J Physiol 589.4 (2011) pp 863-875 863

Retinoic acid stimulation of VEGF secretion from human
endometrial stromal cells is mediated by production of
reactive oxygen species

Juanjuan Wu', Jason M. Hansen?, Lijuan Hao!, Robert N. Taylor!' and Neil Sidell!

' Department of Gynecology & Obstetrics and > Department of Pediatrics, Emory University School of Medicine, Atlanta, GA 30322, USA

Non-technical summary Vascular endothelial growth factor (VEGF) is an angiogenic factor that
plays a primary role in blood vessel development in uterine endometrial tissue during embryo
implantation and early growth. Previously, we determined that retinoic acid (RA) can act as a
co-factor to rapidly induce VEGF secretion from human endometrial stromal cells. We show
here that stimulation of VEGF by RA is directly mediated by increased production of reactive
oxygen species (ROS) in these cells. These findings predict a ROS-mediated mechanism for RA
regulation of localized VEGF secretion in the human endometrium that may be necessary for
the successful establishment of pregnancy. The results obtained may provide new targets for
therapeutic intervention.

Abstract It is widely accepted that vascular endothelial growth factor (VEGF) is involved in
angiogenic functions that are necessary for successful embryonic implantation. We have shown
that retinoic acid (RA), which is known to play a necessary role in early events in pregnancy,
can combine with transcriptional activators of VEGF (e.g. TPA, TGF-g, IL-1p) to rapidly induce
VEGEF secretion from human endometrial stromal cells through a translational mechanism of
action. We have now determined that this stimulation of VEGF by RA is mediated through an
increased production of cellular reactive oxygen species (ROS). Results indicated that RA, but
not TPA or TGF-p, directly increases ROS production in endometrial stromal cells and that the
co-stimulating activity of RA on VEGF secretion can be mimicked by direct addition of H,O,.
Importantly, co-treatment of RA with TPA or TGF-g further stimulated ROS production in a
fashion that positively correlated with levels of VEGF secretion. The antioxidants N-acetylcysteine
and glutathione monoethyl ester inhibited both RA + TPA and RA + TGF-g-stimulated secretion
of VEGE, as well as RA-induced ROS production. Treatment of cells with RA resulted in a shift in
the glutathione (GSH) redox potential to a more oxidative state, suggesting that the transduction
pathway leading to increased VEGF secretion is at least partially mediated through the antioxidant
capacity of GSH couples. The specificity of this action on GSH-sensitive signalling pathways is
suggested by the determination that RA had no effect on the redox potential of thioredoxin.
Together, these findings predict a redox-mediated mechanism for retinoid regulation of localized
VEGF secretion in the human endometrium that may be necessary for the successful establishment
of pregnancy.
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Introduction

Vascular endothelial growth factor (VEGF) is a major
angiogenic factor that is critical for maintaining the
growth and integrity of the non-pregnant endometrium
during the menstrual cycle, as well as playing an essential
role in embryo implantation and survival (Ferrara
et al.1996; Jauniaux et al. 2006; Maruyama & Yoshimura,
2008). Regulation of VEGF expression at the trans-
criptional, post-transcriptional, and translational levels
has been extensively studied (Akiri et al. 1998; Huez et al.
1998; Lebovic etal. 1999). Relating to the latter level
of control, translational regulation of VEGF has been
demonstrated under conditions that involve modulation
of the phosphatidylinositol-3 kinase (PI3K)/AKT pathway
and associated alterations in mTOR activity. Examples of
this regulatory pathway of VEGF translation have been
demonstrated by the actions of integrin w684 and c-myc
in human breast cancer and B cells, respectively (Chung
etal. 2002; Mezquita et al. 2005), and in early responses
to ischaemic stress in murine muscle (Bornes et al. 2007).
In general, these perturbations lead to phosphorylation of
key elements of the eukaryotic initiation factor 4E complex
(Hu et al. 2007), or changes in the utilization of internal
ribosome entry sites (IRES) located in the 5" untranslated
region of the VEGF mRNA (Bornes et al. 2007). In some
cases, activity of PI3K that regulates these processes has
been shown to be dependent on the redox state of the cell
(Mezquita et al. 2005).

Recent evidence has indicated that moderate levels
of reactive oxygen species (ROS) can act as second
messengers in cellular signalling processes. One general
example is the interaction of ROS with certain
transcription factors to control gene expression and
cellular functions (Sauer efal. 2001). Support for this
concept comes from the demonstration that a wide range
of inflammatory cytokines, hormones and growth factors
increase ROS production in selective cell types and that
inhibition of free radicals by antioxidants blocks the
effects of the agonists. Examples of such agents include
tumour necrosis factor-o (TNF-«) (Lo et al. 1996), insulin
(Goldstein et al. 2005), epidermal growth factor (EGF)
(Bae et al. 1997a), platelet-derived growth factor (PDGF)
(Bae etal. 1997b) and transforming growth factor-8
(TGF-B) (Garcia-Trevijano etal. 1999). In contrast to
the second messenger functions of physiological ROS in
normal processes, the generation of supraphysiological
levels of ROS can result in toxic cellular responses, reduced
viability and mutational changes in DNA (Parola &
Robino, 2001; Wittgen & van Kempen, 2007; Liu etal.
2009).

We recently showed that in human endometrial
stromal cells, retinoic acid (RA) in the presence of
transcriptional activators of VEGEF, augments VEGF
secretion through a translational mechanism of action
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(Sidell et al. 2010). Our results suggested that this effect
might have a redox-sensitive component as the anti-
oxidant N-acetylcysteine (NAC) inhibited this stimulation
(Sidell eral. 2010). Combined with the knowledge that
the production of RA is tightly regulated in the end-
ometrium and is necessary for proper decidualization
and implantation to occur (Zheng & Ong, 1998; Zheng
et al. 2000), our findings suggested a link between retinoid
synthesis and rapid upregulation of VEGF secretion
needed during the critical events of early pregnancy
establishment. In the present study, we show that the
ability of RA to act as a cofactor for translational regulation
of VEGF in human endometrial stromal cells is directly
mediated by upregulation of ROS production in the cells.
The findings indicate that ROS act as second messengers
in regulating endometrial angiogenesis and may provide
new targets for therapeutic intervention.

Methods

Ethical approval

This project was approved by the Emory Institutional
Health and Biosafety Committee. This Committee is
charged with reviewing and approving research conducted
with, but not limited to, biological toxins, recombinant
DNA, human cells, tissues, microorganisms pathogenic
to humans, plants, or animals. All participants in this
study were trained and certified by this Committee in
the appropriate biosafety procedures required.

Cell cultures and chemicals

The HESC (human endometrial stromal cells) cell line
was developed and kindly provided to us by Drs Krikun
and Lockwood (Department of Obstetrics, Gynecology,
and Reproductive Science, Yale University School of
Medicine). HESC cells were immortalized from primary
endometrial stromal cells by stable transfection of the
gene coding an essential catalytic protein subunit of
human telomerase reverse transcriptase as previously
described (Krikun et al. 2004). All cultures were grown in
complete medium: DMEM/F12 (Cellgro) containing 10%
fetal bovine serum, 100 U ml™! of penicillin, 100 ptg ml~!
of streptomycin, 2 mM L-glutamine and 1 mm Hepes. For
treatment, all-trans-RA (Sigma Chemical Co., St Louis,
MO, USA) was diluted in dimethyl sulfoxide to a stock
concentration of 50 mm and then diluted to the indicated
concentration in complete medium for the experiments.
12-O-Tetradecanoylphorbol-13-acetate (TPA, Sigma),
TGF-B, N-acetylcysteine (NAC), H,0,, mono-
methoxypolyethylene glycol-catalase  (PEG-catalase),
unconjugated PEG (as a control for PEG-catalase), and
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glutathione monoethyl ester (GSH-MEE) were used at
the concentrations indicated. Vehicle controls contained
the same final solvent concentration.

VEGF ELISA

The secretion of VEGF in the cell culture medium was
assessed by ELISA using standardized ELISA kits (Anti-
genix America Inc.) as described previously (Sidell et al.
2010).

VEGF real-time RT-PCR

For VEGF mRNA quantification, reverse transcription
was used to synthesize ¢cDNA from RNA templates
using SuperScript II RT (Invitrogen) (Sidell et al. 2010).
For real-time PCR, a total of 20 ul reaction mix was
prepared using SYBR Green SuperMix (Bio-Rad) and
specific primers sets. Primer sequences used were as
follows: VEGE, sense (5'-GCA CCC ATG GCA GA-3'),
antisense (5'-GCT GCG CTG ATA GA-3'); glyceraldehyde
3-phosphate dehydrogenase (GAPDH), sense (5-CCA
TGG AGA AGG CT-3’), antisense (5-CAA AGT TGT
CAT GG-3'); glutathione S-transferase P1-1 (GSTP1-1)
sense (5-CAG GGA GGC AAG ACC TTC AT-3'), anti-
sense (5'-GCA GGT TGT AGT CAG CGA A-3'); actin,
sense (5'-GGA GCA ATG ATC TT-3'), antisense (5-CCT
TCC TGG GCA TG-3'). The PCR reaction was set for 40
cycles in an Opticon real-time thermocycler (Bio-Rad).
The data were analysed after normalization with internal
control actin RNA levels.

Kinetic measurements of ROS

ROS generation was measured with the cell-permeable
fluorescent  probe  2/,7'-dichlorodihydrofluorescein
diacetate (DCF-DA) (Wang & Joseph, 1999). The principle
of the test is based upon diffusion of the probe through
the cell membrane, whereupon the DCF-DA is hydrolysed
to non-fluorescent DCF which is not cell permeable.
ROS cause oxidation of DCF to yield a measurable
fluorescent product whose intensity is proportional to
the amount of ROS formed intracellularly. HESC cells
grown to confluence on 96-well plates were incubated
in serum-free DMEM containing 100 uM DCF-DA dye.
After incubation for 30 min in 5% CO, at 37°C, the
cells were washed and treated with RA, TPA, TGF-8 and
H,0, at the indicated concentrations or in combination
(RA + TPA, RA + TGF-p) in Krebs—Ringer—Hepes buffer.
An increase in fluorescence units was measured by using
a microplate reader (SpectraMax M2; Molecular Devices)
with excitation at 475 nm and emission at 525 nm. The
fluorescence was read immediately after treatment every
minute up to 2 h.
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Intracellular ROS detected by flow cytometry

In an alternative application, production of ROS in HESC
was also quantified using DCF-DA by flow cytometry. In
these experiments, HESC were incubated with RA (1 um),
TGF-B (5ngml™'), RA + TGF-8, or vehicle control for
6 h. To measure ROS production, cells were again stained
with DCF-DA (10 uM for 30 min at 37°C), detached
with trypsin/EDTA, washed, re-suspended in PBS, and
then immediately analysed using a FACScan flow cyto-
meter to measure the fluorescence intensity (FL1-H) of
10,000 DCF-loaded cells (excitation wavelength, 488 nm;
emission wavelength, 515-545 nm). Mean fluorescence
intensity (MFI) was obtained using FlowJo 7.6 software.

Analysis of GSH and GSSG

GSH and glutathione disulfide (GSSG) were quantified
by HPLC with fluorescence detection. The redox states
(En) of GSH/GSSG were calculated using the Nernst
equation with E, adjusted for the measured cytosolic
pH (Jones, 2002). Cells were washed once with PBS
and immediately treated with 325 ul of ice-cold 5%
(w/v) perchloric acid solution containing 0.2M boric
acid and 10 uM y-L-glutamyl-L-glutamate acid and placed
on ice. After 5min, cells were scraped and transferred
into microcentrifuge tubes, followed by centrifuging for
5min at 16,000 g. The supernatants were collected and
stored at —80°C until analysis by HPLC. Cellular protein
concentrations were measured by bicinchoninic acid
protein assay (Sigma) and used to normalize the levels
of GSH and GSSG.

Analysis of thioredoxin-1 (Trx1)

Trx1 E, was performed as previously described (Halvey
etal. 2005). In brief, treated cells were collected in a
6 M guanidinium lysis buffer containing 20 mm iodoacetic
acid (IAA) and protease inhibitors (Roche). Lysates
were incubated for 20min at 37°C and then were
run through a G25 spin column (GE Healthcare) to
remove the excess IAA. Oxidized and reduced Trx1 were
separated by non-reducing, non-denaturing PAGE on a
15% acrylamide gel. After transfer to a nitrocellulose
membrane, a goat anti-human Trx1 polyclonal antibody
(American Diagnostica) and an AlexaFluor 680 donkey
anti-goat antibody (Invitrogen) were used as primary and
secondary antibodies, respectively. Probed membranes
were visualized on the infrared Odyssey scanner system
(Li-Cor). IAA-labelled Trxl (reduced) migrates more
rapidly through the gel and is represented as the lower
band. The oxidized Trx1 is unlabelled and migrates more
slowly and is represented as the upper band.
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Statistics

All experiments shown were performed a minimum of
three times. SPSS software was used for analysis with
the data expressed as mean = s.e.M. Differences between
treatment groups were analysed by ¢ test (2-tailed) where
P < 0.05 was considered statistically significant. The data
shown in some figures (e.g. Western blots, flow cytometry
histograms) are from a representative experiment, which
was qualitatively replicated in at least three independent
experiments.

Results

RA stimulation of VEGF translation involves a
redox-sensitive mechanism

Previously, we showed that RA can combine with
transcriptional activators of VEGF (TPA, TGF-g,
interleukin-1p (IL-18)) to rapidly induce VEGF secretion
from human endometrial stromal cells through a trans-
lational mechanism of action (Sidell etal. 2010). These
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findings were obtained using both primary stromal
cultures and HESC cells, confirming that the latter is
a physiologically relevant model for studying regulation
of VEGF by RA in this cell type. The cofactor
stimulatory effect of RA on VEGF protein production
is reflected by the fact that VEGF mRNA synthesis
in the absence of RA is not necessarily associated
with significant VEGF protein secretion (Fig. 1A). Thus,
although treatment of HESC with TGF-8 or TPA alone
significantly increased VEGF mRNA levels, only those
cultures co-treated with RA showed a marked increase
in VEGF protein secretion. This stimulation of VEGF
by RA was greatest in the presence of RA -+ TPA.
Therefore, this treatment combination was initially used
to evaluate the inhibitory effects on VEGF secretion by
certain antioxidants, followed by confirmatory evidence
using TGF-$ as a more physiologically relevant trans-
criptional activator. In this regard, TGF-g is produced
in both endometrial and trophoblastic cells (Staun-Ram
& Shalev, 2005) and has been shown to play an
important role in endometrial-related angiogenesis
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during the peri-implantation phase of the embryo
(Godkin & Doré, 1998). The suggestion that VEGF
stimulation by RA may involve a redox-sensitive
component was prompted by the observation that NAC
inhibited VEGF secretion in RA + TPA-treated cultures
(Sidell et al. 2010). Figure 1B shows that H,O, can mimic
the effects of RA on VEGF expression at both the mRNA
and protein levels; by itself, H,O, had only modest effects
on mRNA and protein concentrations while co-treatment
with TPA dramatically increased VEGF transcription
and secretion into the culture supernatant. As such,
H,0, + TPA stimulated VEGF secretion >30-fold over
control levels. In contrast, TPA alone nearly maximally
induced VEGF transcription, but had no effect on VEGF
secretion.

To test whether the inhibitory effect of NAC on
VEGF protein secretion was a general phenomenon of
RA co-treatment, co-treatment with TGF-8 was also
evaluated. Figure 2A shows that as with RA 4 TPA, the
addition of NAC to RA + TGEF- B suppressed VEGF protein
levels by more than 60%. RA co-stimulation of VEGF

Figure 2. NAC specifically inhibits VEGF secretion induced
by RA with VEGF transcriptional activators

In A, HESC were treated overnight with the compounds as
indicated in the absence or presence of the antioxidant NAC
(2.5 mm). Concentrations of RA, TPA and TGF-B8 were as shown
in the legend to Fig. 1. Results show that NAC blocked secretion
of VEGF by more than 60% when combination treatment
involved either TPA or TGF-B. B shows that NAC inhibited

RA -+ TPA stimulation of VEGF but not secretion of IL-6.
*Significant decrease from similarly treated cultures without
NAC. Con, control.
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protein in HESC is specific in that IL-6 and basic fibroblast
growth factor (bFGF), cytokines actively secreted by
these cells, are unaffected by RA, either alone or in
combination with TPA (Sidell et al. 2010). Figure 2 B shows
that the suppressive effect of NAC on VEGF protein
secretion is also specific. Thus, while NAC inhibited VEGF
protein levels in culture supernatant of RA + TPA-treated
HESC by approximately 70%, no changes in IL-6 protein
concentration were seen.

To further examine the potential requirement of
ROS production in RA stimulation of VEGF protein,
the ability of other antioxidants to modify VEGF
secretion from RA + TPA-treated HESC cells was assessed.
Figure 3A shows that addition of catalase (in the form
of PEG-catalase), the specific scavenger of H,0,, did
not inhibit VEGF secretion induced by RA 4 TPA
(middle panel). In contrast, catalase potently suppressed
H,0, + TPA-stimulated VEGF secretion as expected
(right panel). Another method for counteracting the
effects of ROS production in the cells was achieved by
raising intracellular glutathione levels with the addition
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of GSH-MEE before RA + TPA treatment. In contrast
to GSH itself, which is not cell permeable, GSH-MEE
diffuses across membranes and GSH accumulates within
cells after the ester bond is cleaved (Anderson et al. 1985).
As seen in Fig. 3B, GSH-MEE dose-dependently inhibited
the stimulation of VEGF protein production. Similar
inhibition by GSH-MEE on RA + TGF-p stimulation of
VEGEF was also observed (data not shown). Neither NAC,
PEG-catalase, nor GSH-MEE had appreciable effects on
the low basal levels of VEGF secreted from HESC.

RA directly increases ROS production

Having shown that ROS are required for VEGF secretion
induced by RA when co-treated with TPA or TGF-8, we
sought to test the hypothesis that this effect is directly
mediated through increased production of cellular ROS.
This hypothesis is supported by our finding that H,0,

J. Wu and others
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can mimic the effects of RA as a substitute cofactor for
VEGF production in HESC. To monitor ROS generation
under different treatment conditions, we used DCF as a
fluorescent indicator of intracellular ROS concentrations
(Feliers etal. 2006). DCF-loaded HESC were cultured
in the absence or presence of RA plus/minus TPA or
TGEF-g, with fluorescence monitored every minute for a
total of 120 min. Figure 4 shows that RA caused a gradual
increase in cellular fluorescence as compared with vehicle
controls. The ROS production rate in RA-treated cells
(Vmax = 0.009) was significantly higher (P < 0.001) than
controls (Vi,x =0.005). Notably, we did not detect a
change of DCF fluorescence in cells treated solely with
either TPA (up to 500 nMm) or TGF-8 (up to 5ngml™").
Importantly, the highest ROS production rates were
observed in RA + TPA- (V. = 0.016) and RA + TGF- 8-
(Vmax = 0.012) treated cells, suggesting that TPA or TGF-
enhanced the ability of RA to increase ROS production in

Figure 3. Inhibitory effects of different antioxidants
on induced VEGF secretion

In A, HESC were treated overnight with RA + TPA,

H20; + TPA, or vehicle control (Con) in the absence or
presence of NAC (2.5 mm), PEG-catalase (100 U ml="), or
unconjugated PEG (18 um, as a control for PEG-catalase) as
indicated. Results show that NAC inhibited secretion of
VEGF induced by both combination treatments while
PEG-catalase inhibited secretion induced by H, O, + TPA but
not that induced by RA + TPA. *Significant decrease from
similarly treated cultures in the absence of antioxidant. B
shows dose-dependent inhibition by GSH-MEE on VEGF

secretion induced by both RA + TPA and H,O; + TPA.
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Significant inhibition was seen at all GSH-MEE
concentrations tested. Concentrations of RA, H,O, and TPA
in all experiments were as shown in the legend to Fig. 1.
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the cells (Fig. 4). It should be noted that RA concentrations
greater than 1puM were necessary in order to detect
consistent changes in DCF fluorescence in contrast with
the ability of lower RA concentrations to enhance VEGF
secretion (Sidell et al. 2010 and Figs 1-3). Indeed, we have
determined that concentrations of RA in the nanomolar
range can effectively function as a cofactor to induce VEGF
protein production (Sidell etal. 2010). In this regard,
it should be noted that endogenous concentrations of
RA in secretory endometrium reach levels greater than
2 x 1078 M; high enough to effectively stimulate VEGF
secretion as demonstrated by our in vitro studies (Sidell
etal. 2010). This lack of concordance between effective
RA concentrations in the ROS assay versus its functional
effects on VEGF may be due to differences in inherent
sensitivities of HESC to chronic, physiological responses
(i.e. VEGF secretion) over 6-24 h of treatment versus the
acute (<2h) oxidation of DCF as a measure of ROS
production.

As expected, addition of H,0O, resulted in a potent
increase in ROS levels (Fig.5B). This action by H,0,
was rapid; an increase in ROS was observed within 5 min
of treatment with 200 uM H,0O, and reached plateau
levels after approximately 40 min. The presence of either
NAC or GSH-MEE completely suppressed ROS generation
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—B— RA+TPA
100 { & TGFP
E —h— RA+TGF-p
o 80
=
%
m B0
g
(4]
E 40 -
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U L T
0 20 40 60 BO 100 120
Treatment Time
(minutes)

Figure 4. Kinetics of RA-induced ROS generation in HESC
HESC cells preloaded with DCF-DA as described in Methods were
treated with RA (10 um), TPA (500 nm), TGF-8 (5 ng mI=), or
combination treatments as indicated in the figure key. Fluorescence
was read immediately after adding the treatments and every minute
thereafter up to 2 h. Results showed a significant increase in DCF
fluorescence starting approximately 1 h after addition of RA or

RA + TGF-g and after 45 min in RA + TPA-treated cultures. No other
treatments were significantly different from control cultures.
Although readings were taken every minute, results are shown in
20 min intervals for clarity of graphical presentation. Symbols
without visible error bars indicate that the s.e.M. was less than the
value represented by the width of the symbol. RFU, relative
fluorescence units.
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following the addition of RA or H,0, (Fig.5A and B,
respectively). PEG-catalase was a weaker antioxidant than
NAC or GSH-MEE when H,0,-mediated ROS levels
were quantified. Surprisingly, in cells co-treated with
RA + PEG-catalase, ROS levels were not inhibited but rose
above that of RA alone. Taken together, the suppressive
effects by the antioxidants on ROS produced by RA or
H,0, positively correlated with the ability of the anti-
oxidants to inhibit RA or H,0O, co-stimulation of VEGF
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Figure 5. Effects of antioxidants on RA-induced ROS
production

In A, HESC cells were preloaded with DCF-DA as in Fig. 4 and then
treated with NAC (2.5 mm), PEG-catalase (100 U mI="), or GSH-MEE
(2 mm) for 30 min before treatment with 10 um RA. While NAC and
GSH-MEE were potent inhibitors of ROS production, PEG-catalase
unexpectedly showed an increase of DCF fluorescence in comparison
to RA alone, indicative of increased ROS levels. B shows control
experiments using H,O; to rapidly increase ROS levels and the
potent suppression of ROS by all three antioxidants. As in Fig. 4,
results are shown in 20 min intervals for presentation purposes.
Symbols without visible error bars indicate that the s.e.m. was less
than the value represented by the width of the symbol.
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secretion from the cells. In contrast, the enhancement of
RA-mediated ROS production by PEG-catalase did not
correlate with its effect on VEGF secretion in that no
further increase of VEGF was observed (see Discussion
following).

To demonstrate that RA can increase ROS levels at
1 uM concentration and longer treatment times shown
to induce VEGF secretion, flow cytometry was utilized to
measure the DCF fluorescence of HESC in 6 h cultures.
This methodology is more sensitive than the kinetic ROS
assay for assessing subtle changes in DCF fluorescence
(Hafer etal. 2008) but has the disadvantage of being
limited to end-point determinations. Figure 6 shows
that when HESC cells were treated with 1 uM RA for
6h, a period of time that consistently demonstrated
co-treatment-induced VEGF protein secretion (Sidell
etal. 2010), the mean DCF fluorescence intensity nearly
doubled compared with control. As in the kinetic ROS
assay, TGF-p by itself showed no effect on DCF signals.
In this assay, the DCF fluorescence of RA + TGF-8
treatment was not higher than RA by itself, suggesting
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ROS production may have reached plateau levels by 6 h of
stimulation.

Effects of RA on intracellular redox systems

The glutathione (GSH) system regulates many different
types of pathways by changing its redox status and protein
S-glutathionylating-sensitive targets (Schafer & Buettner,
2001). Within this system, glutathione S-transferases
(GSTs) play important roles in maintaining cellular redox
balance by catalysing the conjugation of GSH to electro-
philes in a wide variety of substances, including peroxides
(Coles & Ketterer, 1990). Previous work by Xia et al. (1993)
showed that in a variety of human cells, expression of
GSTPI1-1 is suppressed by RA as a result of decreased
transcription. Prompted by these findings, we utilized
quantitative real-time RT-PCR to test whether RA could
affect the glutathione redox potential by suppressing
GSTPI1-1 expression. Our results showed no differences
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Figure 6. Induction of ROS assessed by flow cytometry using a lower RA concentration for a longer

treatment time

HESC were incubated for 6 h in RA (1 um), TGF-8 (5 ng mI="), RA + TGF-8, or vehicle control (Con) as indicated
and analysed for fluorescence in DCF-loaded cells by flow cytometry as described in Methods. Results are expressed
as mean fluorescence intensity (MFI) and percentage positive cells relative to an isotype control antibody.
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Figure 7. RA-induced changes of the GSH/GSSG redox state
HESC were treated with RA (10 um), TPA (500 nm), RA + TPA or
H>0; (200 um, as a positive control) for up to 2 h. GSH and GSSG
concentrations were measured via HPLC and these values were used
to calculate the cellular GSH/GSSG redox potential (E,) through the
Nernst equation (Jones, 2002). Results show that RA and RA + TPA,
but not TPA alone, cause a significant oxidation (becoming more
positive) of the GSH/GSSG E},. Data shown are the result of at least 3
independently performed experiments for each treatment condition
and are expressed as means (& s.t.M.). *Significant increase from
initial (time zero) Ey, values.

in GSTP1-1 mRNA levels in HESC treated with vehicle
control, TPA, RA, or RA + TPA under culture conditions
(as described in legend to Fig. 1) that showed marked
induction of VEGF secretion in our functional studies
(data not shown).

To further evaluate the effects of our treatments on
the GSH system, intracellular GSH and its oxidized
form, glutathione disulfide (GSSG), were measured.
In HESC, concentrations of GSH and GSSG at time
0 min were 3.5+ 0.4 mM and 165 % 14 uM, respectively.
Calculation of the GSH/GSSG redox potential (Ej) using
these calculations yielded a mean E; of —230+4mV.
Treatment with TPA over 120 min did not significantly
increase GSH/GSSG Ej, (Fig. 7). RA exposure induced a
significant oxidation of GSH; after 120 min it measured
—216.5+£ 2.1 mV and constituted an increase of +17 mV
(P < 0.01). Combined treatments of RA and TPA also

Control

TPA RA
Y "
B
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demonstrated a significant oxidation of GSH/GSSG Ej,
increasing to —213.8 £3.0 mV (an increase of 420 mV
from untreated, P < 0.003). H,O,, treatment stimulated a
rapid oxidation of GSH E;, (414 mV), and then a gradual
return to basal redox states over time, demonstrating
different kinetics of GSH oxidation compared to RA
treatments. Regardless, these levels of oxidation are
believed to be physiologically relevant as changes of this
degree are capable of the activation or deactivation of
many different redox-sensitive systems (e.g. phosphatases,
transcription factors) (Kretz-Remy & Arrigo, 2010).

Cytoplasmic thioredoxin (Trx1) is another redox couple
protein that plays an important role in intracellular
signalling, acts as a growth factor, an antioxidant, a
cofactor that provides reducing equivalents, and a trans-
criptional regulator (Watson et al. 2004). The Trx1 redox
state is independently regulated from the GSH/GSSG Ej,,
suggesting that there are elements and pathways that are
primarily regulated by Trx1 and others by GSH (Go et al.
2006). To further understand the nature of RA-mediated
ROS signalling, we evaluated the effects of RA on the Trx1
E}, as well (Fig. 8). Although H,0, dramatically oxidized
Trx1, its Ej, remained unchanged after 120 min of exposure
with TPA, RA or TPA 4 RA, suggesting that mediation of
the RA signal does not occur via the Trx1 system.

Discussion

Rapid biosynthesis of VEGF at the site of embryonic
implantation is postulated to be a critical event in the early
establishment of pregnancy (Sidell et al. 2010). Regulation
of VEGF synthesis via production of ROS has been
described at both the transcriptional and translational
levels of control (Akiri et al. 1998; Huez et al. 1998; Lebovic
etal. 1999). Our results demonstrate that in human
endometrial stromal cells, translational upregulation of
VEGF by RA, acting as a cofactor with VEGF trans-
criptional activators, is directly mediated by increased
ROS production. This conclusion is prompted by the
following evidence: (1) H,O, mimicked the effects of
RA on VEGF expression at both the mRNA and protein
levels; (2) the RA-induced effects on VEGF secretion are
inhibited by NAC and GSH-MEE, compounds that readily
metabolize intracellular ROS; (3) RA was shown to directly

TPA+RA H202

- 2
- . Red

Figure 8. Thioredoxin-1 (Trx1) redox state in HESC after RA, TPA and RA + TPA treatments

HESC were treated for 2 h with RA (10 um), TPA (500 nm) or RA + TPA or for 10 min with H,O, (200 um, as a
positive control). Separation was based upon carboxymethylation of reduced Trx1 and subsequent separation on
a non-reducing, non-denaturing gel (separation based on differences in charge) (see Methods). The upper band
represents oxidized (non-carboxymethylated) Trx1 and the lower band represents reduced Trx1. With all treatments
(except in the positive control), Trx1 redox state did not change, suggesting that the effects of RA may be specific

to the GSH system and not involve the Trx1 system.
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increase ROS production in HESC and this production was
blocked by NAC and GSH-MEE. PEG-catalase inhibited
H,0,-induced VEGF but did not show inhibition of VEGF
stimulated by RA as was seen with NAC and GSH-MEE.
We interpret this finding to reflect the distinct localization
of PEG-catalase in the HESC cell membrane (Nemoto
etal. 2007), whereas we postulate that RA generates ROS
within intracellular compartments.

Previous work has suggested that the localization of
specific antioxidants plays a role in the mechanism by
which redox signalling is regulated (Halvey efal. 2005;
Mesquita etal. 2010). For example, epidermal growth
factor (EGF) binding to its cell surface receptor induces
intracellular H,O, production, a signal that is necessary
to induce proliferation (Mesquita et al. 2010). However,
analysis of redox couples in EGF-treated keratinocytes
showed that only cytosolic couples were affected, while
mitochondrial and nuclear pools remained unchanged
(Halvey etal. 2005). Thus, it appears that regional
localization of ROS signals is critical for regulating
the specificity of a certain signal (Watson etal. 2004).
Interestingly, our data indicated that RA + PEG-catalase
showed even higher levels of ROS production than RA
alone. The reasons for this are unknown. However,
PEG alone as well as PEG-conjugated enzymes such
as PEG-catalase can increase plasma membrane fluidity
(Beckman et al. 1988), and in endometrial cells a positive
correlation has been observed between membrane fluidity
and superoxide anion radical generation (Laloraya, 1990).
Further support for this suggestion is that both PEG
and PEG-catalase by themselves increased ROS levels in
HESC (data not shown). In contrast, these compounds
did not induce VEGF secretion, either alone, or in
combination with other agents supporting the hypothesis
that specifically compartmentalized ROS production may
be critical for signals involved in VEGF translation.

The biochemical mechanism by which RA increases
ROS is presently unknown. Our use of the H,O,-sensitive
fluorescent probe DCF for assessing ROS levels indicates
the generation of this peroxide as a result of retinoid
treatment. This observation is important since of all
ROS-producing cellular reactions, H,O, is believed to be
the primary ROS that acts as a second messenger in most
redox-sensitive signalling processes (Sauer etal. 2001).
Previous studies have indicated a variety of mechanisms
by which RA can induce oxidative stress in cells including
enhanced formation of hydroxyl anions (da Fronta et al.
2006), increased superoxide production (Kikuchi et al.
2010), and activation of the NADPH oxidase system
(Konopka etal. 2008). Enhancement of these systems
could result in increased lipid peroxidation as well as the
direct or indirect generation of H,O, (Kubow et al. 2000;
da Fronta et al. 2006).

Our results indicate that the mechanism by which RA
increases ROS is acting specifically through GSH-sensitive
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signalling pathways. Thus, RA treatment of HESC resulted
in an increase of the GSH/GSSG E;, and reflected a shift
to a more oxidative intracellular environment. These
data support previous studies showing the ability of
RA to decrease levels of GSH in chick chondrocytes
(Teixeira etal. 1996). Effects on the GSH redox system
by RA through transcriptional suppression of GSTP1-1
in human bladder and breast carcinoma cells, and in a
human keratinocyte cell line have also been reported (Xia
etal. 1996). However, we did not see this effect in HESC,
nor did RA oxidize Trx1. These findings demonstrate that
VEGF secretion as mediated by RA-induced oxidation may
in part rely on redox-sensitive elements that are regulated
by GSH redox states but are comparatively independent
of GSTP1-1 or Trx1 oxidation.

The inability of the VEGF transcriptional activators
as single agent treatments to upregulate VEGF protein
production in endometrial stromal cells appears to be
relatively unique; TPA, TGF-p, or IL-1p as single agents
have each been reported to stimulate VEGF protein
secretion in a variety of cell types including breast cancer,
keratinocytes, oviductal cells and macrophages (Frank
etal. 1995; Nasu et al. 2006; Ono, 2008; Kim et al. 2009).
The seemingly unique quality of VEGF regulation in
endometrial stromal cells is also emphasized by reports
showing that increased ROS levels per se (e.g. treatment
with H,O;) can stimulate VEGF protein secretion in some
cells and tissues (Fay et al. 2006; Feliers et al. 2006; Carriere
etal. 2009). This characteristic is clearly not evident in
HESC since RA and H, 0, were not by themselves effective
stimulators of VEGF production.

Downstream of ROS production, various redox-
sensitive mechanisms that involve translational regulation
of VEGF have been described. These include increased
translation of VEGF mRNA transcripts via two internal
ribosomal entry sites (IRES) located in the prominent
VEGF 5-untranslated region (Akiri efral 1998; Huez
etal. 1998). A precedent demonstrating the ability of
RA to induce IRES-mediated translation has been shown
in the case of mouse TrkB mRNA, which, like VEGE,
contains a complex secondary structure in its untranslated
region with two independent IRES (Timmerman etal.
2007). Using a dicistronic reporter system (Bert etal
2006), we were unable to validate RA stimulation of
IRES-mediated translation of VEGF in HESC (data
not shown). Another ROS-sensitive mechanism that has
been described for regulating VEGF translation involves
redox-sensitive kinase activity (Clerkin ef al. 2008; Zheng
etal. 2010). For example, c-myc stimulation of VEGF
mRNA translation is mediated by PI3K activation, which
is dependent on ROS production (Mezquita et al. 2005;
Clerkin et al. 2008). Finally, the VEGF chaperone protein
oxygen-regulated protein 150, which is up-regulated by
inducers of ROS and endoplasmic reticulum stress (e.g.
tunicamycin) (Dukes et al. 2008), increases the translation
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and extracellular release of VEGF (Ozawa etal. 2001;
Taylor et al. 2009).

We have speculated that one role played by retinoids
in the endometrium is to spatiotemporally regulate
VEGF secretion during the peri-implantation phase of
the menstrual cycle and in early pregnancy to sustain
embryonic development (Sidell et al. 2010). In addition to
the ability of RA to quickly stimulate VEGF secretion from
endometrial stromal cells, this hypothesis is supported
by a number of other observations: (i) endometrial
stromal cells and placental cytotrophoblasts can synthesize
RA from retinol during early decidualization and cyto-
trophoblast invasion (Zheng et al. 2000; Ulven et al. 2000;
Deng etal. 2003); (ii) RA production by endometrial
stromal cells is increased during in vitro decidualization
(Sidell etal. 2010); (iii) RA accumulates in human
secretory endometrium to functionally relevant levels
(Sidell etal. 2010); and (iv) retinoid receptors are pre-
ferentially expressed at the implantation site in humans
(Tarrade et al. 2000). We now show that the effects of RA
on VEGF production are, at least partly, mediated through
a tightly regulated increase in ROS production in end-
ometrial stromal cells. Other evidence for this mechanism
of RA regulation of VEGF in early angiogenic events
of pregnancy comes from in vivo studies demonstrating
reduced fecundity of rats treated with NAC (Harada et al.
2003). Findings of this work included a significant increase
in post-implantation pregnancy loss in NAC-treated rats
whose blood levels can be calculated to approximate the
NAC concentrations used in our in vitro assays to block
RA stimulation of VEGF secretion (250 mM).

Since ROS are important regulators of various signal
transduction cascades, including NF-«B (Gloire etal.
2006), PI3K/AKT (Barthel & Klotz, 2005) and MAP
kinase pathways (McCubrey etal. 2006), RA is likely
to modulate a variety of genes during critical stages
of embryonic implantation and early growth, including
ROS-sensitive gene networks in human endometrial
stromal cells (Leitao et al. 2010). In conclusion, although
the molecular mechanisms that regulate ROS levels during
the reproductive cycle have yet to be fully determined,
our findings predict that localized production of RA in
the pregnant uterus may be a principal factor in this
process. This activity suggests a novel mechanism through
which retinoid metabolism plays a fundamental role in
reproductive biology.
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