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Preeclampsia (PE) is a complex disease with unclear etiology. It is the most
dangerous human pregnancy disease, causing morbidity and mortality in
thousands of women and newborns worldwide. The soluble fms-like tyrosine
kinase-1 (sFlt-1) to placental growth factor (PIGF) ratio is currently the best and
only predictive biomarker. The higher the ratio, the more likely the pregnant
women will develop PE. The molecular mechanism underlying the increased
sFIt-1/PIGF ratio is not known. Here, we show that amino acid transporter LAT1
(SLC7AS) and transcription factor NRF2 regulate this ratio via a previously
unknown mechanism to produce sFlt-1 and PIGF in an anti-angiogenic ratio as
observed in PE. In addition, we show that PE-associated oxidative stress, whose
origin was unknown, is a secondary phenomenon caused by reduced NRF2 and

LATI activity. The interdependence of the involved proteins, including also
ATF4, Flt-1 and Akt, indicates that any disruption of the interaction would
ultimately lead to a PE-like phenotype.

Preeclampsia (PE), a complex disease of human pregnancy, is a leading
cause of maternal and neonatal morbidity and mortality. The treat-
ment options are limited, and in many cases the only way to save the
lives of women and fetuses is - often premature - delivery. The long-
term health effects include cardiovascular and metabolic diseases in
later life of both women and infants, and neurodevelopmental dis-
orders of infants®*.

PE is diagnosed by (sudden) onset of maternal hypertension
combined with at least one other complication, e.g., maternal organ

dysfunction, and proteinuria®. There are striking differences in the
severity and progression of the disease’. The currently best predictive
biomarker is the increased soluble fms-like tyrosine kinase-1 (sFlt-1) to
placental growth factor (PIGF)’ ratio (Supplementary Fig. 1A). PIGF is a
member of the vascular endothelial growth factor (VEGF) family and
predominantly expressed in the placenta®. Flt-1, also known as VEGF
receptor (VEGFR)], is able to antagonise pro-angiogenic PIGF or VEGF-
A in its soluble form sFlt-1, resulting in less Flt-1 autophosphorylation
and impaired downstream signalling (e.g., PIK3/Akt)"%.
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The etiology of PE is unclear™’. In preeclamptic placentas insuffi-
cient spiral artery remodelling occurs’. This leads to high blood pres-
sure in the intervillous space (Supplementary Fig. 1B) and
uteroplacental malperfusion. Both factors stress the syncytiotropho-
blast (STB), the outer epithelial cell layer covering the placental villi
that are in contact with maternal blood"”. Oxidative stress is one of the
hallmarks of the stressed STB*. It is unknown whether the PE-related
oxidative stress of placental cells is a cause or a consequence of the
disease'.

Cellular oxidative stress is primarily controlled by the nuclear
factor erythroid 2-related factor (NRF)2/Kelch-like ECH-associated
protein (Keap)l system. When cellular oxidative stress increases,
cysteine residues on Keapl are oxidised, which leads to the release of
NRF2". Unbound NRF2 becomes phosphorylated and migrates to the
nucleus where it acts as a transcription factor for numerous genes
(Supplementary Fig. 2), including ABC transporters (e.g., multidrug
resistance-associated protein (MRP)1) and proteins essentially
required in glutathione (GSH)-driven redox homeostasis'>. Metabolism
continuously generates reactive oxygen species (ROS). This requires a
constant and rapid supply of GSH, the most abundant intracellular low
molecular weight thiol compound that protects against oxidative
damage™" (Supplementary Fig. 2). The specific conditions under
which NRF2 is involved in the pathogenesis of PE are unclear®”.

GSH synthesis depends on the availability of its precursor amino
acids. The functionally relevant amino acid of the tripeptide GSH is
cysteine, as its sulfhydryl group is involved in redox and conjugation
reactions'®. L-type amino acid transporter (LAT)1 (SLC7AS) is abun-
dantly expressed at the apical side of the STBY. Along with
leucine, LAT1 mainly imports methionine that serves via the
S-adenosylmethionine (SAM) cycle as intracellular cysteine
reservoir'®”®. Under amino acid deprivation activating transcription
factor (ATF)4 is upregulated to induce the transcription of antioxidant
genes’®?, ATF4, mainly involved in mitigating ER stress and proper
function of amino acid metabolism, has higher transcriptional activity
in preeclamptic placentas, and downregulates PIGF expression?.

Here, primary human trophoblast cells (hTCs) and HTR-8/SVneo
cells, an immortalised first trimester trophoblast cell line?, were used
to investigate how LAT1 and the NRF2/Keapl system interact and how
this interaction affects the sFIt-1/PIGF ratio indicative of a PE-like
phenotype. We show that LAT1 deficiency causes an ATF4-mediated
upregulation of sFlt-1, and downregulation of PIGF, resulting in lower
Flt-1 signalling. Lower Flt-1-related Akt activation reduces NRF2 activ-
ity, ultimately increasing cellular susceptibility for oxidative stress. The
lack of LAT1 also leads to reduced import of methionine, an important
source of cysteine, which is required for GSH synthesis. Key findings on
this molecular mechanism were confirmed in a mouse model using a
LAT1-specific inhibitor. We further show that the anti-angiogenic
expression of sFlt-1 and PIGF by trophoblast cells makes primary pla-
cental endothelial cells (PLECs) more susceptible to oxidative stress via
paracrine signalling. Taken together, this study reveals a so far
unknown molecular mechanism that describes how PE-derived tro-
phoblast cells are generating anti-angiogenic conditions.

Results
Functional characterisation of PE-derived trophoblasts
Similar to the increased sFlt-1/PIGF ratio observed in the serum of
women affected by PE°, primary human trophoblast cells (hTCs) iso-
lated from PE placentas showed an increased sFlt-1/PIGF ratio (Fig. 1A)
by the release of more sFlt-1and less PIGF (Supplementary Fig. 3A); the
corresponding mRNA levels matched well (Supplementary Fig. 3B).
The elevated sFIt-1/PIGF ratio led to reduced Flt-1 signalling
demonstrated by less phosphorylated Flt-1 and consequently less
phosphorylated Akt, a downstream target of Flt-1 (Fig. 1B). In accor-
dance with lower PGF (PIGF) transcription, ATF4 expression was
upregulated in hTCs from PE placentas (Fig. 1C), likely because of

impaired amino acid uptake (Fig. 1D). The diminished uptake of leucine
and methionine in hTCs from PE placentas fitted well with the reduced
expression of uptake transporter LAT1 on the protein (Fig. 1E) and
mRNA (Fig. 1H) level.

Methylmercury (MeHg) bound to cysteine is another substrate of
LAT1#, as the compound structurally mimics methionine®. In accor-
dance with reduced LAT1 function, PE-derived hTCs showed lower
cellular Hg levels (Fig. 1F). Furthermore, MeHg is a well-known oxida-
tive stressor, also of placental cells*® and we observed increased sen-
sitivity of PE-derived hTCs to the metal (Fig. 1G). This finding is
supported by the lower levels of NFE2L2 (encodes NRF2) (Fig. 1H),
which is normally activated in response to oxidative stress. In line with
lower NRF2, mRNA levels of its target ABCCI (encodes MRP1) were also
reduced (Fig. 1H).

Importantly, all three genes (SLC7AS, NFE2L2, ABCCI) could be
upregulated by MeHg in healthy but not in PE-derived hTCs (Fig. 1H)
clearly indicating the higher vulnerability of PE-derived cells to oxi-
dative stress. In addition, SLC7A5 and NFE2L2 in whole placental tissue
are strongly correlated, regardless of whether PE is present or not
(Fig. 1I), indicating a disease-independent relationship between LAT1
and NRF2.

LAT1 and NRF2 link oxidative stress and amino acid response
To determine whether the connected expression of LAT1 and NRF2,
and the concomitantly reduced LAT1 and NRF2 expression in PE-
derived trophoblasts are mechanistically connected, trophoblast cell
line HTR-8/SVneo was used. We individually depleted SLC7AS and
NFE2L2 by siRNA-mediated gene silencing and analysed their mutual
regulation.

Surprisingly, we found LAT1 and NRF2 to regulate each other.
NRF2 deficiency strongly reduced promoter activity of MRP1 (this was
expected) but also of SLC7AS (Fig. 2A). In return, LATI silencing
decreased NFE2L2 promoter activity, its gene expression, and nuclear
NRF2 activity (Fig. 2B) suggesting LAT1 as a hitherto unknown reg-
ulator of NRF2. Accordingly, we saw no reciprocal regulation between
MRP1 and NRF2 (Supplementary Fig. 4) or MRP1 and LAT1 (Supple-
mentary Fig. 5A), but reduced expression of NRF2 target ABCC1 (MRP1)
during LAT1 deficiency (Supplementary Fig. 5A). Lower NRF2 function
in LAT1 deficient cells was not mediated by enhanced levels of NRF2’s
negative regulator, Keapl (Supplementary Fig. 5B). This Keapl inde-
pendent influence on NRF2 during LAT1 depletion was further
demonstrated by concomitant silencing of Keapl (NRF2 fully active). If
Keapl was depleted, the remaining NRF2 activity in LAT1 deficient cells
was still able to transcriptionally activate MRP1 expression (Fig. 2C).

Depletion of LAT1 or NRF2 induced cellular oxidative stress as
indicated by the lower ratio of GSH to glutathione disulphide (GSSG)
(Fig. 2D). Treatment with GSH precursor cysteine (as N-acetyl cysteine
(NAC), or methionine) reduced the oxidative stress. In LAT1 deficient
cells only NAC treatment was able to restore the GSH/GSSG ratio to the
levels of control cells. In case of NRF2 depletion, the GSH/GSSG ratio
could not be increased by either compound. Furthermore, total
intracellular GSH levels were reduced upon depletion of LATI1 and
NRF2 (Fig. 2E). In agreement with this, we also found lower mRNA
levels of the GSH synthesising protein Glutamate-cysteine ligase
modifier subunit (GCLM) in LATI depleted cells (Fig. 2F). The lower
total GSH levels in LAT1 deficient cells could also be due to a lower
availability of amino acids. In fact, besides leucine, methionine levels
were also reduced after LATI silencing (Fig. 2G).

Methionine starvation further induced ATF4 expression (Fig. 2H),
as did cysteine, arginine, and lysine starvation, but not leucine (Sup-
plementary Fig. 6).

LAT1 and NRF2 regulate the sFit-1/PIGF ratio via ATF4
In a next step, we identified ATF4 in the regulation of the angiogenesis
modulating factors sFlt-1and PIGF. ATF4 expression could be induced
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with Tunicamycin, which increased Flt-1 and decreased PIGF gene
expression, causing an elevated FltI/PGF mRNA ratio (Fig. 3A). Deple-
tion of ATF4 had the opposite effect (less Flt-1 and more PIGF gene
expression), resulting in a lower FltI/PGF mRNA ratio that was unaf-
fected by Tunicamycin treatment (Fig. 3A). Like PE-derived hTCs, LAT1
and NRF2 deficient HTR-8/SVneo cells had higher ATF4 mRNA levels
than controls (Fig. 3B). In line with this, we observed on the mRNA level

(Supplementary Fig. 7) and the protein level (Fig. 3C) that LAT1 and
NRF2 depletion increased FltI and decreased PGF gene expression,
respectively. This resulted in an elevated sFlt-1/PIGF ratio, resembling
the PE phenotype (Fig. 3C). Accordingly, depletion of ATF4 reduced
the sFlt-1/PIGF ratio, even when LATI was concomitantly silenced
(Fig. 3D). The increased PE-like sFlt-1/PIGF ratio induced by LAT1
and NRF2 deficiency could also be reduced by overexpression (OE)
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Fig. 1 | Impaired oxidative stress response of primary human trophoblasts
(hTCs) from preeclamptic (PE) placentas. A sFlt-1/PIGF ratio in cell culture
medium from hTCs from healthy and PE placentas. B Protein levels of phos-
phorylated Flt-1, and phosphorylated and total Akt in hTCs derived from healthy or
PE placentas. C ATF4 (ATF4) mRNA levels in hTCs from healthy and PE placentas.
D Leucine and methionine uptake in hTCs from healthy and PE placentas. E LAT1
protein levels in hTCs from healthy and PE placentas. F Cellular Hg levels in hTCs
from healthy and PE placentas after 5 h treatment with 0.9 uM methyl mercury
(MeHg). G Viability of hTCs isolated from healthy and PE placentas after treatment
with 0.9 uM MeHg. H Gene expression of SLC7AS, NFE2L2, and ABCCI of hTCs from
healthy and PE placentas after 5 h exposure to 0.9 uM MeHg. I Correlation of SLC7AS

(LATI1) and NFE2L2 (NRF2) gene expression in whole placenta lysates. Data repre-
sent mean value + SD. A, B Healthy (N = 5), PE (N =5); C Healthy (N=14), PE= (N =11);
D Healthy (N =6), PE (N=5); E Healthy (N=5), PE (N=5); F Healthy (N=21), PE
(N=13); G Healthy (N =20), PE (N=13), H (Healthy w/o MeHg (N =12), Healthy with
MeHg (N = 8), PE w/o MeHg (N=12), PE with MeHg (N=8), I N=178. I Healthy
N=166, Rs=0.51, P<0.0001; PE N=12, R;=0.60, P=0.0428; overall N=178,
Rs=0.52, P<0.001; *P< 0.05, *P<0.01, **P < 0.001, ***P < 0.0001. Two-sided
unpaired ¢ test was used in (A-F). Two-sided unpaired ¢ test was used in (G) for each
time point. ANOVA followed by Tukey s multiple comparisons test was used in (H).
The Spearman correlation was used for the calculation in (I).

of NRF2, or LATI, respectively (Fig. 3E). Confirmation of gene silen-
cing and OE was done on mRNA and protein level (Supplemen-
tary Fig. 8).

Next, we determined whether the increased sFlt-1/PIGF ratio
during LAT1 and NRF2 deficiency was a direct result of oxidative stress
that occurred during these conditions. Therefore, we treated HTR-8/
SVneo cells with various oxidative stressors (MeHg, Menadione, H,0,,
and BSO). Although all these compounds were able to decrease the
GSH/GSSG ratio, they did not increase the sFlt-1/PIGF ratio (Supple-
mentary Fig. 9).

Afterwards, we treated cells during LAT1 deficiency with MeHg
and NAC to determine whether oxidative stress in PE (indicated by the
GSH/GSGG ratio) is a secondary effect of decreased LAT1 function or a
primary etiological factor. The role of NRF2 was not investigated as
NAC failed to reduce oxidative stress during NRF2 deficiency (Fig. 2D).
We hereby show that independent of cellular oxidative stress, the sFlt-
1/PIGF ratio was only increased in LATI1 deficiency (Fig. 3F).

To demonstrate the crucial role of impaired LAT1 function in PE in
vivo, we used a mouse model, applying the LATI1-specific inhibitor
JPH203. We injected the inhibitor into pregnant mice over a 72-hour
period (from gestational day 14), which resulted in higher oxidative
stress in the placenta (Fig. 3G), increased ATF4 and decreased NFE2[2
(NRF2) levels in the placenta (Fig. 3H), as well as a phenotype in
pregnant mice similar to PE, namely maternal proteinuria (Fig. 3I) and
an increased sFlt-1/PIGF-2 ratio in maternal blood (Fig. 3J). The
increased sFlt-1/ PIGF-2 ratio further favoured conditions of impaired
Flt-1signalling resulting in decreased Akt phosphorylation in placentas
from JPH203-treated pregnant mice (Supplementary Fig. 10). When we
employed JPH203 (and BCH, another LAT1 inhibitor) in hTCs and HTR-
8/SVneo cells, we saw a similar pattern as in PE-derived trophoblasts:
Decreased amino acid (and MeHg) uptake, higher ATF4 and lower
NFE2L2 expression, an elevated sFlt-1/PIGF ratio, and decreased phos-
phorylation of Flt-1, and Akt (Supplementary Fig. 11, Supplemen-
tary Fig. 12).

Reduced FIt-1 signalling impairs NRF2 function

We wanted to determine how the increased sFIt-1/PIGF ratio during
LAT1 deficiency affects Flt-1 and its downstream signalling. As expec-
ted, silencing of LAT1 resulted in less phosphorylated Flt-1 and
decreased Akt phosphorylation (Fig. 4A). Treatment with the Akt
activator SC79, ameliorated the decrease of Flt-1 and Akt phosphor-
ylation during LAT1 depletion (Fig. 4A). If Akt was inhibited by Wort-
mannin, we observed a similar reduction in NFE2L2 expression as
during LAT1 deficiency that was accompanied by more oxidative
stress, i.e., a lower GSH/GSSG ratio (Fig. 4B).

Independent of proper NRF2 activation via Akt, LAT1 deficiency
led to more oxidative stress. While SC79 was able to elevate NFE2[2
levels in control and LAT1 deficient cells, it could not rescue the
decreased GSH/GSSG ratio during LATI silencing (Fig. 4C).

Next, we wanted to see if the downstream signalling, mediated by
the elevated sFlt-1/PIGF ratio, had in turn an influence on LAT1 or NRF2.
Indeed, NFE2L2 and SLC7AS expression could be regulated just by
modulating the sFIt-1/PIGF ratio (Fig. 4D). During PE-like conditions,

i.e., Flt-1 OE and PIGF silencing, we saw a strong reduction of NFE2[2
and SLC7AS levels and an increase in oxidative stress, i.e., a lowered
GSH/GSSG ratio. However, when the opposite of a PE-phenotype by
Flt-1 silencing and PIGF OE was simulated, NFE2L2 and SLC7AS levels
increased, and we were able to rescue the oxidative stress (Fig. 4D).
Interestingly, NFE2L2 was upregulated by both PIGF OE and silencing,
while SLC7A5 was increased by PIGF OE but not PIGF deficiency (Sup-
plementary Fig. 13).

Finally, we wanted to demonstrate whether factors released by
LATI- and NRF2 deficient trophoblast cells can influence the viability of
primary placental endothelial cells, i.e., PLECs. For this purpose, PLECs
were treated with conditioned medium (CM) from LAT1- and NRF2-
depleted HTR-8/SVneo cells, respectively. In comparison to controls,
viability of PLECs decreased when treated with medium from LATI-
and NRF2 deficient cells; this in a similar manner (Fig. 4E). PLECs
treated with CM extracts also showed decreased levels of NFE2[2 and
SLC7AS (Fig. 4F) and more oxidative stress (Fig. 4G). Comparable
results in terms of lower viability and a reduced GSH/GSSG ratio were
observed in PLECs treated with increasing (titrated) sFlt-1/PIGF ratios
(Supplementary Fig. 14). We observed an upregulation of the sFlt-1/
PIGF ratio in LAT1- and NRF2-depleted placental endothelial cells
(PLECs) (Supplementary Fig. 15), similar as in HTR-8/SVneo
cells (Fig. 3C).

Our data, showing that LAT1 and NRF2 regulate the sFlt-1/PIGF
ratio, which in turn affects their expression, are summarised in our
working model describing a new molecular mechanism involved in
PE (Fig. 4H).

Discussion

We show here that LAT1 and NRF2 regulate one another to maintain
cellular amino acid supply and redox status in balance. Even more
relevant, this fundamental molecular mechanism is dysregulated in PE-
derived placental cells.

Given that NRF2 regulates hundreds of genes” and some asso-
ciation studies suggest that LAT1 expression depends on NRF2%%, it is
not surprising that LAT1 is among them. Nevertheless, LAT1 has not yet
been confirmed as an NRF2 target gene. A very unexpected and
counterintuitive finding was that LAT1 deficiency (which, as we show
here, reduces amino acid uptake, leading to less GSH, and more oxi-
dative stress in placental cells) led to downregulation of NRF2.
Reduced uptake of methionine during LAT1 deficiency is of interest,
because its demethylation into cysteine via the transsulfuration path-
way has been identified as major contributor to GSH synthesis®®. Cel-
lular amino acid deficiency could activate ATF4 to restore amino acid
levels®. Indeed, LAT1 deficient placental cells as well as placental cells
that were starved for methionine upregulated ATF4 in a similar manner
to PE-derived trophoblasts.

During PE, more sFlt-1 and less PIGF is produced, resulting in a
higher sFlt-1/PIGF ratio’. Here we add a previously unknown function of
ATF4, which is the promotion of Fit1 expression. The incomplete
mechanistic understanding of how ATF4 can simultaneously upregu-
late Flt1 and downregulate PGF expression is a limitation of this study.
ATF4 is known to transcriptionally inhibit some genes (e.g., PIGF?),
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Fig. 2 | Mutual regulation of LAT1 and NRF2 affects oxidative stress and amino
acid response of HTR-8/SVneo cells. A Promoter activity of ABCCI (MRP1) and
SLC7AS (LAT1) after NRF2 depletion. B NFE2L2 (NRF2) promoter activity and gene
expression as well as nuclear NRF2 activity after LAT1 depletion. C ABCCI (MRP1)
gene expression after LAT1, or concomitant LAT1 and Keapl depletion. D GSH/
GSSG ratio of cells treated with medium, medium + 90 mg/L methionine or +3 mM
N-acetylcysteine (NAC) after siRNA-mediated silencing of SLC7AS (LAT1) and
NFE2[2 (NRF2). E Total cellular GSH in LAT1 and NRF2 deficient cells. F GCLM mRNA

levels upon LAT1 and NRF2 depletion. G Relative leucine and methionine uptake in
LATI1 and NRF2 deficient cells. H ATF4 (ATF4) gene expression in cells cultured in
control (ctrl) medium or methionine-free medium for 24 h. Data represent mean
value + SD. N =3 (biological replicates). *P< 0.05, **P < 0.01, **P < 0.001,

P < 0.0001. Letters A-F denote homogeneous subgroups (P < 0.05) by post-hoc
S-N-K test. Two-sided unpaired ¢ test was used in (A, B, G, H). ANOVA followed by
Dunnett”s multiple comparisons test was used in (C, E, F). ANOVA followed by S-N-
K multiple comparisons test was used in (D).

while activating others?. This opposing regulation may involve distinct
promoter elements, chromatin environments, or post-translational
modifications of ATF4%, which urges the need for further mechanistic
studies.

Because ATF4 induction during LATI deficiency mediated an
increased sFlt-1/PIGF ratio, we expected less free PIGF to trigger the
phosphorylation and signalling of Flt-1. Accordingly, we found Akt, a
Flt-1 downstream target”, also reduced in LAT1 deficient cells.
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Phosphorylated Akt promotes NRF2 activation®. A decrease in NRF2
activity can be assumed to negatively affect its expression in a direct
way (NRF2 promotes its own transcription®) and also an indirect
manner (less LAT1 expression is followed by reduced NRF2 activation
through Akt), ultimately explaining why we found NRF2 down-
regulated after LATI1 silencing.

In addition to functional limitations, it is also conceivable that an
underlying defect in LAT1 and/or NRF2 synthesis is involved in PE
development. Several NRF2 gene sequence variants have been
described to reduce NRF2 expression, increasing the risk for PE*.

We here also show that during (MeHg-induced) oxidative stress
PE-derived trophoblasts are significantly less able to upregulate LAT1
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Fig. 3 | Regulation of the sFit-1/PIGF ratio during LAT1, and NRF2 deficiency.
A Expression levels of ATF4 (ATF4), Fit1 (sFlt-1), and PGF (PIGF), as well as Fltl/PGF
mRNA ratio in HTR-8/SVneo cells. Tm: Tunicamycin B ATF4 expression in LAT1- and
NRF2 deficient cells. C Levels of sFlt-1 and PIGF in medium of LAT1 and NRF2
deficient cells, as well as the sFlt-1/PIGF ratio. D sFlt-1/PIGF ratio of cells deficient for
ATF4, LATL, or both proteins. E sFlt-1/PIGF ratio of cells deficient for LAT1 and NRF2
or overexpressing the proteins. F GSH/GSSG ratio and sFlt-1/PIGF ratio in LAT1
deficient cells treated with 0.9 uM methyl mercury (MeHg) and 3 mM
N-acetylcysteine (NAC). G Malondialdehyde (MDA) levels in placentas obtained
from control or JPH203 (LAT1 specific inhibitor) treated pregnant mice. H Gene

expression levels of ATF4 (ATF4) and NFE2L2 (NRF2) in placentas obtained from
control or JPH203- treated pregnant mice. I Proteinuria determined in urine of
control or JPH203-treated mice that was collected immediately after sacrificing.

J Ratio of sFlt-1/PIGF-2 in plasma of control or JPH203-treated mice (8- to 16-week-
old naturally cycling females) that was collected immediately after sacrificing. Data
represent mean value + SD. A-F: N = 3 (biological replicates), G-HN =6, I ctrl: N=4;
JPH203: N=6,) N=6; *P<0.05, **P<0.01, **P< 0.001, ***P < 0.0001. ANOVA fol-
lowed by Dunnett s or Tukey~s multiple comparisons test was used in (E, F). Two-
sided unpaired ¢ test was used in (G-J).
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Fig. 4 | FIt-1 downstream signalling affects LAT1 and NRF2 signalling and cel-
lular oxidative stress. A Immunoblots of phosphorylated and total Fit-1, phos-
phorylated and total Akt, LAT1, and alpha-tubulin (A-Tub) in control, LAT1 deficient
and SC79 (Akt activator) treated cells. B NFE2L2 (NRF2) mRNA levels and GSH/GSSG
ratio in cells treated with Wortmannin C NFE2L2 (NRF2) mRNA levels, and GSH/
GSSG ratio in cells deficient of LAT1 or treated with SC79. D NFE2L2 (NRF2) and
SLC7AS (LATI) mRNA levels, and GSH/GSSG ratio in cells overexpressing PIGF or Flt-
1 that have been previously depleted of Flt-1 or PIGF, respectively. E-G Viability,
NFE2[2 (NRF2) and SLC7AS (LAT1) mRNA levels, and GSH/GSSG ratio of PLECs
treated for 72 h with conditioned media (CM) from control (siPool), LAT1- and NRF2
deficient HTR-8/SVneo cells. H Proposed mechanism of the LAT1 and NRF2 inter-
action. LAT1 depletion causes amino acid deficiency and further activates ATF4.
Activation of ATF4 upregulates Flt-1 (and also sFlt-1) and downregulates PIGF levels.
This decreases Flt-1 signalling, causing less Akt-mediated NRF2 activation. Reduced

NRF2 activity leads to lower levels of NRF2 itself, but also of its target genes
including LATI. This ultimately leads to more oxidative stress in the cell. The
scheme describes the experimental steps underlying the working model, the cir-
cular nature of the mechanism, and that increased oxidative stress is a secondary
effect of reduced NRF2 function and impaired amino acid uptake in PE placentas. In
addition, as shown in Figs. 11, 2, and Fig. 4A-D, LAT1 and NRF2 strongly correlate
and interact regardless of whether PE is present or not. Created in BioRender.
Gundacker, C. (2025) https://BioRender.com/boezau2 Data represent mean

value + SD. A The experiment was repeated at least three times with similar results.
B-D N=3 (biological replicates); E-G N =5 (biological replicates). *P < 0.05,
**P<0.01, **P<0.001, ***P<0.0001. Two-sided unpaired ¢ test was used in (B).
ANOVA followed by Dunnett”s or Tukey s multiple comparisons test was used

in (C-G).

and NRF2 gene expression in comparison to healthy hTCs. This is most
likely a secondary effect due to reduced NRF2 function and supported
by the fact that we were unable to induce the sFlt-1/PIGF ratio in HTR-8/
SVneo cells by various oxidative stressors; only LAT1 or NRF2 defi-
ciency could induce it. Our data strongly suggest that PE-associated
oxidative stress, whose origin was unknown, is a secondary phenom-
enon caused by reduced NRF2 and LATI activity. However, because
additional oxidative stress can put a great burden on a PE placenta, it is
essential to avoid any oxidative stress-generating factors®® during PE
pregnancies.

Further studies on the effects of sFlt-1 and/or PIGF release from
trophoblast cells on other placental cell types are needed to gain a
better understanding of the long-term effects of PE on pregnant
women and infants, who very often suffer from cardiovascular disease
later in life. Conditioned medium from cultured placental villous
explants, characterised by a higher sFlt-1/PIGF ratio, can induce
endothelial dysfunction in HUVECs?. Here we show that induction of a
higher sFlt-1/PIGF ratio by media extracts from LATI- and NRF2 defi-
cient trophoblast cells can directly reduce the viability of PLECs.
Whether the susceptibility of endothelial cells to a higher sFlt-1/PIGF
ratio is related to disturbances in angiogenic signalling, disturbances in
the response to oxidative stress, or both, must be clarified in future
research.

A better understanding of the molecular mechanisms behind PE
could result in new treatments. In previous attempts to reduce the sFlt-
1/PIGF ratio, the reduction of free sFlt-1’® or the administration of
additional PIGF** has been shown to ameliorate PE symptoms in mice.
However, the protein ratio has to be tightly regulated, as excessive
PIGF could also have adverse effects due to PIGF interference with
other VEGF receptors such as VEGFR2*,

PE is a multifactorial disease and cannot be attributed to a defect
in a single protein. A circumstance that is clearly expressed in the
mechanism proposed here. Accordingly, a defect in any step of the
circular mechanism (e.g., due to maternal methionine deficiency, or
impaired expression or function of one of the proteins involved) would
ultimately lead to a PE-like phenotype.

Methods

Recruiting and sample collection

Pregnant women were recruited in the third trimester. Women aged
18-45 years who had given birth between gestational weeks 32 + 0 and
41+ 0 and provided written informed consent were included in the
study. PE diagnosis was based on hypertension (systolic blood pres-
sure >140 mmHg and/or diastolic blood pressure >90 mmHg), and/or
proteinuria (proteinuria >300 mg/d or protein/creatinine quotient
>30 mg/mmol) after the 20™ week of pregnancy. Exclusion criteria
were multiple pregnancy, maternal infections during pregnancy, pre-
gestational hypertension, diabetes, thyroid dysfunction and substance
abuse. Information on the study population are specified in Supple-
mentary Tables 1 and 2. The study has been approved by the ethics

committees (General Hospital Vienna vote no: EK 1035/2015; Clinics
Lower Austria vote no: GS1-EK-4/305-2015).

Reagents
Detailed information on all reagents used during this study can be
found in Supplementary Tables 3-9.

Animal studies

Wild-type C57BL/6) mice were purchased from Janvier Labs and
housed at an animal facility of the Medical University of Vienna with
constant temperature, air humidity and a 12-h light/12-h dark cycle.
Regular chow diet and water have been provided ad libitum. The ethics
of animal experimentation has been approved by the Ministry of
Education, Science and Research (#2025-0.397.989) and conducted in
strict accordance with FELASA guidelines. For timed-pregnancies, 8- to
16-week-old naturally cycling females were co-housed with wild-type
males overnight. Successful mating was determined by the presence of
a copulation plug the next morning and defined as gestational day 0.5
(GDO0.5). For intravenous application, JPH203 dihydrochloride
(GLPBio, dissolved in DMSO to a final concentration of 100 mg/ml) and
vehicle control (DMSO) were diluted 1:5 in sterile PBS. Starting from
GD14.5, pregnant females received daily intravenous treatments with
JPH203 dihydrochloride (25 mg/kg body weight) or vehicle control for
3 consecutive days. Mice were sacrificed on GD17.5 and maternal
blood, maternal urine, and placentas were collected for further
analysis.

Placenta processing, mRNA isolation, cDNA synthesis, and
quantitative PCR

Per human placenta, four tissue pieces (<0.5 cm in any single dimen-
sion; according to Mayhew") were submerged in 5-10 volumes of
RNAlater® RNA Stabilization Solution (Life technologies) and stored at
4°C for at least 24 h (or at —20 °C indefinitely). RNA extraction was
performed using the PARIS procedure (Life technologies) according to
the manufacturer’s protocol. Two mouse placentas per litter were
selected and homogenised and further processed as described above
for human placentas.

Total RNA from cultured cells was isolated with TRI Reagent®(-
Sigma) following manufacturer’s instructions. About 1000 ng RNA
from placental tissue or cells were reversely transcribed with Go-Script
Reverse Transcription System Mix (Promega) using random hexamer
primers. The cDNA was diluted 1:10, and 2 pL. DNA were used in a 15 pL
reaction to determine gene expression in an Applied Biosystems Ste-
pOnePlus™ Real-Time PCR System, according to the manufacturer’s
protocol.

Protein extraction and immunoblotting

Cells were lysed in Radio-Immunoprecipitation Assay lysis buffer
(RIPA, Thermo Scientific) containing phosphatase and protease inhi-
bitors. Supernatant containing soluble proteins were collected by
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centrifugation at 15,000 x g for 15min at 4°C. Total protein con-
centration was determined by Bio-Rad Protein Assay and equal
amounts of denatured samples were used for further analysis.

Proteins from placental tissue or cell pellets were resolved by SDS-
PAGE and transferred to nitrocellulose membranes. Membranes were
dried for 10 min at 37 °C and then blocked for 1 h in Odyssey Blocking
Buffer (TBS) (LI-COR). Blots were incubated in primary antibody dilu-
ted in Odyssey Antibody Buffer (TBS) overnight at 4 °C. The following
day, the blots were washed four times with TBS containing 0.1% Tween-
20 (TBST) and incubated with the secondary fluorophore-conjugated
antibody for 1h at RT. The secondary antibody was detected with the
Odyssey CLx imager (LI-COR) using Image Studio Lite 5.2 software.
Equal loading of lysates was verified by detection of reference protein
alpha-tubulin.

Isolation and cultivation of placental primary cells

hTCs were isolated from minced placental tissue with two cycles of
trypsin (Gibco) and DNAse I (Sigma) digestion. Erythrocytes were
removed with red blood cell lysis buffer (Roche) and the remaining
cells were layered on top of a discontinuous 70-to-5% Percoll (GE
Healthcare) density gradient. Cells banding between 1.048 and 1.062 g/
ml were collected, washed, and resuspended in 1x Hanks balanced
solution (ThermoFisher). Contaminating, human leukocyte antigen
(HLA) class I-positive cells were removed using mouse-anti HLA class |
antibody (Sigma) coupled to magnetic beads coated with goat anti-
mouse immunoglobulin G (IgG) (Thermofisher). Cells were seeded at a
density of 1x 10° cells/ml in RPMI-1640 (10% fetal calf serum (FCS), 1%
GlutaMax, 1% Penicillin/Streptomycin (Pen-Strep) (ThermoFisher),
Keratinocyte Supplement Mix (ThermoFisher). hTCs were cultivated at
37°C, 5% CO,, and 95% humidity.

Arterial chorionic blood vessels at the apical surface of the chor-
ionic plate were resected. Each vessel was washed with Hank’s
balanced salt solution (HBSS, Gibco) to remove residual blood. Vessels
were perfused with prewarmed HBSS containing 0.1 U/ml collagenase,
0.8 U/ml dispase (Roche), and Pen-Strep (Gibco). PLECs suspension
was centrifuged at 200 x g for 5 min, the pellet resuspended with EGM-
MV medium (Promocell) and the cells seeded in flasks pre-coated with
1% gelatin (Sigma). PLECs were cultivated at 37 °C, 10% O,, 5% CO,, and
95% humidity.

Cultivation of HTR-8/SVneo cells
HTR-8/SVneo cells (ATCC, CRL-3271™, Lot# 64275781) were cultured in
RPMI-1640 medium (Gibco), containing 5% fetal bovine serum (FBS;
PanBiotech), 1% Glutamax (Gibco). Cells were grown at 37 °C, 5% CO,,
and 95% humidity and were routinely passaged with Accutase (Sigma)
every 3-4 days at a ratio of 1.3 to 1:8.

The cell number was determined by CASY cell counter and ana-
lyzer (CASY® Model TTC 45/60/150, Innovatis Technologies Inc.). HTR-
8/SVneo cells were periodically screened for the absence of myco-
plasma (MycoAlert; Lonza). HTR-8/SVneo cell line identity and purity
were verified by short tandem repeat (STR) profiling (ATCC).

Treatment of cells

Unless otherwise indicated, the standard dosages were 0.9 uM MeHg,
10 uM Menadione, 50 uM H,0,, and 100 uM buthionine sulfoximine
(BSO). N-acetylcysteine (NAC) and methionine were applied at 3 mM
and 90mg/L, respectively. Furthermore, ATF4 activator (10 ug/L
Tunicamycin), Akt activator (10 uM SC79) and Akt inhibitor (100 nM
Wortmannin) were used.

Cell viability assay

Cell viability was measured in a 96-well multiplex format and deter-
mined by RealTime-Glo MT Cell Viability Assay (Promega) according to
the manufacturer’s protocol. In short, 1x10° cells/well were seeded
and on the next day treated with MeHg and analysed at 2h, 24 h, 48 h

and 72 h post treatment. Assay performance, i.e., reduction of cell
viability was controlled with 10 uM lonomycin (Sigma).

siRNA mediated gene KD

HTR-8/SVneo cells, seeded in 6-well plates at a density of 1x 10° cells/
ml, were on the next day transiently transfected with nontargeting
siRNA (siPool = controls) and target-specific siRNA using Lipofecta-
mine RNAIMAX (ThermoFisher), as described previously*’. A con-
centration of 50 nM siRNA was used in all experiments. Cells were
cultured for 72 h before harvest.

Plasmid isolation and transfection

Plasmid was propagated in DH5a Chemically Competent E. coli cells
(Origene) and isolated using the QIAGEN Plasmid Midi Kit according to
the manufacturer’s instructions. DNA concentration was determined
using Nanodrop 1000. HTR-8/SVneo cells were seeded in 6-well plates
at a density of 1x10° cells/ml. On the next day cells were transiently
transfected with a control plasmid or target-specific plasmid using
Turbofection 8.0 (Origene) in a ratio of 1 DNA: 3 Turbofectin 8.0. First,
the plasmid DNA (2.5 ug/well) was pipetted into Opti-MEM (Thermo-
fisher, 250 pl/well), mixed properly and then Turbofectin 8.0 (7.5 ul/
well) was added and incubated at RT for 15min. The transfection
solution was then pipetted drop by drop into the well. The cells were
incubated with the transfection mixture for 24 h, then the medium was
changed, and the cells were incubated for further 24 h.

Reporter gene assay

HTR-8/SVneo were seeded in 96-well plates at a density of 1.5x10*
cells/well. On the next day, cells were transiently transfected with
luciferase reporter vectors of NFE2L2 and SLC7AS using FugeneHD. For
normalisation two reference genes (ACTB, GAPDH) were used. As
negative control LightSwitch™ Random Promoter Control 2 was used.
After 48 h of transfection, the plate was stored at —80 °C for 24 h. The
next day the plate was thawed and the LightSwitch™ Luciferase Assay
Kit was used to detect the reporter signal according to the manu-
facturer’s protocol.

Amino acid uptake

HTR-8/SVneo cells (1x10° cells/ml) and hTCs (1x10° cells/ml) were
cultured for 72h, following incubation for 15min in HBSS supple-
mented with either 0.38 mM leucine or 0.1 mM methionine (as found
in the basal RPMI-1640 formulation). Each amino acid solution further
contained radioactively labelled amino acids (1 uCi/mL L-[4,5-> H(N)]
Leucine (60 Ci/mmol, American Radiolabeled Chemicals, Inc.) or 1 uCi/
mL L-[1* C] Methionine (55 mCi/mmol, American Radiolabeled Che-
micals, Inc.)). For inhibitor experiments, cells were pretreated 24 h
with 5 uM JPH203 (Selleckchem; according to ref. 43) or 1mM BCH
(R&D Systems; according to ref. 44). Comparability of treatment with
JPH203 dihydrochloride or JPH203 was verified (Supplementary
Fig. 16). 48 h after seeding, amino acid uptake was examined in the
presence of the respective inhibitor. Afterwards, cells were washed
three times with ice cold HBSS, followed by lysis in 250 uL 1M NaOH
(Merck) for 2 h at 37 °C. 200 uL cell lysate were added to 5 mL liquid
scintillation fluid (Ultima Gold, Perkin Elmer) and radioactivity was
determined by liquid scintillation counting (TRI-Carb 2800 TR, Perkin
Elmer). Counts were normalised to protein content measured by
Bradford reagent.

Mercury analysis

Samples and reference material were acid-digested with nitric acid
(65%; suprapur) in a microwave oven (MARS6, CEM). Total mercury
concentrations of cells were determined by CV-AFS (mercur plus,
Analytik Jena). Quality assurance was achieved by measuring blank
solutions (limit of detection was 0.4 pg/L) and reference material
(Seronorm Trace Elements Human Whole Blood low level, Nycomed
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LOT 1103129). The mean mercury level of three reference samples was
17.4 pg/L (recovery: 105 +4%). Mercury concentrations were normal-
ised to cell number (HTR-8/SVneo) or protein content (hTCs).

Nucleus isolation and nuclear NRF2 activity assay
Nuclei were isolated with the Nuclear Extraction Kit (Abcam). In short,
cells were detached using Accutase (Sigma), centrifuged at 350 x g for
5min and the supernatant was discarded. Cell pellets were resus-
pended in 500 ul Pre-Extraction Buffer and incubated at 4°C for
10 min. Cells were centrifuged at 12,000 x g for 1 min at 4 °C. Cyto-
plasmic fraction (supernatant) was pipetted into a reaction tube, and
the nuclear pellet was stored at —80 °C for NRF2 activity assay.
Nuclear NRF2 activity was determined with NRF2 Transcription
Factor Assay Kit (Abcam). In short, nuclear pellets were lysed in lysis
buffer provided by the company. Concentration of nuclear protein was
determined by Bio-Rad Protein Assay. 20 pg of nuclear extract/well
was used to determine NRF2 activity in the nucleus. The assay was
done according to the manufacturer’s protocol.

Determination of the GSH/GSSG ratio

GSH/GSSG-Glo Assay (Promega), a luminescence-based system that
quantifies total glutathione (GSH) and oxidised GSH (GSSG) in cultured
cells, was used. Reduced GSH was calculated according to the manu-
facturer’s protocol (total GSH — GSSG = reduced GSH). GSH levels were
normalised to cell number.

ELISA

Human samples. sFlt-1 was quantified in cell culture supernatants in
duplicates using Human VEGFRI1/FIt-1 Quantikine ELISA Kit (R&D sys-
tems) according to the manufacturer’s protocol. Cell culture super-
natants were used undiluted to be within the detection range of the
ELISA assay (0-2000 pg/ml). The concentrations of the reference
material for Flt-1 (low: 220 + 9.7 pg/ml; medium: 647 + 21 pg/ml, high:
1430 + 55 pg/ml) were well within the certified range (low: 140-249 pg/
ml; medium: 417-751 pg/ml, high: 880-1519 pg/ml).

PIGF was quantified by Human PIGF Quantikine ELISA Kit
according to the manufacturer’s protocol. Cell culture supernatants
were used undiluted within the detection range of the ELISA assay
(0-1000 pg/ml). The concentrations of reference material for PIGF
(low: 97 +12 pg/ml; medium: 300 +17 pg/ml, high: 567 +29 pg/ml)
were well within the certified range (low: 64-132 pg/ml; medium:
189-331 pg/ml, high: 364-594 pg/ml).

Mouse samples. sFlt-1 was quantified using Mouse VEGFR1/FIt-1 ELISA
Kit Quantikine (R&D systems) according to the manufacturer’s proto-
col. Plasma was diluted 1:10 to be within the detection range of the
ELISA assay (0-8000 pg/ml). The concentrations of the reference
material for Flt-1 (972 + 37 pg/ml) were well within the certified range
849-1414 pg/ml).

PIGF was quantified by Mouse PIGF-2 ELISA Kit Quantikine Kit
according to the manufacturer’s protocol. Plasma was diluted 1:2 to be
within the detection range of the ELISA assay (0-1500 pg/ml). The
concentrations of reference material for PIGF (145 + 5 pg/ml) were well
within the certified range (109-182 pg/ml).

MDA assay, mouse placenta

Lipid Peroxidation (MDA) assay (Sigma) was performed according to
the manufacturer’s protocol. One mouse placenta per litter was
homogenised in the manufacturer’s buffer and the results were nor-
malised to placental weight. Here we used MDA as an oxidative stress
marker, because the GSH/GSSG assay is not suitable for tissue.

Conditioned medium
24 h after KD, medium was replaced with fresh medium to remove free
transfection aggregates. After further 48 h, conditioned medium from

three six-well plates (three biological replicates) was concentrated with
Amicon Ultro-15 (3 kDa) at 3500 x g for 60 min at 4 °C. Medium was
pooled for treatment solutions and condensed to a tenth. PLECs at 50%
density were treated for 72 h with MV medium supplemented with
conditioned medium extract from LAT1 or NRF2 deficient HTR-8/
SVneo cells. The experimental design is shown in Supplemen-
tary Fig. 17.

Proteinuria, mouse urine

Total protein was analysed by Nanodrop 1000 using the Protein 280
protocol. 2 ul urine were used undiluted to cover the detection range
(0-100 mg/ml). Creatinine was determined using Creatinine Para-
meter Assay Kit (R and D Systems; KGEOOS5). Samples were diluted 1:33
to cover the detection range (0-20 mg/dl). Proteinuria was deter-
mined by the ratio of total protein to creatinine in urine.

Statistics

GraphPad Prism 10, MS Excel and IBM SPSS 28 software were used in
statistical analyses. The data represent mean values + standard devia-
tion (SD) from three or more independent experiments made in
three technical replicates. Primary cells were isolated from at least five
healthy and PE placentas, respectively. Two-group comparisons were
done by two-sided unpaired t-test. One-way ANOVA and post-hoc
analysis (Dunnett’s T3, Tukey’s or S-N-K) was used to compare mul-
tiple groups, and Spearman correlation analysis (Rs) was used for
correlation analyses. The critical significance level was set at a =0.05,
and P levels marked as *P < 0.05, *P < 0.01, **P < 0.001, ***P < 0.0001.
The representatively selected immunoblots originate from indepen-
dently repeated experiments. The statistical analyses of individual
experiments are available in the source data.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data generated in the study are provided in the Supplementary
Information and Source Data files. Source data are provided with
this paper.
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