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Abstract. Sex hormones induce death or cell proliferation in
various cell lines and in primary cultures. However, the signal
transduction pathways involved in the regulation of prolif-
eration and apoptosis in endothelial cells have not been fully
elucidated. Here, we report that progesterone and testosterone
induce apoptosis in HUVECS in a p38- and JNK-dependent
manner, and that estradiol promotes proliferation via the
activation of ERK2. We showed that, at physiological doses,
progesterone and testosterone promoted p38, but not JNK,
phosphorylation. Hormone inhibitors, on the other hand,
prevented p38 phosphorylation. When supraphysiological
doses were applied, both p38 and JNK were phosphorylated,
causing apoptotic cell death. The addition of hormone inhi-
bitors at an appropriate concentration did not prevent cell
death or the phosphorylation of p38 and JNK. Estradiol, at
physiological doses, promoted an increase in ERK2 phospho-
rylation that was blocked by fulvestrant. At physiological and
supraphysiological doses, it promoted a proliferative effect. In
conclusion, these findings suggest that JNK has an important
pro-apoptotic function following progesterone and testosterone
treatment in human endothelial cells, and that ERK2 has a
proliferative effect following estradiol treatment.

Introduction

Apoptosis seems to be the main mechanism of death of the
endothelium under physiological conditions. Moreover, the
balance between proliferation and apoptosis in endothelial cells
plays a critical role in the formation and regression of blood
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vessels, especially the arterioles and capillaries. Therefore,
excessive apoptosis in endothelial cells may be involved in
both endothelial dysfunctions and in the inhibition of angio-
genesis, as described in various vascular diseases (1-3).

Hormone concentrations are subject to strict regulation to
ensure that an unbalance in hormone secretion, resulting in
the loss of cellular homeostasis, does not occur. Under
certain circumstances, certain hormones act to stimulate cell
proliferation (4,5).

Mitogen-activated protein kinases (MAPKSs) are serine/
threonine-specific protein kinases that respond to extracellular
stimuli (mitogens) and regulate various cellular activities, such
as gene expression, mitosis, differentiation and cell survival/
apoptosis. The extracellular regulated kinase (ERK)1/2 MAPK
pathway consists of a protein kinase cascade linking growth
and differentiation signals (6). p38 and Jun N-terminal (JNK)
are members of the stress-activated MAP kinases, and their
activation has been implicated in various forms of apoptosis
(7,8). Estradiol, progesterone, and testosterone can act non-
genomically via membrane-associated receptors to activate
MAPKSs, as can various other ligands acting through hetero-
trimeric G protein receptors (9-11). The purpose of this study
was to determine whether the hormones present in normal
human plasma have an effect on the MAPK signaling pathway
in human umbilical vein endothelial cells (HUVECS), and to
establish their role in the balance between proliferation and
apoptosis. We therefore investigated the effects of estradiol,
progesterone and testosterone on the activation of MAPKSs in
HUVECsS to fully understand the intracellular signaling
response to these hormones.

Materials and methods

Sample collection. Blood was collected using siliconized
vacutainer tubes containing 1/10 volume 3.8% trisodium citrate
2H,0. The tubes were then centrifuged twice at 1500 x g for
25 min at room temperature. The plasma was separated,
placed in pyrogen-free microcentrifuge tubes, immediately
frozen and stored at -80°C until use.

Cell culture and treatments. HUVECs were isolated from
normal pregnancies with 0.1% collagenase type 1 (12). Cells
were cultured in RPMI-1640 medium (Gibco, Scotland)
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supplemented with endothelial cell growth factor (Sigma, St.
Louis, MO, USA), L-glutamine, 2-mercaptoethanol, heparin,
penicillin and streptomycin, and 10% fetal bovine serum
(FBS; Gibco), then incubated at 37°C, 5% CO, in a humidified
incubator. Cells from different umbilical cords were mixed
and used to test hormones. HUVECs were used between
passages three and six.

Cells were cultured in 6-well dishes until 80% confluence
was attained. Before exposure to the HUVECs, the plasma
was heparinized (100 pg/ml) to prevent clotting of the dilute
sodium citrate plasma. It was then added to the cultured
HUVECs at a final concentration of 10% plasma. The cells
were treated with normal male plasma (NMP), normal female
plasma (NFP) and normal female plasma from pregnant
women (NFP-p), as well as 176-estradiol (E2) (Sigma),
progesterone (P) (Sigma), testosterone (T) (Sigma) or vehicle
(control). Hormone concentrations were as follows: physio-
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Figure 1. 176-estradiol (E2) promotes cell survival. Testosterone (T) and
progesterone (P) promote cell death and apoptosis in HUVECs at non-
physiological doses. To evaluate the growth inhibitory effect of T and P on
HUVECsS, the MTS assay was used. Data are reported as the means + SD. The
OD of control samples was regarded as 100. Each condition was performed
with 4 wells. The results are reported as the means + SD of 4 separate
experiments, with p<0.05 as determined by ANOVA. Cells were stimulated
with (A) E2, E2+fulvestrant (Fu), (B) E2, E2+starvation (SFB), (C) P, P+Fu,
(D) T, T+flutamide (F). (E) The apoptosis of HUVECS stimulated by normal
male plasma, normal female plasma, normal female plasma-pregnant, E2, T or
P. After stimulation, cells were harvested and the percentage of apoptotic cells
was measured by flow cytometric analysis. The results are the means + SD of
3 separate experiments. “p<0.05 as determined by ANOVA.

logical, 0.06 uM T, 1 nM E2, 1 uM P; and supraphysiological,
0.12-9.6 uM T, 2-8 nM E2, 2-8 uM P. We respectively used
fulvestrant (Fu) (Sigma) and flutamide (F) (Sigma) as the
hormone antagonists of E2 and P and T. To determine the
effectiveness of Fu and F in inhibiting the effects of E2, P
and T, we pretreated HUVECs with Fu (10 nM-80 M) or F
(1-10 uM) for 30 min, then stimulated the cells with E2, P or
T for 60 min. TNF-a (40 ng/ml) was used as a positive control
for apoptosis.

Cell proliferation assay. HUVECs were seeded at a density of
5000 cells/well in a gelatin-coated tissue culture plate. Twelve
hours after seeding, the HUVECs were treated. Cell prolif-
eration was measured using the MTS proliferation assay
(Promega, WI) at 48 h post treatment. The test protocol for
cytotoxicity evaluation was adopted from previously published
studies (13,14). After completion of the exposure period, the
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1] sSpPANDIDOSStatistical analysis of ERK1/2 phosphorylation in
P PUBLICATIONS i cubated with NMP, NFP, NFP-p, E2, P and T.

p-ERK1 p-ERK2

Mean SD  p-value Mean SD p-value
C 0.8 0.21 0.7 0.19
NFP 0.8 0.17 1.000 0.5 0.17 0.246
NMP 0.6 0.17 0.288 0.6 0.27 0.628
NFP-p 0.6 0.26  0.391 0.8 0.13 0.494
E2 0.6 0.15 0.268 1.8 0.10  <0.050
E2+F 0.6 0.17 0.269 0.7 0.04 1.000
T 1.0 0.30  0.398 1.0 0.27 0.191
P 0.6 0.20  0.298 0.6 0.17 0.534

ANOVA relative to respective control; post-hoc test, Student-Newman-
Keul test. p<0.05 was considered significant. C, control; NMP, normal
male plasma; NFP, normal female plasma; NFP-p, normal female
plasma-pregnant, E2, 178-estradiol; T, testosterone; P, progesterone;
F, flutamide.

absorbance of the formazan product was read at 492 nm. Two
internal controls were set up for each experiment consisting
of cells only and medium only. Background absorbance due
to non-specific reactions between test compounds and the
MTS reagent was deducted from exposed cell values.

Apoptosis assay by flow cytometry. Annexin V is a calcium-
dependent phospholipid-binding protein with a high affinity for
phosphatidylserine in the plasma membrane (15) and is used, as
in this study, for the analysis of apoptotic damage in HUVECs.
Subconfluent HUVECs were treated for 48 h in a humidified
incubator. Treated cells were harvested, washed and labeled
with Annexin V-FITC and propidium iodide apoptosis Kkits
(Calbiochem, Darmstadt). The cells were analyzed using the
Beckton Dickinson FACScan flow cytometer with a com-
mercially available software program (CellQuest).

Western blot analysis. HUVECs were starved of FBS for 6 h
and then treated for 1 h at 37°C. Cells were washed once with
ice-cold PBS and immediately lysed by the addition of
boiling Laemmli sample buffer (16). Proteins were subjected
to electrophoresis in 12% SDS-PAGE and transferred to a
nitrocellulose membrane. The mouse monoclonal antibodies
Phospho Detect anti-ERK1/2 kinase and anti-B-actin were
from Sigma. The rabbit monoclonal antibodies used were the
Phospho Detect anti-p38 MAPK (Calbiochem, Darmstadt)
and the anti-JNK activated (diphosphorylated JNK) clone
JNK-PT48 (Sigma). The secondary antibodies used were
horseradish peroxidase-conjugated anti-rabbit or anti-mouse
antibodies (Sigma). Blots were visualized using ECL Western
blotting detection reagents (Sigma) and X-ray film. Images
were scanned and quantified using Image Master 1D
(Pharmacia). The intensity values obtained from the software
were related to the B-actin value of each band. The final
number for each sample was then statistically analyzed.

Statistical analysis. Differences between the results of exper-
imental treatments were evaluated by ANOVA and post-hoc
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Figure 2. 17B-estradiol (E2)-induced ERK2 phosphorylation. Amount of
phosphorylated ERK1/2 MAPK in cytosolic extracts from HUVECs. Cells
untreated (C) or treated with normal male plasma (NMP), normal female
plasma (NFP), normal female plasma-pregnant (NFP-p), E2, E2+fulvestrant
(Fu), testosterone (T) or progesterone (P) for 1 h were analyzed by immuno-
blotting for changes in the phosphorylation of ERK1/2. Lysates from HUVECs
were probed with a phospho-specific ERK1/2 antibody and then reprobed
for B-actin. (A) Anti-phospho-MAPK Western blot densitometric analysis.
Relative amounts of phospho-ERK1/2 were obtained by normalizing against
B-actin. Data are represented as the fold increase in the phosphorylated form
relative to B-actin levels. The results are the means + SD of 3 separate experi-
ments. “p<0.05 as determined by ANOVA. (B) Representative Western blot
analysis of cytosolic lysates.

E2+Fu

testing using the Student-Newman-Keul test. p<0.05 was
considered significant.

Results

1703 estradiol promotes cell survival induced by the deprivation
of serum and activates the ERK2 pathway. The results for E2
are shown in Fig. 1A and B, which represents the cell response
to increasing concentrations of E2 (0.5-4 nM). Fig. 1A shows
that different concentrations of E2 did not promote cell
survival, and that neither did the addition of Fu. When cells
were starved, E2 treatment resulted in significant differences
without FBS (Fig. 1B).

Using different systems, it has been demonstrated that the
mitogenic effect of E2 requires the activation of the ERK
cascade. To examine this, we tested whether incubating
HUVECs with E2 increased ERK1/2 phosphorylation. Fig. 2
shows that there was a significant increase (p<0.05) in ERK2
phosphorylation after 1 h of stimulation with E2. However, a
significant increase in phosphorylated ERK1 was not found
(Fig. 2B). Fig. 2B shows that incubation with Fu reversed the
E2-induced phosphorylation of ERK2. There was no signi-
ficant difference between HUVECs treated with NFP,
NFP-p, NMP or the control (Fig. 2A, Table I).

Progesterone and testosterone induce apoptosis in HUVECs
and promote p38 and JNK phosphorylation. The MTS assay
showed an inhibition of cell growth after the addition of
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Figure 3. Normal male plasma (NMP), testosterone (T)- and progesterone (P)-induced p38 phosphorylation. The amount of phosphorylated p-38 MAPK in
cytosolic extracts from HUVECs. (A) Cells untreated (C) or treated with NMP, normal female plasma (NFP), NFP-pregnant (NFP-p), 17B-estradiol (E2), T,
T+ flutamide (F), P and P+ fulvestrant (Fu) for 1 h were analyzed by immunoblotting for changes in the phosphorylation of p38. T and P concentrations were
physiological. Lysates from HUVECs were probed with a phospho-specific p38 antibody, and then the blot was reprobed for $-actin. Anti-phospho-MAPK
Western blot densitometric analysis. Relative amounts of phospho-p38 were obtained by normalizing against $-actin. Data are represented as the fold increase
in the phosphorylated form relative to B-actin levels. The results are the means + SD of 3 separate experiments, “p<0.05 (treatments vs. control) as determined by
ANOVA. (B) Cells untreated or treated with T, T+F, P and P+Fu for 1 h were analyzed by immunoblotting for changes in the phosphorylation of p38. T and P
concentrations were non-physiological. Representative Western blot analysis of cytosolic lysates. HUVECs treated with (C) NMP, T and P (physiological
concentrations), (D) T and T+F (physiological concentrations), (E) T and T+F (non-physiological concentrations), (F) P and P+Fu (physiological concentrations),

(G) P and P+Fu (non-physiological concentrations).

increasing concentrations of P (0.3-8 uM) (Fig. 1C). The use
of physiological concentrations of P did not produce a change
in cell viability, although exposure to supraphysiological
concentrations induced a significant decrease (p<0.05) in cell
survival (80+4 to 52+11%). Fig. 1D shows the change in cell
viability with increasing T concentrations (0.3-9.6 uM).
Incubation with T (75+12 to 28+19% cell survival) produced
the same inhibition of cell growth as treatment with P.

Since the MTS test does not discriminate between necrosis
or apoptosis, the Annexin V/IP test by flow cytometry was
performed. Treatment for 24 and 48 h with P and T at supra-

physiological doses and TNF-a as a control resulted in a
significant increase (p<0.05) in apoptosis (Fig. 2, Table I).
There was a significant increase (p<0.05) in the percentage
of apoptosis in cells treated with 2 yuM (8+1%) and 4 uM
(20+2%) P. Cells treated with 1 uM P did not differ signifi-
cantly from the controls. When HUVECs were exposed to
0.06 uM T for 24 h, a low number of Annexin V-positive cells
were detected. When supraphysiological concentrations were
used, the Annexin V-positive cells increased significantly
(p<0.05), from 21+2% to 4.8 uM and 34+2% to 9.8 uM
(Fig. 1, Table II).
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Figure 4. Testosterone (T)- and progesterone (P)-induced JNK phosphorylation at non-physiological doses. The amount of phosphorylated INK MAPK in
cytosolic extracts from HUVECS. Cells untreated (C) or treated with normal male plasma (NMP), T, T+ flutamide (F), P and P+ fulvestant (Fu) for 1 h were
analyzed by immunoblotting for changes in the phosphorylation of JNK. T and P concentrations were physiological and non-physiological. Lysates from
HUVECs were probed with a phospho-specific JNK antibody, and then the blot was reprobed for -actin. Anti-phospho-MAPK Western blot densitometric
analysis. Relative amounts of phospho-JNK were obtained by normalizing against $-actin. Data are represented as the fold increase in the phosphorylated form
relative to B-actin levels. The results are the means + SD of 3 separate experiments. “p<0.05 (treatments vs. control) as determined by ANOVA. (A) physiological
doses. (B) Supraphysiological doses. (C) Representative Western blot analysis of cytosolic lysates. HUVECs treated with NMP, T and P at physiological

doses (0.06 pM T, 1 uM P) and supraphysiological doses (2.4 yM T, 2 uM P).

To study the possible action of p38 as an intermediary in
apoptotic signaling in HUVECsS, we carried out two runs using
P and T in physiological and supraphysiological concentrations.

Table II. Statistical analysis of apoptotic percentages in
HUVECsS incubated with NMP, NFP, NFP-p, E2, T, P and
TNF-a.

Mean SD p-value
C Annexin V/IP 0.96 0.21 <0.050
E2 (1 nM) 1.09 0.18 0.460
P (1 uM) 0.63 0.17 0.102
P (2 uM) 8.70 1.24 <0.050
P (4 uM) 20.56 2.20 <0.050
NMP 0.79 0.13 0.299
NFP 0.63 0.24 0.148
NFP-p 0.42 0.16 0.069
T (0.06 uM) 0.79 0.13 0.269
T (1.2 uM) 4.73 0.16 <0.050
T (2.4 uM) 17.07 1.39 <0.050
T (4.8 uM) 21.13 2.13 <0.050
T (9.8 uM) 34.45 2.38 <0.050
TNF-a (40 ng/ml) 25.65 2.98 <0.050

ANOVA relative to respective control; post-hoc test, Student-Newman-
Keul. p<0.05 was considered significant. C, control; NMP, normal male
plasma; NFP, normal female plasma; NFP-p, normal female plasma-
pregnant; E2, 178-estradiol; P, progesterone; T, testosterone.

We found that regardless of the dose used, P and T produced a
significant increase (p<0.05) in p38 phosphorylation (Fig. 3A,
B, D and G). Inhibitors for P and T reversed the effect of the
increased phosphorylation of p38 when physiological concen-
trations were used, but neither Fu nor F was able to reverse the
effect at supraphysiological concentrations (Fig. 3A, B, D and
G). It was noted that, at supraphysiological concentrations, P
and T significantly increased (p<0.05) JNK phosphorylation
(Fig. 4B and C). Furthermore, it was observed that hormones
at physiological concentrations were not able to activate JINK
(Fig. 4A and C). Inhibitors of P and T were able to reverse the
effects of INK phosphorylation when hormones were used at
physiological, but not supraphysiological, concentrations. All
phosphorylation differences were verified by an average of the
intensities of pixels (Tables III and IV). There was no signifi-
cant difference in the phosphorylation of ERK1/2 in HUVECs
treated with NMP, T, P or the control. (Fig. 2A, Table II).

Discussion

In recent years, there have been numerous symptoms and side
effects associated with an imbalance in estrogen-androgen
levels. On the one hand, declining levels of androgens in
women leading to a predominance of estrogens has been
linked to the emergence of numerous side effects, including
an increased incidence of gynaecological tumours. At the
other extreme, we identified several situations in which the
imbalance favored androgens, which reached supranormal
levels (hormone replacement therapy, trans male-to-female
sexuality). These high levels of androgens have also been
correlated with the occurrence of adverse effects on the female
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Table III. Statistical analysis of the phosphorylation of p38 in
HUVECsS incubated with NMP, NFP, NFP-p, E2, P and T.
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Table IV. Statistical analysis of phosphorylation of JNK in
HUVECsS incubated with P, P+Fu, Fu, T, T+F and F.

A. Phosphorylation of p38 at physiological doses.

A. Phosphorylation of JNK at physiological doses.

Mean SD p-value Mean SD p-value
C 0.6 0.90 C 0.400 0.10
NMP 1.0 0.90 0.615 T 0.655 0.20 0.060
NFP 5.8 1.86 <0.050 T+F 0.489 0.26 0.410
NFP-p 1.0 0.27 0.502 P 0.757 0.26 0.094
E2 0.6 0.15 1.000 P+Fu 0.583 0.17 0.196
T 4.7 0.89 <0.050 F 0.525 0.21 0.482
T+F 2.1 0.55 0.190 Fu 0.627 0.17 0.154
P 5.3 1.29 <0.050
P+Fu 0.6 0.17 1.000 B. Phosphorylation of JNK at supraphysiological doses.
F 0.3 0.89 0.702
Fu 0.6 0.26 1.000 Mean SD p-value
B. Phosphorylation of p38 at supraphysiological doses. C 0.406 0.10
T 3.467 0.90 <0.050
Mean SD p-value T+F 2.964 0.27 <0.050
P 3.819 0.15 <0.050
C 0.8 0.20 P+Fu 4.088 0.89 <0.050
T 3.7 0.33 <0.050 F 0.743 0.55 0.312
T+F 2.4 0.31 <0.050 Fu 0.789 0.30 0.106
P 2.9 0.55 <0.050 ) ]
P+Fu 23 0.26 <0050 feoud 52005 was conmieed samiean. €. controls . estoserone: P
F 0.5 0.10 0.081 progesterone; Fu, fulvestrant; F, flutamide.
Fu 0.6 0.26 0.351

ANOVA relative to respective control; post-hoc test, Student-
Newman-Keul. p<0.05 was considered significant. C, control; NMP,
normal male plasma; NFP, normal female plasma; NFP-p, normal female
plasma-pregnant; E2, 17B-estradiol; T, testosterone; P, progesterone; Fu,
fulvestrant; F, flutamide.

reproductive system, including abnormal growth and possible
tumorigenic risk.

Kawagoe et al demonstrated that raloxifene, which has
vasoprotective actions similar to those of estrogen, provoked
an increase in cell proliferation in endothelial cells (17). E2
has been described as promoting the activation of ERK1/2 in
different cell lines and primary cultures (18-20). However, in
various experiments with endothelial cells in vitro, E2 has
been shown to have opposing effects on signal transduction.
Sengupta et al demonstrated that, after a 1-h exposure, E2
caused an increase in the phosphorylation of ERK1/2 in
HUVECsS that was sustained for several hours (21). However,
Juan et al reported that E2 inhibits the ERK1/2 pathway in
endothelial cells (22).

Our results indicate that, at physiological concentrations,
E2 has a proliferative effect on HUVECs mediated by the
activation of ERK2. This effect was observed during the 1-h
incubation period, without any phosphorylation of ERKI.
When HUVECs were incubated in complete medium, no
significant differences were observed with the addition of E2
at different concentrations. However, when the medium lacked

FBS, HUVECs were only able to grow in the presence of E2.
These results suggest that E2 has a proliferative effect on
endothelial cell growth, and that activation of the ERK2
pathway may play a role in estrogen-mediated endothelial
cell protection.

The data from this study indicate that progesterone in
supraphysiological concentrations promotes apoptosis in
HUVECs and activates p38 and JNK. A study in pregnant
Sprague-Dawley rats showed an increase in the activity of
caspases 2, 8 and 9 that corresponded to the peak concentration
of progesterone in the pregnant females, resulting in an increase
in the number of apoptotic cells in the ovary (23). Our
assumption is in accordance with these results, in terms of the
increase in apoptotic cells in the presence of progesterone.
We reported for the first time that supraphysiological con-
centrations of progesterone are capable of increasing the
phosphorylation of p38 and JNK. Upon the activation of
JNK, c-jun, which is a component of transcription factor AP-1,
is phosphorylated and activated, thus regulating a set of genes
involved in apoptosis (24). The effects of the phosphorylation
of p38 are similar to those of JNK (25), involving transcription
factors and proinflammatory cytokines. Therefore, proges-
terone should induce apoptosis in HUVECs by activating p38
and JNK. We found no literature documenting the activation
of p38 and JNK in HUVECS due to the action of progesterone.
However, previous work in a breast cancer cell line (T47D-YB)
showed that the incubation of these cells with R5020 (an
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f progestin) and EGF produced an increase in the

Ba| SPAN ‘
) PUBLICATIONSy]ation of ERK1/2, p38 and JNK (26). Although the

cells and the conditions used by Lange et al to visualize the
activation of JNK and p38 by progesterone are different from
those used in this study, their investigation provides additional
evidence that the hormone has a direct action on the MAPK
pathway.

It is known that testosterone promotes apoptosis in
endothelial cell lines, with a reduction in the expression of
Bcl-2 and an increase in the number of apoptotic cells (27,28).
The same phenomenon was observed in the present study,
albeit at higher-than-physiological concentrations of the
hormone. Perhaps the difference in the effect of concentrations
resides in the choice of primary cultures or cell lines, and in
the number of hormone receptors that each has. Shimada er al
(29) observed that it was necessary to activate p38 and JNK
for prostate cancer cells (LNCaP) incubated with dihydro-
testosterone to enter into programmed cell death. This led us to
hypothesize that, with an increase in the number of apoptotic
cells after incubation with testosterone (or progesterone), JINK
could be active in addition to p38. The results of this study
confirm that supraphysiological concentrations of testosterone
produce an increase in the phosphorylation of p38 and JNK.

In conclusion, the proliferative effect of estradiol on
HUVECs occurs through an increase in the phosphorylation
of ERK2, which is induced by the deprivation of serum.
Furthermore, treatment with progesterone and testosterone at
supraphysiological concentrations promotes apoptosis via the
activation of p38 and JNK.
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