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A B S T R A C T

Introduction: The maternal endothelial dysfunction characteristic of preeclampsia arises, in part, from excessive
placental production of anti-angiogenic factors, including soluble Flt-1, soluble endoglin and activin A, inducing
oxidative stress. We assessed whether the antioxidant and NRF2-activator sulforaphane could mitigate en-
dothelial and trophoblast dysfunction in vitro.
Methods: We induced dysfunction in human umbilical vein endothelial cells (HUVECs) with TNF-α, assessing
endothelial activation and dysfunction (endothelin-1, vascular cell adhesion molecule; VCAM1, intracellular
adhesion molecule; ICAM1, e-selectin and endothelial permeability) in the presence or absence of sulforaphane.
We also assessed the effects of sulforaphane in mitigating hypoxic and hyperoxic injury in term placental ex-
plants by measuring secretion of anti-angiogenic factors. To assess the role of NRF2 we silenced NRF2 in HUVECs
and primary trophoblast cells.
Results: Sulforaphane reduced TNF-α mediated HUVEC secretion of endothelin-1, VCAM1, ICAM1 and E-se-
lectin, and prevented increased endothelial permeability. In placental explants, sulforaphane reduced the se-
cretion of soluble Flt-1, soluble endoglin and activin A. Sulforaphane induced activation and nuclear translo-
cation of NRF2 in HUVECs, inducing heme oxygenase 1. NRF2 silencing blocked some but not all of
sulforaphane’s effects in HUVECs. NRF2 silencing did not prevent sulforaphane’s inhibition of trophobast se-
cretion of soluble Flt-1 or activin A.
Conclusion: In reducing placental and endothelial oxidative stress, sulforaphane may offer a new adjuvant
therapeutic approach for the treatment of preeclampsia.

1. Introduction

Preeclampsia remains a significant cause of maternal and perinatal
morbidity and mortality, and is a leading cause of iatrogenic preterm
birth [1]. The mainstay of care of women with preeclampsia is con-
trolling maternal blood pressure to safely allow prolongation of preg-
nancy to improve fetal maturation [1,2]. This focus of management on
the hypertension has not substantially changed in over 50 years [3].
However, over the last decade, insights into the mechanisms underlying
the hypertension and maternal organ dysfunction have identified pro-
mising new avenues for other approaches to management [3].

In particular, inadequate placentation from the beginning of preg-
nancy is thought to result in sustained and progressive ischemic-re-
perfusion injury to the placenta across pregnancy [4,5]. This injury in
turn underlies the excessive placental release of anti-angiogenic va-
soactive substances, such as soluble fms-like tyrosine kinase-1 (sFlt-1),
soluble endoglin (sEng) and activin A [6,7], that, via oxidative stress,
induce systemic inflammation and endothelial damage, vasoconstric-
tion, hypertension and other end-organ damage [7–11]. Recognition of
inflammation and endothelial damage as key contributors to the de-
velopment of preeclampsia has better enabled more precise pharma-
cological targeting as potential adjunctive therapeutic approaches [3].
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By protecting the endothelium, reducing systemic inflammatory stress
and minimizing placental production of vasoactive compounds, halting
disease progression is, perhaps, a realistic prospect.

Nuclear factor erythroid 2–related factor 2 (NRF2) is an endogenous
inducer of cellular antioxidants [12]. Under physiological conditions
bioavailable levels of NRF2 are regulated through cytosolic binding to
Kelch-like-ECH-associated protein-1 (KEAP-1) by preventing its pro-
teasomal degradation [12,13]. Exposure to oxidative stress induces
modifications in KEAP-1, allowing NRF2 to translocate to the cell nu-
cleus. There, NRF2 stimulates the antioxidant response element (ARE)
leading to the transcription of a cassette of cellular antioxidants such as
heme oxygenase-1, (HO-1), NAD(P)H dehydrogenase (NQO1) and
glutathione S-transferase (GST) [12,14]. Exogenous stimulation of
NRF2 has been shown to restore endothelial health and attenuate the
damaging effects of vasoactive compounds in preeclampsia [12]. This
suggests that the administration of a NRF2 activator may be an effective
adjunctive therapy for preeclampsia [12,14].

Sulforaphane, a naturally occurring organosulfur present in cruci-
ferous vegetables, is a NRF2 inducer that exerts both antioxidant and
anti-inflammatory actions via the Nrf2/ARE pathway [15,16]. By in-
ducing cysteine modifications to KEAP-1, sulforaphane preserves NRF2
stability, promotes cytosolic transcription, and facilitates nuclear
translocation of NRF2 [13,17]. In various small animal models, sul-
foraphane has been shown to protect endothelial function and improve
retinal, renal and liver function following ischaemic-reperfusion in-
juries [18–21]. It is also a promising therapy in cardiovascular disease
such as chronic hypertension and atherosclerosis [22,23].

We hypothesize that sulforaphane may have utility as an adjunctive
therapy for preeclampsia. Here we used in vitro models of preeclampsia
to assess the endothelial and placental protective capacity of sulfor-
aphane.

2. Materials and methods

2.1. Ethics

The Monash Health Human Research Ethics Committee approved
the collection of placentae, umbilical cords and serum and informed
written consent was obtained from each patient prior to collection.
Healthy singleton term human placentae and cords for human umbilical
vein endothelial cell (HUVEC), and trophoblastexplant and villous cy-
totrophoblast culture were collected at the time of caesarean section.
Exclusion criteria were: smoking, alcohol and drug abuse, multiple
pregnancies, < 38weeks, BMI > 35, pre-existing hypertension, renal
disease, diabetes, thyroid dysfunction, metabolic syndrome or pre-
eclampsia in a previous pregnancy. Exclusions were made for the fol-
lowing medications; antihypertensive, aspirin, non-steroidal anti-in-
flammatory drugs or thyroid medications. Serum was obtained from
women diagnosed with preeclampsia according to SOMANZ guidelines,
[2] immediately prior to delivery.

2.2. Human umbilical vein endothelial cell culture

HUVECs were isolated from umbilical cords collected from healthy
term pregnancies (n=5–7) at the time of caesarean section, as pre-
viously described [24]. Briefly, cells were cultured in M199 medium
(Gibco-BRL), 10% fetal calf serum (FCS), epidermal and fibroblast
growth factors (10 ng/ml), heparin (90ug/ml), 1% streptomycin sul-
phate (100 μg/ml) and amphotericin B (0.25 μg/ml; Invitrogen). Flasks
were coated with 0.2% gelatin before seeding with isolated HUVECs.
Cells were incubated and expanded in 5% CO2, 70% N2, and 25% O2 at
37 °C with cultures for experimentation taken from second and third
passages.

2.3. Markers of endothelial cell activation

The markers of endothelial cell activation were quantified in
HUVECs treated with sulforaphane (Sigma-Aldrich, St. Louis, MO,
S6317-5MG; 5 μM, 10 μM, 20 μM) and/or TNFα (1 ng/ml, Thermo
Fisher Scientific PHC3015) for 24 h, via flow cytometry, expressed as
mean flow index (MFI). Briefly, HUVECs were mechanically scraped
from their flasks prior to staining with one of the following antibodies,
with synonyms, antibody dilutions and catalogue numbers shown in
parentheses: CD54-Pacific Blue (intracellular adhesion molecule;
ICAM1, 1:100, 353109), CD106-PE (vascular cell adhesion molecule;
VCAM1, 1:50, 305805) CD62E-APC (E-selectin, 1:100, 336011) and
staining was compared against their appropriate isotype controls.
Antibodies and isotype controls were obtained from Biolegend (San
Diego, CA). HUVECs were incubated on ice with either antibodies or
isotype controls for 20min prior to washing and fixing in 1% paraf-
ormaldehyde in FACS buffer. The markers of endothelial cell activation
were then analyzed on a BD FACS Canto II (BD Biosciences, San Jose,
CA). Analysis was performed using FlowJo cytometric analysis software
(Tree Star, Oakland, OR).

2.4. Endothelin-1 and 8-isoprostane production by HUVECs

Endothelin-1 (ET-1) levels were determined in the supernatants of
HUVECs treated with sulforaphane (Sigma-Aldrich, St. Louis, MO,
S6317-5MG; 5 μM, 10 μM, 20 μM) and/or TNFα (1 ng/ml) for 24 h via
ELISA (DET100, R&D systems, Minneapolis, MN). Level of 8-iso-
prostane, a marker of oxidative stress, was measured in the same cul-
ture supernatants by enzyme immunoassay (Caymen Chemicals, Ann
Arbor, MI). All assays were performed according to manufacturer’s in-
structions

2.5. Endothelial cell permeability

Integrity of the endothelial cell monolayer following TNFα treat-
ment was assessed via a FITC-dextran based permeability assay.
HUVECs were plated in gelatinized polycarbonate transwell inserts
(Corning, Oneonta, NY; 0.4 μM, 6.5 mm, 24 well plate) at a density of
50,000 cell insert, and incubated at 37 °C for 3 days to form a mono-
layer. Cells were then treated with recombinant TNFα at an optimized
dose (100 ng/ml) in the presence or absence of sulforaphane (20 μM)
for 24 h. At the end of the treatment period, culture media was removed
from both the upper and lower chambers, and 1mg/ml FITC-dextran
(Sigma-Aldrich; MW 40,000) in culture media was added to the upper
chamber, whilst fresh culture media was added to the lower chamber.
Cells were then incubated for 1 h at 37 °C. Media was removed from the
lower chamber and diluted 1:20 with PBS in a black-walled 96-well
plate before fluorescence readings were obtained at 485 nm excitation
and 535 nm emission.

Endothelial cell permeability following treatment with serum from
women with preeclampsia (5% serum in M199 Medium supplemented
with 1% antibiotics and 1% L-Glutamine) was measured using the 24-
well in vitro vascular permeability assay kit (Merck Millipore, Billerica,
MA). The assay was performed according to manufacturer’s instruc-
tions. Endothelial cells treated with serum from gestation matched
healthy pregnant women were used as controls.

2.6. Placental explant culture

Immediately after collection, several cotelydons were removed from
the placenta and rinsed in chilled 1x Hank’s Balanced Salt Solution
(HBSS) to remove blood. Samples were submerged in 1x HBSS in a petri
dish while villous tissue was gently dissected from major connective
tissue and vasculature. Placental villous explants (50mg) were then
cultured on a 6 well plate with Medium 199 (Life Technologies,
Carlsbad, CA) supplemented with 1% Antibiotics (Life Technologies)
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and 1% L-Glutamine (Life Technologies).
One group of placental explants (n=6) was treated with xanthine/

xanthine oxidase (X/XO) (Sigma-Aldrich; 2.3mM X and 15mU/ml XO),
to induce oxidative stress, in the presence or absence of sulforaphane
(5 μM, 10 μM and 20 μM). Placental explants treated with media only
were used as negative controls. These explants were cultured in 5% O2

at 37 °C for 24 h. Another group of placental explants (n= 6) were
exposed to 1% O2 in the presence or absence of sulforaphane (5 μM,
10 μM and 20 μM) at 37 °C for 24 h. Placental explants exposed to 5%
O2 were used as negative controls. After 24 h of incubation, culture
media was removed and stored at −80 °C with 0.005% butylated hy-
droxytoluene (BHT, Sigma-aldrich, St. Louis, MO; W218405) to prevent
radical formation and degradation of 8-isoprostane.

2.7. Placental villous cytotrophoblast culture

Cotelydons were randomly excised from placentae (n=6), the
basal plate removed and samples washed in ice-cold 1x HBBS to remove
residual blood and encourage villous segmentation. Samples were
placed in a petri dish and submerged in 1x HBSS. Villi (20–25 g) were
separated from vessels and exposed to three digestions in low glucose
DMEM (Life technologies; 316000083) with 7.5ml of 2.5% trypsin (Life
Technologies; 15090046), 0.19 g of Dispase Grade II (Life Technologies;
17105–041) and 150uL of bovine DNase I Grade II (Sigma-Aldrich;
10104159001) for 15min in a 37 °C water bath. Between each digestion
supernatant was collected, filtered through a cell strainer and held at
room temperature until all incubations were completed. Samples were
centrifuged at 350 g, 4 °C for 5min, the supernatant discarded and the
pellet resuspended in complete trophoblast media (DMEM/F12 Life
Technologies; 11330-057, 1% antimycotic-antibiotic Life Technologies
15; 140-122 and Life Technologies; 15240-062). Percoll gradient se-
paration (5–70% GE Healthcare; 17-0891-01) was used with cen-
trifugation at 1200 g, 4 °C for 20min to isolate a layer of villous cyto-
trophoblasts. These were diluted in complete trophoblast media and
plated at 0.7 million cells per well on a 24 well plate. All samples were
incubated at 37 °C in 8% oxygen for 24 h to encourage adhesion and
proliferation.

Samples were randomly divided into two treatment groups. The first
X/XO (2.3mM X and 15mU/m XO) in the presence or absence of sul-
forapahane (20 μM) in 8% oxygen. The second group was placed in 1%
oxygen in the presence or absence of sulforaphane (20 μM). Negative
controls either received sulforaphane or not and did not undergo
treatment. Samples were incubated at 37 °C in their respective oxygen
incubators for a further 24 h.

2.8. Small interfering RNA transfection

HUVECs and placental explants were reverse transfected with single
stranded small interfering RNA (siRNA) directed towards NRF2,
scrambled sequence (negative control) or GAPDH (positive control)
with the use of Lipofectamine RNAimax Reagent (all from Life
Technologies, Carlsbad, CA), according to manufacturer’s instructions.
All experiments were completed within 4 days of transfection as de-
scribed below. Samples were returned to 8% oxygen, 37 °C and in-
cubated for a further 24 h.

2.9. Assays

Commercial ELISAs were used in accordance with manufacturer
guidelines. Levels of sFlt-1 (R&D Systems, Minneapolis, Human VEGF
R1/Flt1 DVR100B dilution: 1:25) and sEng (R&D Systems, Minneapolis
Human Endoglin/CD105 DNDG00 dilution: neat) were tested in the
supernatant of hypoxic samples while concentrations of 8-isoprostane
(Cayman, Ann Arbour, 8-isoprostane 516,351 dilution 1:50) and activin
A (R&D Systems, Minneapolis DAC00B dilution: 1:2) were evaluated in
the supernatant of X/XO treated samples.

2.10. Protein extraction

HUVEC and placental supernatant was collected and stored at
−80 °C with 0.005% BHT (Sigma-Aldrich) to prevent radical formation
and degradation of 8-isoprostane. Protein was extracted using physical
cell scraping in the presence of lysis buffer (made in house) and pro-
tease inhibitor (Sigma-Aldrich; 11697498001). Centrifugation was used
to separate cellular debris and the resulting supernatant was stored at
−80 °C prior to analysis with western blot.

2.11. Western blot

HUVEC cultures were assessed for NRF2 activation and antioxidant
response by determining nuclear NRF2 translocation and HO-1 protein
levels. Confirmation of siRNA knockdown was also performed using
western blot for HO-1. Nuclear and cytoplasmic fractions were isolated
using NE-PER reagents (Thermofisher) Protein levels were quantified
using BCA. Western blots were performed as previously described [8].
Membranes were blocked with 5% skim milk in 1 x HBBS with 0.1%
Tween-20 for 1 h prior to probing with antibodies. The primary anti-
body HO-1 (ab52947, 1:2000, Abcam) was diluted in blocking buffer
and incubated at 4 °C overnight. Membranes were incubated in sec-
ondary anti-rabbit antibody (sc-2004, 1:10000, Abcam) with blocking
buffer for one hour at room temperature, prior to imaging (biorad
ChemiDoc, Western ECL substrate, 170–5060). Membranes were then
washed and incubated in primary beta actin antibody for cytosoloic
fractions (sc-47778, 1:5000, Abcam) or HDAC1 for nuclear fractions
(ab7028, 1:2000, Abcam) and secondary anti-mouse (sc-2005, 1:20000,
Abcam) each for one hour at room temperature.

2.12. Statistical analyses

Statistical analyses were performed using one-way ANOVA followed
by multiple comparisons with a Tukey post-hoc test. Groups were
considered to be significantly different if P < 0.05. All data were
analysed using GraphPad Prism 7.0 (GraphPad Software, La Jolla, CA).

3. Results

3.1. Sulforaphane increased NRF2 protein levels, NRF2 nuclear
translocation and HO-1 protein levels in HUVECs

Treatment of HUVECs with TNF-α did not induce NRF2 nuclear
translocation (Fig. 1A) or total NRF2 (Fig. 1B). Treatment of HUVECs
with sulforaphane increased nuclear translocation of NRF2 3-fold with
a corresponding 4-fold increase in total NRF2, compared with untreated
and TNF-α alone treated HUVECs (Fig. 1A & C; p < 0.01, Fig. 1B & C;
p < 0.0001). This was associated with an almost 4-fold increase in HO-
1 protein levels compared to TNF-α treatment alone (Fig. 1D p= 0.04),
confirmed by western blot (Fig. 1E).

3.2. Sulforaphane ameliorated endothelial cell dysfunction in vitro

Treatment of HUVECs with TNFα significantly increased the ex-
pression of ICAM1, VCAM1 and E-selectin (P < 0.001; Fig. 2A–C).
These effects were mitigated by sulforaphane in a dose-dependent
manner (Fig. 2A–C; p < 0.01). TNF-α treatment of HUVECs also in-
creased expression of ET-1 (p= 0.004). Only the highest dose of sul-
foraphane (20 μM) significantly mitigated this effect (Fig. 2D,
p=0.04). At 20 μM sulforaphane also attenuated both TNF-α and
preeclamptic serum stimulated increases in endothelial cell monolayer
permeability (Fig. 2E; p=0.001 & Fig. 2F; p= 0.04, respectively, ex-
pressed as fold change from control).
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3.3. Nrf2 knockdown blocked some of the endothelial cell effects of
sulforaphane

To determine the involvement of NRF2 as a mediator of sulfor-
aphane on in vitro endothelial function, we silenced NRF2 with siRNA.
In the presence of NRF2 silencing sulforaphane neither increased HO-1
in HUVECs (Fig. 3A & B) nor prevented TNF-α induced increased en-
dothelial monolayer permeability (Fig. 3C, expressed as fold change
from control). NRF2 silencing prevented the TNF-α-induced increase in
ICAM-1 (Fig. 3D) but it did not block sulforaphane’s mitigation of TNF-
α induction of VCAM-1 and E-selectin (Fig. 3E & 3F respectively; all
p < 0.05). Silencing NRF2 blocked the TNF-α-induced increases in ET-
1 and the oxidative stress marker 8-isoprostane, preventing any injury
and therefore any assessment of sulforaphane (Fig. 3G & H respec-
tively).

3.4. Sulforaphane altered placental explant and isolated trophoblast
secretion of vasoactive compounds

We then sought to evaluate the effects of sulforaphane on the pla-
cental secretion of the vasoactive compounds sFlt-1 and soluble sEng
following hypoxic injury (1% O2). Both compounds are elevated in the
serum of preeclamptic women and have been implicated in the en-
dothelial dysfunction that underlies disease progression. Placental ex-
plant culture in 1% O2 significantly increased sFlt-1 (p= 0.04) and
sEng, (p= 0.005) secretion (Fig. 4A and 4B), an effect prevented by
sulforaphane at 20 μM, but not at lower concentrations (sFlt-1: Fig. 4A,
p=0.047) and (sEng: Fig. 4B, p=0.02).

Mimicking oxidative injury, exposure of placental explants to X/XO
significantly increased activin A secretion (p= 0.004), an effect miti-
gated by sulforaphane treatment at 10 μM and 20 μM concentrations
(Fig. 4C p= 0.03, p=0.047).

Fig. 1. Nrf2 and HO-1 protein expression in HUVECs treated with sulforaphane. (A) Nrf2 nuclear translocation and (B) total Nrf2 protein expression were measured
6 h after HUVECs were treated with media only, TNF-α (100 ng/ml) or TNF-α with 20 μM sulforaphane. (C) Representative western blot image for Nrf2 are shown
with white space indicating noncontiguous lanes from the same blot. (D) Total HO-1 expression measured 24-hours after treatments and a (E) representative western
blot image. Data are expressed as mean ± SEM. *P < 0.05, **P < 0.01, ****P < 0.0001. n=6 cell lines from independent placental donors.
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We then used isolated villous cytotrophoblasts to explore the effect
of sulforaphane in ameliorating production of sFlt-1, sEng, activin A
and 8-isporostane. Incubation in 1% O2 did not significantly increase
trophoblast production of sFlt-1 (Fig. 5A) or sEng (Fig. 5B). However,
administration of sulforaphane (20 μM) significantly reduced sFlt-1
secretion, compared to normoxic controls (p= 0.0006) and hypoxic
culture (p=0.0003). There were no effects of sulforaphane on sEng
secretion (p= 1.0).

Treatment of isolated trophoblasts with X/XO significantly in-
creased secretion of both activin A (p= 0.006) and 8-isoprostane
(p=0.009). Sulforaphane (20 μM) prevented the increase in activin A

(p= 0.02) but not 8-isoprostane.
To explore whether the effects of sulforaphane in villous cyto-

trophoblasts were mediated via the NRF2 pathway we used single
stranded silencing RNA directed at NRF2 to block this pathway. Despite
NRF2 silencing, sulforaphane continued to decrease sFlt-1 secretion
from trophoblasts compared to both normoxic (p= 0.04) and hypoxic
(p= 0.001) cultures. Similarly, NRF2 silencing did not block sulfor-
aphane mitigation of X/XO-induced activin A secretion (p=0.01).
Paradoxically, we observed a rise in soluble endoglin (p=0.007) when
sulforaphane was administered to NRF2 silenced cells under hypoxic
conditions (Fig. 5).

Fig. 2. Effect of sulforaphane treatment on hallmarks of endothelial dysfunction in vitro. Expression of (A) ICAM1, (B) VCAM1 and (C) E-selectin measured 6 h after
HUVECs were treated with either media only, TNF-α (1 ng/ml figures a-d or 100 ng/ml figures e-f) or TNF-α with 3 different doses of sulforaphane (5 μM, 10 μM,
20 μM) as measured using flow cytometry. Protein levels of (D) endothelin-1 in culture supernatants collected 24-hours after treatment was measured using ELISA.
(E) FITC-dextran permeability through HUVEC monolayers treated with either media only, TNF-α (100 ng/ml) or TNF-α and 20 μM sulforaphane following 24 h of
treatment, expressed as fold change from control. (F) FITC-dextran permeability in HUVEC monolayers 24 h after treatment with either serum from normal pregnant
women (NP serum), with serum from preeclamptic women (PE serum) or with PE serum and 20 μM sulforaphane, expressed as fold change from control. Data are
expressed as mean ± SEM. *P < 0.05, **P < 0.01, ****P < 0.0001. n=5–7 cell lines from independent placental donors.
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Fig. 3. Nrf2 knockdown. HUVECs were transfected with small interfering RNA directed towards Nrf2 (siNrf2) and treated with either media only, TNF-α only (1 ng/
ml figures a,b, d-f and 100 ng/ml figure c) or TNF-α with 20 μM sulforaphane. HUVECs transfected with small interfering RNA containing a scrambled sequence
(scrambled siRNA) and then exposed to the treatments were used as controls. (A) Total HO-1 protein expression in HUVECs 24-hours after treatment measured using
western blot. (B) Representative images for HO-1 western blot. Additionally, after 24-hours FITC-dextran permeability though (C) HUVEC monolayers was measured,
expressed as fold change from control. Expression of (D) ICAM1, (E) VCAM1 and (F) E-selectin was measured 6 h after treatment using flow cytometry. Levels of (G)
endothelin-1 and (H) 8-isoprostane in HUVEC culture supernatants were measured 24 h after treatment using ELISA and EIA respectively. Data are expressed as
mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. n=5–6 cell lines from independent placental donors.
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We saw no significant changes in HO-1 protein expression in any
treatment group (data not shown).

4. Discussion

Here we have shown that sulforaphane is able to protect endothelial
cells and reduce placental secretion of vasoactive compounds.
Specifically, in endothelial cells sulforaphane reduced TNF-α induced
endothelial monolayer permeability and the secretion of ET-1, ICAM,
VCAM and E-selectin. In placental explants, sulforaphane reduced se-
cretion of factors known to be upregulated by preeclampsia, including
sFlt-1, sEng and activin A. While NRF2 silencing blocked the effects of
sulforaphane in HUVECs, it did not prevent the sulforaphane-induced
decrease in trophoblast secretion of sFlt-1 or activin A, suggesting that
some of sulforaphane’s actions operate through pathways other than
NRF2.

Following the observation that oxidative stress was a likely common
pathway causing the maternal endothelial dysfunction underlying
preeclampsia, [25–27] there has been much interest in antioxidants as
preventative therapies [28–31]. While the results from small clinical
trials were promising [32], large randomized clinical trials of vitamin C
and E failed to show benefit [33,34]. As vitamin C and E act in a
downstream manner, reducing intracellular superoxide and inducing
endothelial nitric oxide synthase (eNOS) activation, [35] it is possible
that this post-transcriptional approach to antioxidant defense is too late
in the disease cascade. Rather than an exogenous antioxidant approach,
we suggest that promoting and harnessing endogenous defenses may be
more effective.

This is not a new suggestion. Statins are known to induce the NRF2
pathway [36] and reduce markers of preeclampsia [37]. A pilot clinical
trial suggested that pravastatin was safe in early pregnancy and may be
an effective preventative. Results of larger trials are awaited. Resvera-
trol is another NRF2 activator that we, [38] and others, [39] have
shown can reduce trophoblast secretion of anti-angiogenic factors sFlt-
1, sEng and activin A, and can mitigate endothelial dysfunction in vitro.
However, it was recently reported that resveratrol may adversely affect
fetal pancreatic development [40]. Given these safety concerns we ex-
plored another NRF2 regulator, sulforaphane. Despite clinical evidence
of the safety and efficacy of sulforaphane, this compound has yet to be
evaluated in pregnant women or in models of preeclampsia [41–43].
Therefore, as a first step our intent was to evaluate sulforaphane in vitro,
using concentrations of sulforaphane similar to therapeutic in vitro le-
vels [41–43].

We confirmed that sulforaphane improves endothelial health in
HUVECs treated with TNFα. Others have shown that sulforaphane re-
duced TNFα-induced expression of VCAM and ICAM in human en-
dothelial cell types [44,45]. As with resveratrol, [38] sulforaphane
mitigated the placental secretion of sFlt-1, sEng and activin A. This
prompted us to undertake experiments with isolated villous cyto-
trophoblasts. However, simulating hypoxic-reperfusion placental injury
by hypoxia (1% oxygen) did not increase sFlt-1 or sEng secretion from
villous cytotrophoblasts as it did in placental explants [46,47]. This has
been reported by others [48]. We believe that this is most likely due to
abnormal syncytial formation under hypoxic conditions [49]. However,
sulforaphane did significantly reduce the secretion of sFlt-1 and activin
A. Taken together, our observations suggest that sulforaphane may

Fig. 4. Effect of sulforaphane treatment on cultured placental explants in vitro. Explants were incubated for 24 h in 5% oxygen 37°c in either media only or media
with X/XO solution, or in 1% oxygen 37°c for 24 h, in the presence or absence of sulforaphane (5 μM, 10 μM and 20 μM). Levels of (A) sFlt-1 and (B) sEng were
quantified using ELISA from culture media of hypoxic samples after 24 h of treatment. (C) The level of activin A quantified using ELISA from culture media of X/XO
treated samples after 24 h of treatment. Data are expressed as mean ± SEM. *P < 0.05, **P < 0.01, ****P < 0.0001. n=6 explants from independent placental
donors.
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offer promise as a preventative and adjuvant treatment for pre-
eclampsia and that clinical trials would be worthwhile.

A novel aspect to our study is that we silenced the NRF2 pathway to
explore the involvement of NRF2 in sulforaphane’s effects. As we did,
others have shown that the sulforaphane-induced decrease in adhesion
molecules expression was independent of NRF2 [44,45]. We also found
that sulforaphane suppression of sFlt-1 and activin A secretion from
villous cytotrophoblasts was maintained after NRF2 knockdown. This
suggests that sulforaphane confers placental protection through me-
chanisms beyond the NRF2 pathway. Whether NRF2 silencing results in
cell death has yet to be confirmed but we observed no difference in
protein levels between treatment groups (data not shown) suggesting
that this was not the case. The role of NRF2 signaling and HO-1 protein
abundance in villous cytotrophoblasts remains unclear [39]. Studies
advocating antioxidant-mediated cytoprotection via the NRF2/HO-1
pathway did not use villous cytotrophoblasts [50]. In fact, HO-1 acti-
vation in primary cytotrophoblasts did not confer cellular protection,
nor did silencing HO-1 increase secretion of antiangiogenic compounds
[51]. Therefore, in villous cytotrophoblasts, sulforaphane may act via
alternate antioxidant pathways such as Rho A/ROCK and NF-κB sig-
naling [45].

Sulforaphane influences TGF-β signaling, inhibiting the pro-in-
flammatory 2/3 pathway and stimulating Samd1/5/8 to reduce im-
mune activation [52,53] and improve cellular function, independently
of NRF2. That sEng secretion from cytotrophoblast cells increased
under hypoxic conditions in the presence of sulforaphane following

NRF2 knockdown further implicates TGF-β signaling. As a co-receptor
for the TGF-β receptor, endoglin mediates a pro-angiogenic effect via
the TGF-βRII/ALK1/Smad1/5/8 signaling cascade, a mechanism in-
volved in vascular proliferation and migration [54,55]. This pathway is
strongly linked to angiogenic maintenance through activation of eNOS
and vessel dilation. Though the exact mechanisms remain unclear, sEng
is believed to induce Smad 2/3 anti-angiogenic signaling, resulting in
inflammation and endothelial dysfunction [55]. As such, by accent-
uating TGF-β 1/5/8 signaling, sulforaphane may induce a positive
feedback mechanism to increase endoglin synthesis [56]. This me-
chanism is important given that TGF-β signaling has been implicated in
structural abnormalities of preeclamptic placentae [57].

In summary, we have shown that sulforaphane is both endothelial
protective, largely though not solely via NRF2 mediated antioxidant
actions, and has protective effects in reducing the placental production
of antiangiogenic compounds. However, the lack of ability of sulfor-
aphane to mitigate all injury, in either endothelial cells or trophoblast,
likely reflects the multiple pathways underlying such injuries, only
some of which are targeted by sulforaphane. Similarly, that some of the
actions of sulforaphane are not blocked by NRF2 silencing suggests
other, as yet unknown, mechanisms of action. It is clear that the de-
velopment of novel preventative and therapeutic agents in pre-
eclampsia remains dependent on further elucidation of the fundamental
pathogenesis of the disease. That said, we suggest that the data reported
here support further study of sulforaphane as a potential adjuvant
therapy for preeclampsia.

Fig. 5. Effect of sulforaphane on treated placental villous cytotrophoblasts. Trophoblasts were incubated for 24 h in 8% oxygen at 37°c before silencing with single
stranded mRNA silencing sequence directed at Nrf2 or scrambled negative sequence. After 48 h, samples were treated with either X/XO and returned to 8% oxygen at
37°c, or moved to a hypoxic environment of 1% oxygen at 37°c, in the presence of absence of sulforaphane (20 μM). At 72 h levels of (A) sFlt-1 and (B) sEng were
quantified in hypoxic supernatant and (C) activin A and (D) 8-isoprostane measured in X/XO treated culture media. Data are expressed as mean ± SEM. *P < 0.05,
**P < 0.01, ****P < 0.0001. n= 6 placentae.
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