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Short Communication

Testosterone alleviates tumor necrosis factor-alpha-mediated
tissue factor pathway inhibitor downregulation via suppression
of nuclear factor-kappa B in endothelial cells
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Abstract

We have observed earlier that testosterone at physiological concentrations can stimulate tissue factor
pathway inhibitor (TFPI) gene expression through the androgen receptor in endothelial cells. This study further
investigated the impact of testosterone on TFPI levels in response to inflammatory cytokine tumor necrosis
factor-alpha (TNF-a). Cultured human umbilical vein endothelial cells were incubated in the presence or absence
of testosterone or TNF-a. TFPI protein and mRNA levels were assessed by enzyme-linked immunosorbent assay
and quantitative real-time reverse transcription polymerase chain reaction. To study the cellular mechanism of
testosterone’s action, nuclear factor-kappa B (NF-xB) translocation was confirmed by electrophoretic mobility
shift assays. We found that after NF-xB was activated by TNF-a, TFPI protein levels declined significantly by
37.3% compared with controls (P < 0.001), and the mRNA levels of TFPI also decreased greatly (P < 0.001).
A concentration of 30 nmol L' testosterone increased the secretion of TFPI compared with the TNF-o-treated
group. NF-kB DNA-binding activity was significantly suppressed by testosterone (P < 0.05). This suggests
that physiological testosterone concentrations may exert their antithrombotic effects on TFPI expression during
inflammation by downregulating NF-«B activity.
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it is still controversial whether androgens (testosterone)
are detrimental to the cardiovascular system [2]. Malkin

1 Introduction

Although male sex has been found to be one of the
independent risk factors for cardiovascular diseases [1],
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et al. [3] reported testosterone’s protective effect on plaque
development in the arterial vessel wall. There is also
evidence that one of the factors in thrombotic diseases,
as well as myocardial infarction in hypogonadic males,
is low baseline fibrinolytic activity [4]. Although
high-dose intramuscular testosterone may promote
thrombosis by causing polycythemia, the direct influence
of testosterone on hemostasis is unclear.

The coagulation cascade is initiated as soon as
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the tissue factor binds activated factor VII, which, in
turn, activates factor X, ultimately leading to thrombin
formation. Tissue factor may be a major contributor
to increased blood thrombogenicity and accelerated
thrombogenesis in patients with acute coronary syndrome
[5].

Tissue factor pathway inhibitor (TFPI) is a potent
inhibitor of tissue factor-induced blood coagulation,
which may reduce thrombus formation by inhibiting
the activated factor VIl/tissue factor complex [6]. As
such, a decrease in TFPI would induce coagulation
[7, 8]. Although the function of TFPI has been well
determined, its regulation is poorly understood to date.

In addition, inflammation, with the characteristic
overactivation of nuclear factor-kappa B (NF-kB), is
one of the critical factors involved in arteriosclerosis
plaque rupture and acute thrombosis development [9].
Many of the transcriptional effects of inflammatory
cytokines, including tumor necrosis factor-alpha
(TNF-a), are mediated by the activation of NF-kB [9].

Our earlier study observed that testosterone at
physiological concentrations could increase antigen and
mRNA levels of TFPI released from human umbilical
vein endothelial cells (HUVECs) [10]. However, the
detailed cellular mechanism by which testosterone
regulates TFPI expression is largely unknown. This
study, therefore, was undertaken to investigate the
effect of testosterone on NF-kB activity and to study
the association between NF-«xB activity and TFPI gene
expression. On the basis of the findings described here,
we discuss further the protective effect of testosterone
on inflammation.

2 Materials and methods

2.1 Cell culture

Primary HUVECs, culture medium, growth factors,
and supplements were obtained from ScienCell Research
Laboratories (San Diego, CA, USA), and the cells were
cultured and maintained according to the manufacturer’s
instructions. All studies were carried out using a third
to fourth passage of cultured cells. Enzyme-linked
immunosorbent assay analyses were carried out in 96-
well plates. Real-time reverse transcription polymerase
chain reaction (RT-PCR) and electrophoretic mobility
shift assay were carried out in 25-cm’ flasks at a density
of 10° cells mL .

2.2 Assays of TFPI antigen

TFPI total antigens in supernatants were assayed
with a commercial enzyme-linked immunosorbent
assay (ADI, Stamford, CT, USA). The experimental
procedure followed was according to the kit’s instructions.

2.3 Quantification of TFPI mRNA

HUVECs were divided into four groups for treatment
for 48 h: controls, culture medium; testosterone group
of a physiological concentration of 30 nmol L™';
2 h pretreatment with TNF-a group (20 ng mL™")
before testosterone (30 nmol L™"); and TNF-a (20
ng mL"). Total RNA was isolated from HUVECs
according to the manufacturer’s recommendations
(TaKaRa, Kagosima, Japan). Cellular TFPI
mRNA levels were determined by real-time RT-
PCR with the following primers: TFPI (109 bp), 5'-
GGCTTCTGTATGCCTGCTGCTTA-3' (forward
primer), 5'-TTTCAGTGGTGGCAACTCCGTA-
3'(reverse primer) and P-actin (132 bp), 5'-
CCACGAAACTACCTTCAACTCC-3'" (forward
primer), 5'-GTGATCTCCTTCTGCATCCTGT-3'
(reverse primer). The procedure included a step with
DNAse I treatment (TaKaRa). Real-time RT-PCR was
performed using the TaKaRa PCR Thermal Cycler Dice
Real Time System containing 2 pL ¢cDNA, 12.5 pL
SYBR Premix Ex Taq (2 x), and 0.5 pL Primer F/R in
25 pL final volume. The reactions were carried out in
triplicate. Relative TFPI mRNA levels were determined
in reference to f-actin mRNA as an internal standard.

2.4 Nuclear extraction and electrophoretic mobility
shift assay

For the TNF-oa and NF-xB pathway study,
HUVECs were divided into four groups for treatment
for 12 h: controls, culture medium; testosterone
group, physiological concentration (30 nmol L™); 2 h
pretreatment with TNF-a group (20 ng mL ") before
testosterone (30 nmol L™"); and TNF-o (20 ng mL ™).
The nuclear extract from cells was prepared according
to the procedures described by Dignam et al. [11].
Nuclear extracts (5 pg pL™") were mixed with DNA
probes (10 ng L") and the mixture was then incubated
at 15°C for 30 min. Half of the mixture was loaded
onto a 6% polyacrylamide gel and electrophoresed
at 120 V in 0.5% Tris-borate EDTA. The sample
was then transferred in 0.5% Tris-borate EDTA onto
a nylon membrane at 300 mA for 20 min. After
transfer, the sample was fixed on the membrane by
UV crosslinking.
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2.5 Statistics

The protein data were expressed as mean = SD and
tested for statistical significance using the unpaired
two-tailed #-test. The PCR data were expressed as
mean + SD and tested for statistical significance with
the Relative Expression Software Tool (Technical
University of Munich, Munich, Germany). P < 0.05
was considered statistically significant.

3 Results

3.1 TFPI protein concentration in HUVECsS treated with
TNF-o. and testosterone

We pretreated HUVECs with TNF-a, a known
activator of NF-xB, and found that TNF-a significantly
suppressed TFPI expression. Figure 1 shows that the
antigen levels of TFPI after TNF-a treatment were
lower than those of control cells (P < 0.001). The
amount of TFPI increased on co-incubation with the
combination of testosterone and TNF-a rather than by
TNF-a treatment alone (P < 0.05), although this was
still less than those of the controls.

3.2 TFPI mRNA expression in HUVECs treated with
TNF-o. and testosterone

We quantified TFPI mRNA expression following
TNF-a or testosterone treatment. The constitutive
expression of the TFPI gene was noted in untreated
HUVECs and was greatly diminished by treatment
with TNF-o alone. Compared with TNF-a cultured
cells, testosterone treatment resulted in substantial
upregulation of the TFPI gene (Figure 2).

3. 3 Testosterone inhibited NF-kB activity in HUVECs

NF-«kB is a well-studied trans-cription factor known
to be induced by TNF-a during inflammation. We
investigated the inhibitory effect of testosterone with
electrophoretic mobility shift assays and found that
NF-«xB activity was less than half of the control cells
in the testosterone-treated group (P < 0.05). Compared
with the TNF-o group, testosterone and TNF-a co-
incubation significantly decreased NF-kB DNA-binding
activity (P < 0.05) (Figure 3).

4 Discussion

Our experiments show that physiological testosterone
concentrations significantly decrease TNF-a-induced
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Figure 1. Effect of testosterone (T) with or without tumor necro-
sis factor-alpha (TNF-o) on tissue factor pathway inhibitor (TFPI)
antigen levels in human umbilical vein endothelial cells (HU-
VECs). Endothelial cells were treated for 48 h with physiologi-
cal testosterone (30 nmol L), 20 ng mL™" TNF-o or a TNF-a and
testosterone combination. TFPI levels in supernatants of TNF-a
samples were significantly decreased by 37.3% at 48 h compared
with controls. Compared with TNF-o-treated cells, T increased
the TFPI antigen level markedly. "P < 0.05, compared with con-
trol; P < 0.001, compared with control; P < 0.05, compared
with TNF-a (n = 4).
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Figure 2. Effect of testosterone (T) with or without tumor necrosis
factor-alpha (TNF-a) on tissue factor pathway inhibitor (TFPI) ex-
pression in human umbilical vein endothelial cells (HUVECs). En-
dothelial cells were treated for 48 h with T (30 nmol L), 20 ng mL"
TNF-o or a TNF-o and T combination. TFPI mRNA was quantified
by real-time reverse transcription polymerase chain reaction (RT-PCR)
analysis. Differences were accounted for by using p-actin mRNA
as an internal standard. The data shown are the mean + SD of three
independent experiments. As reported earlier, compared to control
cells, TFPI mRNA levels of testosterone-treated cells were signifi-
cantly increased. TNF-a inhibited TFPI gene expression greatly, and
T reversed declines in TNF-a-induced TEPI mRNA levels. “P < 0.03,
compared with control; “P<0.001, compared with control; "P<0.05,
compared with TNF-a.
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Figure 3. (A): Electrophoretic mobility shift assay (EMSA)
result of nuclear factor-kappa B (NF-«xB) activity following
testosterone (T) incubation or pretreatment of human umbilical
vein endothelial cells (HUVECs) with tumor necrosis factor-
alpha (TNF-a). Lane 1: control; lane 2: treated with testos-
terone for 12 h; lane 3: treated with TNF-a for 12 h; lane 4:
pretreated with TNF-a for 2 h and then treated with T for 12 h;
lane 5: positive sample; lane 6: negative control. (B): NF-xB/
DNA-binding activity influenced by T as determined by EMSA.
Compared to that of the controls and TNF-o-treated cells, tes-
tosterone markedly suppressed NF-kB/DNA-binding activity
by nuclear extracts from HUVECs. P < 0.05, compared with
control; “P < 0.05, compared with TNF-a-treated group.
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procoagulant activity in HUVECs by stimulating TFPI
expression compared with TNF-o administration at
both protein and mRNA levels. This was associated
with a marked decrease in NF-kxB DNA-binding
activity in HUVECs.

Currently, vascular clot formation is characterized as
an equilibrium between procoagulant and anticoagulant
activities [12]. We have reported earlier that physio-
logical testosterone concentrations (30 nmol L") could
activate TFPI release and expression in endothelial
cells [10]. We assume, therefore, that the upregulation
of TFPI expression by testosterone in males may
help to inhibit thrombin generation and contributes to
reduction in blood coagulation in normal conditions.
Inflammation, meanwhile, has been confirmed to be a
factor in the promotion of thrombosis [13]. In addition,
the central role of TNF-a in inflammation has been
shown by the ability of agents that block the action
of TNF-a to treat a range of inflammatory conditions
[14]. Therefore, this study aimed to further investigate
whether testosterone may be a factor in TFPI expression
in response to inflammation.

We found that testosterone did influence the
activities of many transcription factors through
androgen receptor pathways in HUVEC in males,
among whom the significant suppression of NF-xB
was considered to be especially interesting (data not
shown). We subsequently confirmed the results with an
electrophoretic mobility shift assay. It is well known
that NF-«xB is a major transcription factor regulating
many target genes, including cellular adhesion
molecules, interleukins, and tissue factors [15]. TNF-a
or low-dose intratracheal lipopolysaccharide-induced
NF-xB activation is a prominent feature during
inflammation, which has been proven to be crucial in
thrombosis formation [16, 17]. This study indicates
that testosterone may have an anti-inflammatory
effect by marked suppression of NF-kB activity. This
result, in part, is in accordance with other reports
that have shown that testosterone inhibited TNF-
a-induced activation of the transcriptional NF-xB
during inflammation in human aortic endothelial cells
[18, 19]. Moreover, some clinical studies have also
found that testosterone may suppress the expression
of proinflammatory cytokines, including TNF-a and
interleukin-6 [20].

Although NF-xB predominantly acts as a trans-
criptional activator, there is a small but growing list
of examples in which it can act as a repressor [9]. We
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hypothesized that NF-kB may act as a negative regulating
element on TFPI expression, especially during
inflammation, and that physiological testosterone may
have a beneficial effect on TFPI at the transcription
level, in part by suppressing NF-xB activity. To prove
this, we further investigated the effect of testosterone on
TFPI protein and mRNA levels of HUVEC preincubated
with TNF-a to activate NF-kB. The results, as we
had hypothesized, showed that TNF-a significantly
decreased TFPI protein and mRNA levels by further
reinforcing the inhibiting effects of NF-xB, which is
consistent with another investigation of TNF-a-induced
TFPI downregulation [21]. However, in comparison
with the TNF-a-treated group, TFPI levels were
higher in the testosterone and TNF-a co-treated group,
although they were still lower than those of the controls,
indicating that TNF-a-mediated TFPI gene suppression
was partially blocked by testosterone. Interestingly, a
recent study also revealed a novel repressor element in
the promoter of TFPI [22], which we hypothesize might
include an NF-kB binding site. Further investigations
are needed to confirm this hypothesis.

In conclusion, this study uncovered a mechanism
by which testosterone at physiological concentrations
could specifically inhibit thrombosis development
by promoting TFPI secretion in vascular endothelial
cells during inflammation, which may provide a novel
insight into the pathogenesis of thrombotic diseases
in aging or hypogonadal males. Other testosterone-
regulating pathways, including transcription factors
such as SP1, are under further investigation in our
laboratory.
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