment with 10 nM E2-
BSA for 20 min significantly stimulated total levels of
S-NO; similar to E2, the E2-BSA-induced S-NO was
blocked by ICI 182,780 (Fig. 3A). E2-BSA is an imper-
meable estrogen compound that has been widely used as
a membrane ER agonist (29). Thus, these findings sug-
gest that E2 stimulation of endothelial protein S-NO is
possibly mediated by ER localized on the plasma mem-
brane. We confirmed the findings with a modified BST
method by using a fluorescent tag to replace the biotin
tag for visualizing nitrosoproteins in intact cells. As
shown in Fig. 3B, baseline Texas Red-labeled nitroso-
proteins were detected in methanol-fixed HUVEC.
Treatment with 10 nM E2 or E2-BSA for 20 min dra-
matically increased the fluorescence labeling intensities
of both cytosol and nuclear nitrosoproteins. Pretreat-
ment with ICI 182,780 drastically decreased the fluo-

FIG. 1. Total nitrosoprotein profiles in E2 and GSNO-treated HUVEC
and ovine UAEC on SDS-PAGE. HUVEC and UAEC were treated with
E2 (10 nM), an NO donor (GSNO, 1 mg/ml), or vehicle control (Ctl) for
30 min. Whole-cell lysates were prepared and subjected to biotin
switch reaction with or without 0.2% HgCl2. The biotin-labeled
nitrosoproteins were analyzed by 10% SDS-PAGE and detected by
Western blot analysis with an antibiotin antibody. �-Actin was
measured for monitoring protein loading. Images shown depict a
typical experiment of similar results of three independent experiments
using HUVEC from different placentas and an experiment of UAEC
from three different pregnant ewes. Arrows on right point to visible
bands representing S-nitrosylated proteins.

FIG. 2. Time courses and dose responses of the effects of E2
treatment on protein S-NO in HUVEC. Subconfluent HUVEC were
treated with or without 10 nM E2 for the indicated times (up to 1 h)
or with increasing concentration of E2 (0.1 nM to 1 �M) for 30 min.
Total protein extracts were harvested for determining the total
nitrosoproteins. Representative blots of nitrosoproteins and �-actin
of one typical experiment are shown. Lower graphs summarize data
(mean � SEM, n � 3) from three independent experiments using
HUVEC from different placentas. *, P � 0.05 vs. control.
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rescently labeled nitrosoproteins by E2 or E2-BSA
stimulation.

Specific agonists and antagonists of ER� and ER� were
then used to distinguish the specific role of subtype ERs in
E2 stimulation of HUVEC protein S-NO. Neither the ER�

agonist PPT nor the ER� agonist DPN alone stimulated
endothelial protein S-NO. However, their combination
stimulated protein S-NO comparable with E2 (Fig. 4A).
Further, treatment with either one of the specific antago-
nists of ER� and ER�, MPP and PHTPP, respectively,
effectively attenuated E2-induced protein S-NO (Fig. 4B).
These data suggest that E2 stimulation of endothelial pro-
tein S-NO requires both receptors.

E2 stimulation of protein S-NO is mediated by
endogenous NO

Estrogens stimulation of endothelial cell NO produc-
tion is well established (7–9, 20, 21). This easily raise a key
question whether E2-induced endothelial protein S-NO is
mediated by endogenous NO. To address this, we tested
the effects of E2 on protein S-NO in HUVEC pretreated
with or without a specific NOS inhibitor L-NAME or its

inactive form D-NAME. In the presence
of 1 mM L-NAME, but not D-NAME, E2
stimulation of S-NO was abolished (Fig.
5A). We confirmed these findings with
fluorescence labeling of nitrosoproteins
in intact cells. Baseline Texas Red-la-
beled nitrosoproteins were detected in
the cytosol and nucleus in methanol-
fixed HUVEC. Treatment with E2 (10
nM, 20 min) dramatically increased the
fluorescence intensities of both cytosol
and nuclear nitrosoproteins. Pretreatment
with L-NAME drastically decreased the ni-
trosoprotein fluorescence labeling by E2
stimulation.Asassaycontrols,cellsdisplayed
basal fluorescence labeling when ascobate
was omitted in the BST and cells incubated
without MTSEA-Texas Red showed no la-
beling (Fig. 5B).

CyDye switch, 2D-DIGE analysis of
estrogen-regulated endothelial
nitrosyl-proteome

Because only a limited number (�20)
of nitrosoproteins can be visualized by
BST and immunoblotting with antibiotin
antibody, to fully analyze estrogen-regu-
lated nitrosyl-proteome, we developed a
more powerful proteomic approach 2D-
DIGE to separate the nitrosoproteins.
First, in the BST procedure, fluorescent

CyDye flours were used to replace the biotin tag for la-
beling S-nitrosoproteins in control (labeled with green
Cy3 fluor)- and E2 (labeled with red Cy5 fluor)-treated
HUVEC, respectively. After this modified BST with Cy-
Dye (termed as CyDye switch), protein concentrations in
the samples were redetermined. Equal amounts of total
proteins (50 �g/sample) from control and E2-treated cells
were mixed and then separated on a 2D analytic gel. After
2D electrophoresis, the resulting gel was scanned in both
Cy3 and Cy5 channels, and relative fluorescence intensi-
ties for the spots of interest, based on intensity/visibility
and estrogen responsiveness, were calculated as a ratio
between control and E2-treated HUVEC (Table 1).

We obtained very similar results of the nitrosyl-pro-
teomes in control and E2-treated HUVEC isolated from
three different placentas (Supplemental Fig. 2). A rep-
resentative merged 2D-DIGE image of control and E2-
treatedcells is showninFig.6.Thereareapproximately1000
fluorescent spots that should be all nitrosoproteins. Many
proteins, as expected, were readily nitrosylated under resting
conditions. Treatment with E2 (10 nM, 20 min) significantly

FIG. 3. Effects of ICI 182,780 on E2-induced S-NO in HUVEC. HUVEC were pretreated with
or without ICI 182,780 (1 �M) for 1 h, then treated with 10 nM of E2 or E2-BSA for 20 min.
A, Nitrosoproteins (SNO-protein) were detected by the BST method. Representative blots of
nitrosoproteins and �-actin of one typical experiment are shown. Lower graphs summarize
data (mean � SEM, n � 3) from three independent experiments using HUVEC from different
placentas. *, P � 0.05 vs. control (Ctl). B, Nitrosoproteins were detected in intact cells by a
modified BST using MTSEA-Texas Red as the labeling reagent. Nuclei were labeled by DAPI
(blue). Fluorescence micrographs shown depict one of four separate experiments using cells
from different placentas.
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alteredthenitrosyl-proteomeinHUVEC.TreatmentwithE2
increased the levels of many nitrosoproteins (red spots) but
also unexpectedly decreased some others (green spots) that
were not detectable on SDS-PAGE. The rest (yellow spots)
were not altered by E2 treatment.

Identification of nitrosoproteins in HUVEC by
MALDI-TOF MS/MS

According to the intensity and visibility of the spots on
the analytic 2D-DIGE image, as well as estrogen respon-
siveness of the nitrosoproteins, we focused on 100 spots of
interest. The ratios in the levels of these nitrosoproteins
between E2-treated and control cells were determined of-
fline using the ImageQuant and DeCyder softwares and
then calculated. Ratios greater than 1 and with P � 0.05
represented spots up-regulated by E2, whereas ratios
ranging from 0 to 1 and with P � 0.05 represented spots
decreased by E2 treatment. Based on these data, 200 �g
total proteins of both control and E2-treated samples
were prepared by CyDye switch and run on a new pre-
parative 2D-DIGE. After image acquisition, spots are
matched with the analytic gel. The same 100 spots of

interest on the new preparative gel were picked up. Each
of the 100 spots picked up was digested with trypsin and
then subjected to MALDI-TOF and MS/MS. Spot iden-
tification was performed based on the peptide finger-
printing MS/MS spectra with the MASCOT algorithm.
With confidence interval greater than 95%, we identi-
fied 58 of the 100 spots subjected to MS/MS analysis.
All peptides matched for each of these spots were listed
in Supplemental Table 1. The identifications of these
nitrosoproteins were summarized in Table 1, in which ratios
between the relative levels of all 58 identified nitrosoproteins
in control and E2 treated cells were listed.

Pathway analysis of nitrosoproteins in HUVEC
Ingenuity pathway analysis was used to explore the

potential biological functions of the identified nitrosopro-
teins in control and E2-treated HUVEC. Collectively,
among the 58 nitrosoproteins identified, levels of 28 tar-
gets were significantly increased, 11 targets were de-
creased, and the rest were unchanged by E2 treatment. Of
note, 15 of the nitrosoproteins identified are novel targets
that have never been reported to date. Pathway analysis
suggested that the nitrosoproteins identified are linked to
various basic cellular physiologies, including viability, me-
tabolism, cell cycle, signaling, gene expression, DNA rep-
lication/recombination/repair, energy production, molec-
ular transport, migration/morphology, redox balance,
apoptosis, etc. (see Table 2). Some housekeeping proteins,
such as �-actin, Hsp90, cofilin-1, glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH), vimentin, and annexin,
are identified as S-nitrosoproteins, implicating that S-NO
is involved in the maintenance of basic cell function. Many
nitrosoproteins are enzymes critical for protein synthesis,
folding, posttranslational modification, and degradation.
Of note, these targets identified here are only a portion
(less than �1/10) of the endothelial cellular nitrosyl-pro-
teome visible on 2D gel. According to the many nitroso-
proteins identified in the resting and E2-treated HUVEC,
S-NO apparently plays a critical role in the maintenance of
normal cell physiology and is also important for cells to
respond to extracellular stimuli.

Discussion

Estrogen protection against cardiovascular diseases (CVDs)
has been deduced for decades from a lower risk in CVDs
in premenopausal women than age-matched men (30).
Historically, this important phenomenon has led to hor-
mone (estrogen/progesterone) replacement therapy for
improving peri- and postmenopausal women’s health.
This clinical practice has dramatically changed after sev-
eral recent large clinical trials showed that hormone (es-

FIG. 4. Specific roles of ER� and ER� in E2-induced S-NO in HUVEC.
HUVEC were (A) treated by E2 (10 nM) or the specific agonists of ER�
(PPT, 10 nM) or ER� (DPN, 10 nM) or their combination for 20 min, or
(B) pretreated without or with the specific antagonists of ER� (MPP, 1
�M) or ER� (PHTPP, 1 �M) for 60 min, followed by E2 (10 nM) for 20
min. Nitrosoproteins were detected by the BST method. Representative
blots of nitrosoproteins and �-actin of one typical experiment are
shown. Bar graphs summarize data (mean � SEM, n � 3) from three
independent experiments using HUVEC from different placentas. *,
P � 0.05 vs. control.
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trogen/progesterone) replacement therapy increased car-
diovascular complications and other side effects (31–33).
However, post hoc analyses of the enrolled subjects in
these trials suggest that estrogens may prevent progression
but not regression of vascular lesions (34). This idea is
supported by a primate atherosclerosis study, in which a
70% reduction in lesion formation was observed when
estrogen replacement was initiated at the time of ovariec-
tomy but with no lesion reduction if estrogens were given
2 yr after ovariectomy (35). Regardless, current knowl-
edge favors a notion that estrogens are important for the
maintenance of vascular health but unlikely provides a
cue of established CVDs.

The mechanisms by which estrogens protect against
CVD and many other diseases are complex, and the
details remain largely unknown. Estrogens have the
ability to improve serum lipid profiles (36). However,
enhanced endothelial NO production seems to be a major
mechanism underlying the protective effect of estrogens in
the cardiovascular system. It is clear that estrogens stim-
ulate endothelial NO production via acute nongenomic
action to increase eNOS activity and/or by long-term nu-
clear actions to up-regulate eNOS expression (27, 37).
However, very little is known regarding the direct tar-

gets of enhanced NO production in en-
dothelial cells. S-NO represents an
emerging mechanism that NO and its de-
rivatives directly denotes a -NO group to
cysteines, thereby providing a novel
route by which NO affects target pro-
teins directly. Although S-NO has in-
creasingly recognized as an important
posttranslational modification of pro-
teins on cysteines, its detection has been
troublesome because of its low level and
stability. Antibodies directed against the
S-NO moiety have suffered from lack of
specificity and loss of sensitivity during
immunodetections, because the S-NO
bond is redox sensitive and cleaves even
during in vitro assay (38, 39). Because
there is no appropriate radiolabel of the
S-NO group or reliable antibody against
specific nitrosothiols to date, detection
of specific nitrosoproteins has been
heavily relying on indirect methodol-
ogy. Jaffrey and Snyder (19) developed
the three-step BST method to selec-
tively convert the nitrosylated cysteines
into stable biotinylated ones, which can
then be detected immunologically by
antibiotin antibody or affinity purified.
With this method, over 100 nitrosopro-

teins have been identified (40). More recently, several
BST variants have been developed by replacing the bi-
otin tag with fluorescent tags (25, 41, 42). When com-
bined with 2D-DIGE, this offers a more powerful
proteomic approach for analyzing and identifying
nitrosoproteins.

In this study, we have first used the BST and shown that
E2 and E2-BSA regulates dynamic protein S-NO that is
linked to specific receptors and endogenous NO-mediated
mechanisms in HUVEC. The findings signify a novel path-
way for estrogen signaling. We have consolidated these
observations by a BST variant, in which MTSEA-Texas
Red replaced the biotin tag (24) for localizing protein
S-NO in intact cells. We have further analyzed the cellular
nitrosyl-proteomes in resting and E2-stimulated HUVEC
by another BST variant CyDye switch combined with the
powerful 2D-DIGE method. Interestingly, E2 rapidly
stimulates S-NO of many proteins and also decreased
S-NO of some others. The inhibitory effects of E2 on pro-
tein S-NO are intriguing and very much unexpected, be-
cause at the time point (20–30 min) tested, E2 should have
theoretically increased S-NO due to the stimulatory effects
of estrogens on NO production (7–9, 20, 21). However,

FIG. 5. Role of endogenous NO in E2-induced S-NO in HUVEC. HUVEC were pretreated
with or without L-NAME or D-NAME (1 mM) for 1 h, then treated with or without E2 (10 nM)
for 20 min. A, Nitrosoproteins were detected by the BST method. Representative blots of
nitrosoproteins and �-actin of one typical experiment are shown. Lower graphs summarize
data (mean � SEM, n � 3) from three independent experiments using HUVEC from different
placentas. *, P � 0.05 vs. control (CTL). B, Nitrosoproteins were detected in intact cells by a
modified BST using MTSEA-Texas Red as the labeling reagent. Nuclei were labeled by DAPI
(blue). Fluorescence micrographs shown depict one of four separate experiments using cells
from different placentas.
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similar findings have recently reported in cardiomyocytes;
E2 and a selective ER� agonist DPN increase the levels of
many nitrosoproteins, whereas they decrease some other

proteins (43). Clearly, these findings have raised a critical
question as to why endothelial S-NO is decreased by E2
stimulation. Although completely elusive at the moment,

FIG. 6. CyDye switch, 2D-DIGE analysis of nitrosyl-proteomes in control (Ctl) and estrogen-treated HUVEC. HUVEC were treated with or without
E2 (10 nM) for 20 min. Total cell extracts (50 �g/treatment) were incubated with ascorbate. Control samples were labeled with Cy3 (green), and
E2-treated samples were labeled with Cy5 (red). The samples were then mixed (total 100 �g) and then separated on analytical 2D-DIGE. The gel
was scanned with a fluorescence scanner in green (Cy3, 548/560 nm) and red (Cy5, 641/660 nm) channels. A merged fluorescence image shown
represents one of three separate experiments using cells from different placentas. Red, green, and yellow spots represent nitrosoproteins that were
increased, decreased or unchanged by E2, respectively. The spots circled and numbered represents 58 nitrosoproteins as listed in Table 1, which
were identified by MALDI-TOF and MS/MS. The lower black and white images shown represent fluorescent signals obtained from the red and
green channels of one of three experiments.
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trans-nitrosylation may be one likely possibility as the ob-
served “de-nitrosylation” of some proteins may be due to
donation of their -NO moiety for nitrosylating the others
(44). Another possibility is that estrogens may activate one
or more of the enzymes important for trans-nitrosylation
or de-nitrosylation, such as GSNO reductase (45, 46) and
thioredoxin reductase (47), which in turn regulate dy-
namic protein S-NO. However, these ideas need to be fur-
ther investigated.

Endothelial action of estrogens has been well linked to
specific ER� and ER�, which constitute for a major por-
tion of the protective effects of estrogens in the cardiovas-
cular system (6). The ER antagonist ICI 182,780 inhibits
E2 and E2-BSA stimulation of total levels of endothelial

nitrosoproteins, clearly demonstrating ER-dependent
mechanisms in this process. More recently, Lin et al. (43)
have shown that chronic treatment with E2 or DPN stim-
ulates S-NO of many proteins involved in cardioprotec-
tion against ischemia/reperfusion injury in mouse heart,
implicating a critical role of ER� activation-mediated pro-
tein S-NO in cardiomyocytes. More recently, Chakrabarti
et al. (48) reported the effects of E2 and selective ER� and
ER� agonists (PPT and DPN) on HUVEC protein S-NO,
which was determined extensively by immunofluores-
cence labeling with an antinitrosylcysteine antibody. In
that study, they showed that E2 stimulated endothelial
protein S-NO via ER�. They also found enhanced in vivo
endothelial S-NO in aorta endothelium in ovareictomized

TABLE 2. Pathway analysis of nitrosoproteins in human umbilical vein endothelial cells: potential functionality

Biological functions -log (P value)a S-NO-proteins identified

Cell viability/apoptosis 7.854–5.246 ACTBb, APRTb, ANXA1b, ANXA5, ATP5Hb,
EEF2b, EIF5Ab, ENO1b, FUBP1, GAPDHb,
GSTP1b, HNRNPC, HSP90AA1, HSPA5,
HSPB1, LGALS3b, NME1b, NPb, P4HB,
PARK7b, PCNA, PPIAb, PRDX2b, PRDX6b,
SND1, STMN1b, THBS1, TPT1b

Cellular assembly and organization 4.216–1.325 ACTBb, ANXA1b, ANXA2b, ANXA5, CFL1b,
GAPDHb, LGALS3b, VIMb, SEC13b, NME1b,
STMN1b, PRDX6b, HSP90B1, NPb, PRDX2b,
HSP90AA1, HSPB1, THBS1

Cellular function and maintenance 4.152–1.457 NME1b, THBS1, ANXA1b, VIMb, HSP90AA1,
HSP90B1, HSPA5, HSPB1

Molecular transport 3.921–1.304 ANXA1b, HSP90AA1, PRDX6b, STMN1b,
THBS1, PARK7b, APRTb, LGALS3b, TPT1b,
NME1b, NPb, GSTO1b, GAPDHb, ANXA5,
PRDX2b

Protein synthesis 3.347–1.544 HSP90B1, HSPA5, PARK7b, PRDX6b,
HSP90AA1, P4HB, ANXA2b, PARK7b, PPIAb,
NME1b, THBS1, EIF5Ab, HSPB1, EEF2b,
KRT7b, PSMB3b, UBCb

Small molecule biochemistry 3.347–1.325 ANXA1b, TKTb, PRDX6b, ANXA2b, EIF6,
THBS1, STMN1b, GSTP1b, APRTb, PCNA,
P4HB, NME1b, PARK7b, PPIAb, PRDX2b,
ANAX5, NPb, TPT1b, GSTO1b, GAPDHb

Cell cycle 2.492–1.386 THBS1, VIMb, FUBP1, PCNA, STMN1b, PPIAb,
NME1b, GSTP1b, HSPB1, PRDX6b, KRT7b

Metabolism 2.492–1.325 TKTb, PRDX6b, THBS1, GSTO1b, ANXA5,
ANXA2b, ENO1b, PKM2, GAPDHb, ANXA1b,
PRDX6b, GSTP1b, THBS1, PRDX2b, STMN1b,
NME1b, HSPA5, GSTO1b, P4HB, APRTb,
PCNA, NME1b, NPb, TPT1b

Cardiovascular system development and function 2.294–1.420 THBS1, LGALS3b, PRDX6b, TPT1b, TKTb, VIMb,
ANXA1b, ANXA5

Gene expression 2.191–1.355 SND1, PCNA, FUBP1, ENO1b, LGALS3b

Cell signaling 2.191–1.325 HSPA5, STMN1b, NPb, PRDXb, THBS1, NME1b,
HSPB1, PPIAb

Antigen presentation 2.156–1.420 LGALS3b, ANXA1b, THBS1, ANXA2b, HSP90B1
a The significance value associated with Functional Analysis for a dataset is a measure of the likelihood that the association between a set of
molecules and a given process or pathway is due to random chance. The smaller the P value the less likely that the association is random and the
more significant the association is. In general, P values less than 0.05 
-log (P) � 1.3� indicates statistically significant, nonrandom association. The
P value is calculated using the right-tailed Fisher Exact test.
b Proteins that nitrosylation was significantly altered by E2.
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rats chronically treatedwithE2 (48).Ourdata suggest that
E2 stimulation of endothelial protein S-NO requires both
ER� and ER� as specific agonist of neither one, but their
combination was able to do so, and specific antagonist of
either one blocked E2-induced response. The reason for
this discrepancy is unknown but possibly due to the meth-
ods used for detection of protein S-NO in these two stud-
ies. We also have shown that the membrane impermeable
estrogen ligand E2-BSA also rapidly stimulates S-NO in
HUVEC, which was restrained by ICI 182,780. These
findings suggest that E2 stimulation of endothelial protein
S-NO is mediated by ER possibly localized on the plasma
membrane. Moreover, inhibition of NO production by
L-NAME attenuated E2 stimulation of protein S-NO, sug-
gesting a critical role of NOS-derived endogenous NO,
possibly via activation of eNOS in endothelial cells as sug-
gested recently (48).

Numerous nitrosoproteins (spots) are visible on 2D-
DIGE in comparison with approximately 20 bands on
SDS-PAGE. Among the 58 nitrosoproteins indentified, 39
proteins are E2 responsive and heterogeneous in biologi-
cal functions. Among these, peroxiredoxins are a ubiqui-
tous family of antioxidant enzymes that also control in-
tracellular peroxide levels and thereby participating signal
transduction (49). S-NO of peroxiredoxin 2 inhibited its
enzymatic activity and protects it from oxidative stress
(50). Annexins belong to a multigene family of calcium-
dependent phospholipid-binding proteins that regulate
membrane-associated events, including exocytosis, endo-
cytosis, ion transport, etc. Annexin A1 is related to mul-
tiple cellular processes, including cell cycle, proliferation,
antiapoptosis, cell motion, surface receptor-linked signal
transduction, etc. Incubation of purified annexin A2 tet-
ramer with GSNO led to the inhibition of annexin A2
tetramer-mediated liposome aggregation (51). Cofilin-1
(15–20 kDa) belongs to a family of small actin binding
proteins that regulates actin dynamics by depolymerizing
actin filaments at their pointed ends or by creating new
filament barbed ends for filamentous actin assembly
through their severing activity (52). Although the func-
tional consequence of coffin-1 S-NO was unclear, NO
causes translocation of cofilin-1 (53). GAPDH, enolase1,
and phosphofructokinase are metabolic enzymes required
for glycolysis. Their functions can be modulated by NO.
S-NO of GAPDH has been linked to NO-induced apo-
ptotic death (54). Loss of neuronal enolase activity in the
presence of N-methyl-D-aspartate has been found to be
restored by a competitive substrate inhibitor of NOS ac-
tivity (55). NO suppresses phosphofructokinase activity
both in vitro and in vivo (56, 57). Glutathione transferases
are a superfamily of enzymes involved in the detoxication
of cells against toxic and carcinogenic compounds. Rapid

and stable S-NO of glutathione transferase P1-1 has been
reported and regarded as a possible NO carrier protein
(58). Ubiquitin C and proteasome are key components in
protein degradation system. Peptidylprolyl isomerase A,
also named as cyclophilin A, is a catalyze for the inter-
conversion of cis- and trans-peptide bonds and is impor-
tant for protein folding. Adenine phosphoribosyltrans-
ferase is a salvage enzyme of purine and pyridine
nucleotides and thus is involved in purine metabolism.
Triosephosphate isomerase catalyzes the isomerization of
glyceraldehydes 3-phosphate and dihydroxy-acetone
phosphate in glycolysis and gluconeogenesis. Transketo-
lase is an enzyme of both the pentose phosphate pathway
in animals and the Calvin cycle of photosynthesis. Nucle-
oside phosphorylase is one enzyme of the nucleotide sal-
vage pathways, which allow the cell to produce nucleotide
monophosphates when the de novo synthesis pathway has
been interrupted or is nonexistent. Eukaryotic translation
elongation factor 1� is a subunit of the elongation factor-1
complex responsible for the enzymatic delivery of amino-
acyl tRNAs to the ribosome. Eukaryotic translation elon-
gation factor 2 is a member of the GTP-binding translation
elongation factor family. RNA binding motif protein 8A
is preferentially associated with mRNAs produced by
splicing, including both nuclear mRNAs and newly
exported cytoplasmic mRNAs. Eukaryotic translation ini-
tiation factor 5A regulates gene expression. These four
proteins are essential for protein synthesis. Chloride in-
tracellular channel 1 is a nuclear protein that regulates
fundamental cellular processes, including stabilization of
cell membrane potential, trans-epithelial transport, and
maintenance of intracellular pH. Galectin-3 (also known
as lectin, galactoside-binding, soluble, 3) regulates cell dif-
ferentiation. Parkinson disease 7, also known as DJ-1,
protects against neuronal damage from oxidative stress.
These proteins all play important roles in cellular func-
tions. However, alterations of their functions by S-NO
have yet to be determined.

Among the 11 proteins that are significantly de-nitrosy-
lated by E2, vimentin, �-actin, keratin 7, stathmin1, and
tumor protein (translationally controlled 1) are cytoskel-
eton proteins; nonmetastatic cells 1 protein regulates cell
differentiation. However, the functional consequences of
S-NO of these proteins await further investigation. Also of
note is that the levels of the majority of endothelial ni-
trosoproteins visible on 2D-DIGE are unchanged by E2,
implicating that these proteins are constitutively nitrosy-
lated in HUVEC. The levels of 19 nitrosoproteins identi-
fied in present study did not change upon estrogen treat-
ment. Among these proteins, some (far upstream element
binding protein 1, pyruvate kinase, and heterogeneous nu-
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clear ribonucleoprotein C) have been reported as stable
S-nitrosoprtein (59). Their S-nitrosylated residues are
embedded inside the proteins or protein complexes,
thereby rendering their S-NO status barely changeable
by estrogen. Moreover, to the best of our knowledge, 15
out of the 58 identified proteins are novel nitrosopro-
teins (see Table 1).

Of note, different spots on 2D-DIGE may be the same
protein. For example, spots 17 and 53 have been identified
as Galectin-3. However, each responded differently in
S-NO to E2 stimulation. S-NO of spot 17 is significantly
increased by 1.58-fold, whereas spot 53 was significantly
decreased to ratio of 0.54 by estrogen. Similar scenario
also applies to annexin A1 (spots 25 and 51), cofilin-1
(spots 13 and 39), Chloride intracellular channel 1 (spots
26 and 56), Eukaryotic translation initiation factor 5A
(spots 21 and 55), and transketolase (spots 9 and 33). The
position shift of proteins on 2D-DIGE is usually due to a
change in isoelectric point as a result of various posttrans-
lation modifications. Thus, our data show that S-NO of
the same protein with different isoelectric point responds
to E2 stimulation differently, demonstrating that protein
posttranslational modifications may lead to different re-
sponses in S-NO to stimulation by estrogens.

In sum, estrogens stimulate S-NO of an array of endothe-
lial proteins via mechanisms linked to specific ER�/� and
endogenous eNOS-derived NO. Identification and analysis
of the cellular nitrosyl-proteomes in resting and E2-treated
HUVEChaverevealedthatestrogensnotonly increaseS-NO
ofmanyproteinsbutalso, surprisingly, inhibitS-NOofsome
other proteins. Pathway analysis of the endothelial cellular
nitrosyl-proteomes implicates that S-NO regulates many
criticalbiologicalpathways inendothelial cells.Althoughthe
functional sequelae of the identified nitrosoproteins espe-
cially these novel ones awaits for further investigation, dy-
namic protein S-NO offers a novel avenue for estrogens to
elicit their cardiovascular effects.
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