
Hypertension

Hypertension is available at www.ahajournals.org/journal/hyp

Hypertension. 2021;78:1067–1079. DOI: 10.1161/HYPERTENSIONAHA.121.17567 October 2021  1067

 

Correspondence to: Alexandra Gellhaus, Department of Gynecology and Obstetrics, University Hospital Essen, Hufelandstraße 55, 45147 Essen, Germany. Email 
alexandra.gellhaus@uk-essen.de

The Data Supplement is available with this article at https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.121.17567.

For Sources of Funding and Disclosures, see page 1078.

© 2021 The Authors. Hypertension is published on behalf of the American Heart Association, Inc., by Wolters Kluwer Health, Inc. This is an open access article under 
the terms of the Creative Commons Attribution Non-Commercial-NoDerivs License, which permits use, distribution, and reproduction in any medium, provided that the 
original work is properly cited, the use is noncommercial, and no modifications or adaptations are made.

PREECLAMPSIA

Circulating Maternal sFLT1 (Soluble fms-Like 
Tyrosine Kinase-1) Is Sufficient to Impair Spiral 
Arterial Remodeling in a Preeclampsia Mouse 
Model
Rebekka Vogtmann , Jacqueline Heupel, Florian Herse, Mahsa Matin, Henning Hagmann, Ivo Bendix , Kristin Kräker,  
Ralf Dechend, Elke Winterhager, Rainer Kimmig, Angela Köninger, Alexandra Gellhaus

ABSTRACT: One driving factor for developing preeclampsia—a pregnancy disorder, often associated with poor spiral artery 
(SpA)-remodeling and fetal growth restriction—is the anti-angiogenic sFLT1 (soluble fms-like tyrosine kinase-1), which 
is found to be highly upregulated in preeclampsia patients. The sFLT1-mediated endothelial dysfunction is a common 
theory for the manifestation of maternal preeclampsia symptoms. However, the influence of sFLT1 on SpA-remodeling 
and the link between placental and maternal preeclampsia symptoms is less understood. To dissect the hsFLT1 (human 
sFLT1) effects on maternal and/or fetoplacental physiology in preeclampsia, sFLT1-transgenic mice with systemic hsFLT1 
overexpression from midgestation onwards were used. SpA-remodeling was analyzed on histological and molecular level 
in placental/mesometrial triangle tissues. Maternal kidney and aorta morphology was investigated, combined with blood 
pressure measurements via telemetry. hsFLT1 overexpression resulted in maternal hypertension, aortic wall thickening, and 
elastin breakdown. Furthermore, maternal kidneys showed glomerular endotheliosis, podocyte damage, and proteinuria. 
preeclampsia symptoms were combined with fetal growth restriction already at the end of the second trimester and SpA-
remodeling was strongly impaired as shown by persisted vascular smooth muscle cells. This phenotype was associated with 
shallow trophoblast invasion, delayed presence of uterine natural killer cells, and altered lymphatic angiogenesis. Overall, this 
study showed that circulating maternal hsFLT1 is sufficient to induce typical maternal preeclampsia-like symptoms in mice 
and impair the SpA-remodeling independent from the fetoplacental compartment, revealing new insights into the interaction 
between the placental and maternal contribution of preeclampsia. (Hypertension. 2021;78:1067–1079. DOI: 10.1161/
HYPERTENSIONAHA.121.17567.) • Data Supplement
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Preeclampsia is a hypertensive pregnancy disorder 
not only increasing the risk of perinatal morbidity and 
mortality in mothers and fetuses but also affecting 

long-term health.1,2 Preeclampsia occurs after 20 weeks 
of gestation in 2% to 8% of pregnancies and is subdivided 
into early-onset (<34 weeks) and late-onset preeclamp-
sia (>34 weeks),3 both associated with an accumulation 
of the anti-angiogenic biomarker sFLT1 (soluble fms-like 

tyrosine kinase-1) in maternal serum with ongoing preg-
nancy.4 Preeclampsia is associated with an increased 
frequency of preterm births, fetal growth restriction 
(FGR), and adverse neonatal/offspring developmental 
consequences,5 additionally causing high socioeconomic 
costs.6 Apart from removal of the placenta by delivery, 
no routine therapy exists to cure preeclampsia. During 
preeclampsia, sFLT1 acts as a decoy receptor for VEGF 
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(vascular endothelial growth factor) receptors, by reduc-
ing free circulating levels of the proangiogenic factors of 
the VEGF family, including the PLGF (placental growth 
factor). Thus, sFLT1 is thought to be a key player in 
preeclampsia pathology and a main cause of maternal 
hypertension and proteinuria.7,8 Importantly, the sFLT1/
PLGF-ratio is used to predict preeclampsia as it is highly 
elevated in preeclampsia patients already five weeks 
before first symptoms appear.9–12

Although proof of direct detrimental sFLT1 effects are 
still rare, experimental murine studies indicate an influ-
ence on placental development.4,13–16 A major process in 
successful placentation is the spiral artery (SpA)-remod-
eling,17,18 which occurs during early to midgestation in 
humans19 and mice.20 Thereby, SpAs undergo radical 
changes of their cellular and extracellular components, 
resulting in vasodilation.17 SpA-remodeling is mostly 
characterized by apoptosis of maternal endothelial cells 

and vascular smooth muscle cells (VSMCs), followed 
by invasion of specialized fetal trophoblast cells (TCs),19 
combined with the presence of uterine natural killer 
(uNK) cells surrounding the SpAs.21,22 In preeclampsia 
pregnancies, SpA-remodeling is poor, combined with 
shallow trophoblast invasion.23–26 Thus, reduced vasodi-
lation during preeclampsia affects placental perfusion, 
promoting uteroplacental hypoxia.7,27

Because existing sFLT1-related preeclampsia mod-
els were developed by injection of replication-deficient 
hsFLT1 (human sFLT1) lentiviruses or adenoviruses, they 
exhibit other immunologic changes additionally to sFLT1-
overexpression.4,13–15 To overcome these challenges, we 
recently introduced doxycycline-inducible, hsFLT1-trans-
genic mice (hsFLT1/rtTA [reverse tetracycline-controlled 
trans-activator]) to receive a stable, reproducible, sys-
temic hsFLT1 overexpression.16

The strongest negative effects on placental differ-
entiation were previously described when hsFLT1 is 
expressed both, in the dam and the fetus. Upon com-
bined hsFLT1 overexpression, a significant influence 
on placental labyrinthine formation has been shown, 
together with strong FGR, leading to nonviable fetuses. 
In contrast, exclusive maternal hsFLT1 overexpression 
revealed indirect effects defined by a reduced placental 
labyrinthine size, nevertheless inducing also significant 
reduction in fetal body weight, leading to viable fetuses.16

Although we learned a lot about molecular mecha-
nisms of sFLT1-related endothelial dysfunction,4,28 
impact of elevated hsFLT1 on the maternal physiology 
and the SpA-remodeling are widely unknown. Particu-
larly, the contribution of maternal hsFLT1 overexpression 
in comparison to additional fetoplacental hsFLT1 over-
expression to the complexity of maternal and placental 
characteristics of preeclampsia have not been studied so 
far. Considering the previously proven impact of hsFLT1 
on fetoplacental vascularization, we hypothesized that 
circulating maternal hsFLT1 adversely affects maternal 
vascular adaptation during pregnancy, especially the 
SpA-remodeling, promoting hypertension.

Nonstandard Abbreviations and Acronyms

Cyto cytokeratin
Dpc days postconception
FGR fetal growth restriction
hsFLT1 human sFLT1
MT mesometrial triangle
PAS periodic acid-Schiff
PLGF placental growth factor
rtTA  reverse tetracycline-controlled 

trans-activator
sFLT1 soluble fms-like tyrosine kinase-1
SpA spiral artery
TC trophoblast cell
uNK uterine natural killer
VEGF vascular endothelial growth factor
VSMC vascular smooth muscle cell
αSMA α-smooth muscle actin

Novelty and Significance

What Is New?
• Using inducible sFLT1 (soluble fms-like tyrosine 

kinase-1)-transgenic mice to study preeclampsia 
related to a key factor of anti-angiogenesis, sFLT1.

• Systemic sFLT1 overexpression revealed maternal, 
placental, and fetal preeclampsia-like characteristics.

What Is Relevant?
• Systemic maternal sFLT1 overexpression is sufficient 

to impair spiral artery–remodeling and to induce hyper-
tension during pregnancy.

Summary
Circulating maternal hsFLT1 (human sFLT1) is suffi-
cient to induce preeclampsia-like symptoms in mice 
and impair spiral artery–remodeling independent from 
its fetoplacental expression, even if combined mater-
nal/fetoplacental sFLT1 have stronger impact on fetal 
development. Maternal vascular maladaptation upon 
sFLT1 connects the maternal syndrome to placental 
characteristics of preeclampsia in mice.
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MATERIALS AND METHODS
The authors declare that all supporting data are available within 
the article and its online-only Data Supplement. The data that 
support the findings of this study are available from the cor-
responding author on reasonable request.

Ethics Statement
Animal experiments were approved and performed accord-
ing to the ARRIVE (Animal Research: Reporting of In Vivo 
Experiments) and University Hospital Essen guidelines 
and local government approval by the State Agency for 
Nature, Environment and Consumer Protection, North Rhine-
Westphalia (LANUV [Landesamt für Natur, Umwelt und 
Verbraucherschutz]), or in accordance with the local ethics 
committees in Berlin and the German laws for animal protec-
tion (G1265/12, G1644/17, and G0364/17).

Animals
The hsFLT1/rtTA model and mating is detailed described in 
Vogtmann et al.16 Double-transgenic hsFLT1/rtTA dams received 
since 10.5 days postconception (dpc) either 2 mg/mL doxycy-
cline and 30 mg/mL sucrose per drinking water and expressed 
hsFLT1, named preeclampsia or received sucrose only and did 
not express hsFLT1, named control. Single-transgenic hsFLT1 
dams (lacking the rtTA allele) treated with doxycycline do also 
not express hsFLT1 and served as a control for doxycycline side 
effects, named doxycycline control. For fetoplacental analyses, 
the preeclampsia group was further subdivided according to 
the fetal rtTA genotype into preeclampsia hom (homozygous for 
hsFLT1 and rtTA) and preeclampsia het (homozygous for hsFLT1 
and heterozygous for rtTA), with additional fetoplacental hsFLT1 
expression or preeclampsia wild type (wt), lacking the rtTA allele, 
with exclusive maternal hsFLT1 expression. Litters of the follow-
ing dams were analyzed at 14.5 (control: n=6, doxycycline control: 
n=4, preeclampsia: n=6) or 18.5 dpc (control: n=11, doxycycline 
control: n=3, preeclampsia: n=11). Detailed procedures of fur-
ther methods are included in the supplements.14,16,29–32

Statistics
D’Agostino-Pearson omnibus K2 test and Shapiro-Wilk test 
could not prove gaussian distribution. Statistics was performed 
with Kruskal-Wallis and Dunn multiple comparison test or Mann 
Whitney U test. Data are presented as box plot, with median, 
interquartile range±minimum to maximum; or mean±SEM. 
Sample size (n) is listed under each graph, respectively. 
Probability value (P value) of ≤0.05 was indicated with *, 
**P<0.01, ***P<0.001, and ****P<0.0001. Data were analyzed 
with GraphPad Prism (5.01; GraphPad, La Jolla, CA).

RESULTS
Systemic hsFLT1 Mimics Preeclampsia in 
Pregnant Mice
In transgenic hsFLT1/rtTA mice, hsFLT1 was systemically 
induced in midpregnancy (10.5 dpc) in dams and fetuses 
(preeclampsia het and hom) or in dams only (preeclamp-
sia wt) depending on the fetal rtTA genotype (Figure 1A, 

also see16). Thereby, preeclampsia dams carried both 
types of fetuses in parallel during one pregnancy; fetuses 
either having both transgenic alleles hsFLT1 and rtTA and 
express hsFLT1 also by themselves (preeclampsia het/
hom) or fetuses lacking the rtTA allele and did not express 
hsFLT1 (preeclampsia wt). Accordingly, for maternal ana-
lyzes, no distinction was possible between maternal and 
additional fetoplacental hsFLT1 overexpression (dams: 
preeclampsia), whereas this discrimination was done for 
placental/fetal analyzes (fetus/placenta: preeclampsia 
subdivided into preeclampsia wt, het, and hom). The origin 
of hsFLT1 expression in preeclampsia wt compared with 
preeclampsia het/hom group is illustrated in Figure 1B. 
Sample preparation was performed after physiological 
completion of SpA-remodeling (14.5 dpc) or at the end of 
the pregnancy (18.5 dpc). Highly retarded preeclampsia 
hom fetuses/placentas were used for histological assess-
ment of SpA-remodeling in whole implantation sites, but 
not for molecular analyses due to small mesometrial tri-
angle (MT) tissue amount.

Transgenic hsFLT1/rtTA dams express high hsFLT1 
levels already after 4 days of induction with doxycy-
cline, exhibiting median serum hsFLT1 of 1228 pg/mL 
at 14.5 dpc, comparable to 1040 pg/mL at 18.5 dpc 
(Figure 1C). The food and doxycycline intake and weight 
gain during pregnancy were not different between dams 
(Figure S1A through S1C in the Data Supplement). After 
hsFLT1 induction, maternal mean arterial pressure, sys-
tolic, and diastolic blood pressure were increased (pre-
eclampsia) and from 13.5 dpc until the end of pregnancy 
significantly higher compared with the noninduced dams 
(control; Figure 1D and Figure S1D and S1E).

hsFLT1 overexpression led to slight maternal aortic 
lumen reduction and wall thickening, resulting in signifi-
cantly reduced aortic lumen/total area compared with 
both controls (control/doxycycline control), which was 
combined with an increase in elastin breaks and a reduc-
tion of elastin layers in aortas of preeclampsia dams 
(Figure 2A through 2C and Figure S1F through S1H). 
Moreover, preeclampsia dams showed cytokine serum 
profiles differing from those of control dams (control/
doxycycline control), which include downregulation of 
adiponectin and upregulation of FGF acid and myeloper-
oxidase (Figure S1I and S1J).

Histological kidney analysis of preeclampsia dams 
showed endothelial cell swelling and occlusion of capillary 
lumen visualized by periodic acid-Schiff (PAS) reaction, 
as well as more fibrosis in acid fuchsin-orange G staining 
compared with both controls (Figure 2D), resembling the 
phenotype of glomerular endotheliosis, as seen in kid-
ney biopsies of preeclampsia patients.33,34 Consistently, 
upon hsFLT1 expression in kidneys, immunostainings of 
Cd31 (endothelial cell marker), nephrin (podocytes slit 
diaphragm protein), and WT-1 (podocyte cell marker) 
was reduced compared with controls (Figure S2A and 
S2B). These changes indicate damage to the glomerular 
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filtration barrier, which becomes clinically evident as an 
increased albumin to creatinine ratio (Figure 2E).

Additionally, fetal body weight was measured at 14.5 
dpc and 18.5 dpc to assess the FGR onset point, indi-
cating FGR already at 14.5 dpc combined with reduced 
weight gain from 14.5 to 18.5 dpc upon exclusive 

maternal hsFLT1 overexpression (preeclampsia wt) 
and limited weight gain upon maternal and fetoplacen-
tal hsFLT1 overexpression (preeclampsia het and hom) 
compared with both controls (control/doxycycline con-
trol; Figure 1E). Thus, most severe sFLT1 effect on fetal 
weight was observed, when hsFLT1 is both maternally 

Figure 1. Systemic sFLT1 (soluble fms-like tyrosine kinase-1) overexpression mimics preeclampsia in mice.
A, hsFLT1 (human sFLT1)/rtTA (reverse tetracycline-controlled trans-activator) mice (hsFLT1+/+ and rtTA+/−) were mated. hsFLT1+/+/rtTA+/+ or 
hsFLT1+/+/rtTA+/−fetuses/placentas (preeclampsia homozygous for hsFLT1 and homozygous for rtTA/homozygous for hsFLT1 and heterozygous 
for rtTA) expressed hsFLT1, whereas hsFLT1+/+/rtTA−/−fetuses (PE wt) did not. For fetal/spiral artery analyses the maternal PE group was further 
subdivided into preeclampsia homozygous for hsFLT1 and homozygous for rtTA/homozygous for hsFLT1 and heterozygous for rtTA, homozygous 
for hsFLT1 and wild type for rtTA. B, At 10.5 days postconception (dpc) dams were treated either with doxycycline (Dox) and sucrose (PE/Dox 
control [Ctrl]) or with sucrose only (Ctrl). Human sFLT1 (hsFLT1) origin in PE wt (maternal) compared with PE het/hom (maternal and fetoplacental) 
is illustrated. C, hsFLT1 is exclusively present in serum of induced dams (PE). D, Mean arterial pressure increases upon hsFLT1 induction at 10.5 
dpc until 18.5 dpc (PE), compared with Ctrl, E, combined with reduced fetal weight gain from 14.5 until 18.5 dpc. Data are presented as box plot 
with median, interquartile range±upper/lower extreme, or as mean±SEM; sample size n is listed under each graph respectively; Kruskal-Wallis 
combined with Dunn multiple comparisons test/Mann Whitney U test; *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.
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and fetoplacentally expressed (preeclampsia het and 
hom). The placental weight and the litter size did not 
change at both time points but lead to a significantly 
reduced placental efficiency upon hsFLT1 overexpres-
sion (Figure S3C through S3E).

Systemic hsFLT1 Impairs SpA-Remodeling
Insufficient SpA-remodeling is associated with 
decreased placental perfusion, preeclampsia, and 
FGR.18 With our experimental approach, we can discrim-
inate between the effects of hsFLT1 from the maternal 
circulation without hsFLT1 expression in the placenta 
and fetus (preeclampsia wt) and the combined effects 
of hsFLT1 overexpression in the mother and fetopla-
cental compartment (preeclampsia het/preeclampsia 
hom) on SpA-remodeling. Importantly, hsFLT1 expres-
sion was limited to preeclampsia het placentas and pre-
eclampsia wt and preeclampsia het MTs at 14.5/18.5 
dpc, with absent hsFLT1 mRNA in preeclampsia wt and 

control placentas and control MTs (control/doxycycline 
control; Figure S3A and S3B).

To investigate SpA vasodilation, the ratio of the 
luminal/total vessel area was assessed of SpAs in the 
decidua and the MT compartment (location: Figure 
S4A, ratio: Figure S4B). At 14.5 dpc luminal/total ves-
sel area ratio was significantly decreased upon hsFLT1 
overexpression compared with both controls in both 
compartments (Figure 3A), with no recovery until 18.5 
dpc (Figure 3B), indicating remained VSMC-layers. Veri-
fication was performed by immunohistochemical stain-
ing with anti-αSMA (α-smooth muscle actin; Figure 3C 
and 3E), revealing an increase in persisted VSMCs upon 
both types of hsFLT1 overexpression (preeclampsia wt 
and preeclampsia het/hom) compared with controls at 
14.5 dpc and 18.5 dpc (Figure 3D and 3F).

Trophoblast invasion is a key mechanism in SpA-
remodeling and is impaired in human preeclampsia.35 
Hence, hsFLT1 effects on TC invasiveness during SpA-
remodeling was investigated by immunohistochemical 

Figure 2. sFLT1 (soluble fms-like tyrosine kinase-1) induces secondary organ failure in maternal kidney and aorta.
A, Masson Goldner trichrome (MGT; scale bar: 200 µm) and Verhoeff Van Gieson (VVG; scale bar: 50 µm) stained maternal aortas (18.5 
days postconception [dpc]) exhibited [B] a reduced aortic lumen/wall ratio and [C] an increased elastin breakdown (yellow arrows in A) upon 
hsFLT1 (human sFLT1) overexpression (preeclampsia [PE]) compared with both controls (Ctrl/doxycycline [Dox] Ctrl). D, Periodic acid-Schiff 
reaction (PAS) and acid fuchsin-orange G (AFOG) stain of maternal kidneys (18.5 dpc) indicating glomerular endotheliosis upon hsFLT1 (PE); 
scale bar = 80 µm. E, Albumin/creatinine (mg/mg) ratio (18.5 dpc), was increased in PE dams compared with Ctrl. Data are presented as box 
plot with median, interquartile range±upper/lower extreme; sample size n is listed under each graph respectively; Kruskal-Wallis combined with 
Dunn multiple comparisons test; *P<0.05 and **P<0.01.
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staining with anti-pan Cyto (cytokeratin; Figure 4A and 
4B). Quantification of invasion depth of Cyto-positive 
cells into the decidua revealed reduced TC-invasion 
upon hsFLT1 overexpression (preeclampsia wt, het, and 
hom) compared with controls (control/doxycycline con-
trol) at 14.5 dpc, (Figure 4C) with recovery at 18.5 dpc 
for preeclampsia wt and het (Figure 4D), but no recov-
ery in preeclampsia hom. mRNA expression analysis of 
prolactin family 2, subfamily c, member 2 (Prl2c2) as a 
marker for peri/endovascular TCs, matrix metalloprotein-
ases (Mmp2/Mmp9) for elastolysis during TC-invasion, 
tumor necrosis factor α (Tnfα), transforming growth fac-
tor β (Tgfβ) and interferon γ (Infγ) as negative regulating 

cytokines during TC-invasion was performed in MT tissue 
(Figure 4E/F). Markers associated with improved TC-
invasion Prl2c2, Mmp2, and Mmp9 were lower expressed 
upon hsFLT1 overexpression (preeclampsia wt and het) 
compared with both controls at 14.5 dpc (Figure 4E) 
with increase until 18.5 dpc (Figure 4F), whereas mark-
ers associated with inhibition of TC-invasion Tnfα, Tgfβ 
and Infγ were unaffected at 14.5 dpc (Figure 4E) but 
upregulated at 18.5 dpc (Figure 4F).

uNK cells are thought to promote SpA-remodel-
ing21,22; thus, regulation of uNKs was expected, and 
subsequently glycoprotein-rich uNKs were visualized 
by PAS reaction (Figure 5A and 5C, asterisks). Upon 

Figure 3. sFLT1 (soluble fms-like tyrosine kinase-1) inhibits vascular smooth muscle cell degradation during spiral artery 
remodeling.
A, At 14.5 days postconception (dpc; B) and 18.5 dpc luminal/total vessel area ratio was decreased upon hsFLT1 (human sFLT1) overexpression 
(preeclampsia homozygous for hsFLT1 and wild type for rtTA, homozygous for hsFLT1 and heterozygous for rtTA, homozygous for hsFLT1 and 
homozygous for rtTA) compared with controls (Ctrl/doxycycline [Dox] Ctrl) in decidua and mesometrial triangle (MT). C, Anti-αSMA (α-smooth muscle 
actin) stained spiral artery in both compartments at 14.5 dpc and (E) at 18.5 dpc; scale bar: 100 µm; arrows = αSMA-positive cells. D, Quantification 
of αSMA-positive cells revealed persisted vascular smooth muscle cells upon hsFLT1 induction (PE wt, het, and hom) compared with Ctrl (Ctrl/Dox 
Ctrl), in the MT at 14.5 dpc, (F) and 18.5 dpc. Data are presented as box plot with median, interquartile range±upper/lower extreme; sample size n is 
listed under each graph respectively; Kruskal-Wallis combined with Dunn multiple comparisons test; *P<0.05, **P<0.01 and ***P<0.001.
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Figure 4. sFLT1 (soluble fms-like tyrosine kinase-1) impairs decidual trophoblast invasion during spiral artery remodeling.
A, Anti-Cyto (cytokeratin) stained spiral arteries (SpAs) in decidua/mesometrial triangle (MT) and overview between spongiotrophoblast and decidua at 
14.5 days postconception (dpc) and (B) at 18.5 dpc; scale bar: 200 µm decidua/MT, 100 µm overview; arrows denote Cyto-positive cells surrounding 
SpAs; asterisks denote round-shaped Cyto-positive cells not surrounding SpAs at 14.5 dpc. C, Quantification of Cyto-positive cell-migration revealed 
reduced trophoblast cell invasion upon hsFLT1 (human sFLT1) overexpression (preeclampsia homozygous for hsFLT1 and wild type for rtTA, homozygous 
for hsFLT1 and heterozygous for rtTA, and homozygous for hsFLT1 and homozygous for rtTA) compared with controls (Ctrl/doxycycline [Dox] Ctrl) at 14.5 
dpc, [D] with recovery at 18.5 dpc in PE wt and het but not PE hom placentas. E/F, mRNA levels of prolactin family 2, subfamily c, member 2 (Prl2c2), 
matrix metalloproteinases (Mmp2 and Mmp9), were lower in PE wt and het compared with Ctrl at 14.5 dpc (E), improved until 18.5 dpc (F), whereas tumor 
necrosis factor α (Tnfα), transforming growth factor β (Tgfβ), and interferon γ (Infγ) were upregulated at 14.5 dpc (E) and 18.5 dpc (F). Data are presented 
as box plot with median, interquartile range±upper/lower extreme, or as mean±SEM; sample size n is listed under each graph respectively; Kruskal-Wallis 
combined with Dunn multiple comparisons test; *P<0.05, **P<0.01, and ***P<0.001. D indicates decidua; L, labyrinth, Sp, spongiotrophoblast.
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hsFLT1 overexpression PAS-positive area of total 
decidua and MT was reduced compared with controls 
at 14.5 dpc (Figure 5B), compensated at 18.5 dpc 
(Figure 5D). At 14.5 dpc, PAS-positive fibrinoid depo-
sition was only present in controls (control/ doxycy-
cline control) but less in preeclampsia (wt, het, hom; 

Figure 5A, arrows). In contrast, at 18.5 dpc fibrinoid 
deposition was increased in preeclampsia placen-
tas, compared with both control groups (Figure 5C 
arrows). mRNA levels of uNK cell markers, neural cell 
adhesion molecule (Cd56), Integrin α-1 (Cd49a), per-
forin 1 (Prf1), granzyme A (Gzma), Killer cell lectin-like 

Figure 5. sFLT1 (soluble fms-like tyrosine kinase-1) leads to temporally misregulated presence of uterine natural killer cell 
markers during spiral artery remodeling.
A, Periodic acid-Schiff (PAS) reactivity on spiral arteries in decidua at 14.5 days postconception (dpc) and [C] 18.5 dpc; scale bar: 100 µm; arrows 
denote fibrinoid deposition; asterisks denote uterine natural killer cells. B, Upon hsFLT1 (human sFLT1; preeclampsia homozygous for hsFLT1 and 
wild type for rtTA,  homozygous for hsFLT1 and heterozygous for rtTA, and homozygous for hsFLT1 and homozygous for rtTA) PAS-positive area of 
decidua and mesometrial triangle (MT) was reduced compared with controls (Ctrl/doxycycline [Dox] Ctrl) at 14.5 dpc, (D) compensated at 18.5 
dpc. E/F, mRNA analysis of uterine natural killer cell marker genes neural cell adhesion molecule (Cd56), Integrin α-1 (Cd49a), perforin 1 (Prf1), 
granzyme A (Gzma), Killer cell lectin-like receptor subfamily G member 1 (Klrg1) in MT tissue display a downregulation at 14.5 dpc (E) and an 
upregulation at 18.5 dpc (F). Data are presented as box plot with median, interquartile range±upper/lower extreme, or as mean±SEM; sample size n 
is listed under each graph respectively; Kruskal-Wallis combined with Dunn multiple comparisons test; *P<0.05, **P<0.01 and ***P<0.001.
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receptor subfamily G member 1 (Klrg1) in MT tissue 
were mostly downregulation at 14.5 dpc (Figure 5E) 
and an upregulation at 18.5 dpc in preeclampsia wt 
and het compared with controls (Figure 5F).

Overall, the negative impact of hsFLT1 expression on 
SpA lumen adaption, VSMC apoptosis, TC-invasion, and 
uNK presence seems to be independent from the source 
of hsFLT1 overexpression. Thus, exclusive maternal (pre-
eclampsia wt) or combined maternal and fetoplacental 
(preeclampsia het/hom) hsFLT1 overexpression led to 
similar alterations of SpA phenotypes and marker gene 
expression profiles.

Systemic hsFLT1 Inhibits Mesometrial (Lymph-)
Angiogenesis
During remodeling, SpAs have noticeable similarities to 
lymphatic vessels, including thin coverage with VSMCs 
and dilating vessel lumen.36 The Vegf-signaling pathway 
regulates angiogenesis and lymph-angiogenesis in sev-
eral tissues. Therefore, analysis of the Vegf-signaling 
molecules fetal liver kinase-1 (Flk-1), placental growth 
factor (Plgf) and vascular endothelial growth factor 
(Vegfa, Vegfb) as angiogenesis and Fms-related tyro-
sine kinase 4 (Flt-4), Vegfc, Vegfd as lymph-angiogene-
sis markers were performed to unravel the link between 
hsFLT1 upregulation and lymphatic mimicry. Immuno-
histochemical staining with anti–Flt-4 of SpAs revealed 
Flt-4 positive SpAs at both time points (Figure 6A and 
6B). At 14.5 dpc, Flk-1 and its binding partner Plgf were 
significantly downregulated on transcriptional level 
upon hsFLT1 overexpression (preeclampsia wt and 
preeclampsia het), whereas the binding partners Vegfa 
and Vegfb were not affected (Figure 6C). At 18.5 dpc, 
downregulation of Flk-1, Plgf, Vegfa, and Vegfb was 
compensated or upregulated compared with controls 
(Figure 6D). Upon hsFLT1, overexpression (preeclamp-
sia wt and preeclampsia het) reduced mRNA levels 
were additionally seen for Flt-4 and its binding partner 
Vegfd at 14.5 dpc (Figure 6C), with no recovery of Flt-
4, but upregulation of Vegfd at 18.5 dpc (Figure 6D). 
Vegfc was not affected. Tendency of reduced Flk-1 and 
Flt-4 expression in MT tissue was verified on protein 
level, at 14.5 dpc (Figure 6E) but especially at 18.5 dpc 
(Figure 6F). All (lymph-)angiogenesis marker genes did 
not show significant differences if hsFLT1 is maternally 
(preeclampsia wt) or additionally fetoplacentally (pre-
eclampsia het) expressed.

Moreover, (immuno-)histological images of the same 
decidual SpA at 18.5 dpc of the preeclampsia group 
show many Cd31-positive, Flt-4–positive, and cytoker-
atin-positive cells and only a few αSMA-positive cells 
in the PAS-positive fibrinoid deposition surrounding the 
SpA, which indicates a shift towards apoptotic endothe-
lial cells and TCs stored in the fibrinoid deposition and 
not VSMCs (Figure S4C).

Systemic hsFLT1 Induces HIFs
The implantation site is known to be hypoxic in normal 
early pregnancy,37 nevertheless, prolonged hypoxic con-
ditions are linked to placental dysfunction and adverse 
pregnancy outcomes.38 Because systemic hsFLT1 over-
expression impairs SpA-remodeling in our model, pla-
cental hypoxic conditions were expected and mRNA 
analysis of hypoxia-inducible factor (Hif1α, Hif2α) and 
prolyl hydroxylases (Phd1, Phd2) was done at 14.5 and 
18.5 dpc (Figure S4D and S4E) in placental tissue. At 
14.5 dpc the mRNA level of Hif1α and Hif2α were unaf-
fected between groups, while Phd1 and Phd2 mRNA 
were downregulated upon hsFLT1 overexpression (pre-
eclampsia wt and preeclampsia het; Figure S4D). Con-
trary, at 18.5 dpc Hif1α and Hif2α mRNA levels were 
upregulated upon maternal hsFLT1 overexpression (pre-
eclampsia wt), combined with strong increase of Phd1 
and Phd2 mRNA upon maternal hsFLT1 overexpression 
(preeclampsia wt) and maternal and fetal hsFLT1 over-
expression (preeclampsia het) compared with controls 
(Figure S4E). However, if HIF-proteins might be stabi-
lized on protein level has to be elucidated.

DISCUSSION
Due to the experimental design and by using the sFLT1-
transgenic preeclampsia model, it is possible to dis-
criminate between exclusive maternal and combined 
maternal and fetoplacental hsFLT1 overexpression 
and its contribution to alterations in SpA-remodeling 
during pregnancy. Although doxycycline itself shows 
slight effects on SpA-remodeling, as already seen by 
Verlohren et al,39 the current study shows that inhibi-
tion of maternal vascular adaptation was clearly induced 
by hsFLT1; nevertheless, independent of the hsFLT1 
source. Consequentially, we gather that even exclusive 
maternal hsFLT1 overexpression is sufficient to impair 
SpA-remodeling independent from the fetoplacental 
compartment, with only one process stronger inhibited 
under combined maternal and fetoplacental hsFLT1, 
namely the TC-invasion. During SpA-remodeling, TC-
invasion is actively regulated by fetal and not maternal 
parts of the implantation site and mainly depends on 
migratory properties of fetal TCs. Accordingly, adverse 
impact of combined maternal and fetoplacental hsFLT1 
expression on fetal TC-migration is associated with a 
negative impact on fetal growth, leading to nonviable 
fetuses. Contrary, other processes during SpA-remodel-
ing, like loss of maternal VSMCs, presence of maternal 
uNKs, and expression of lymphatic and angiogenic mark-
ers in maternal endothelial cells, seem to be unaffected 
by additional fetoplacental hsFLT1 expression. In these 
processes, the presence of hsFLT1 in maternal tissues 
and circulation appeared to be decisive and not addi-
tional fetoplacental hsFLT1 expression. First trials using 
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Figure 6. sFLT1 (soluble fms-like tyrosine kinase-1) leads to reduced lymphatic mimicry during spiral artery remodeling.
A, Anti–Flt-4–stained spiral arteries in the decidua at 14.5 days postconception (dpc) and (B) at 18.5 dpc; scale bar: 100 µm. C, At 
14.5 dpc the fetal liver kinase-1 (Flk-1) and the placental growth factor (Plgf) were downregulated in preeclampsia homozygous for 
hsFLT1 and wild type for rtTA and preeclampsia homozygous for hsFLT1 and heterozygous for rtTA, whereas the vascular endothelial 
growth factors (Vegfa, Vegfb) were not affected. D, At 18.5 dpc Flk-1, Plgf, Vegfa, and Vegfb downregulation was compensated 
or overcompensated. C, mRNA level of Fms-related tyrosine kinase 4 (Flt-4) and Vegfd was reduced at 14.5 dpc, (D) with no 
recovery of Flt-4, but upregulation of Vegfd at 18.5 dpc. Vegfc was not affected. E/F, Flk-1 and Flt-4 protein level were decreased in 
mesometrial triangle (MT) tissue at 14.5 dpc and 18.5 dpc measured via Western Blot. Data are presented as box plots with median, 
interquartile range±upper/lower extreme, or as mean±SEM; sample size n is listed under each graph respectively; Kruskal-Wallis 
combined with Dunn multiple comparisons test. Dox indicates doxycycline. *P<0.05, **P<0.01 and ***P<0.001.
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ultrasound analyses by us revealed impaired uteropla-
cental vascularization with notching in the uterine artery 
and reversed end-diastolic velocity in the umbilical artery 
upon hsFLT1 overexpression, like human preeclampsia 
characteristics. This indicates further consequences of 
the impaired SpA-remodeling in our mouse model.

In human preeclampsia, it is assumed that sFLT1 is 
placentally derived, since Cerdeira et al40 describe a sig-
nificant sFLT1 gradient between uterine and peripheral 
veins in preeclampsia patients, with highest sFLT1 levels 
in placenta and lowest in periphery. Nevertheless, only 
serum samples on protein level were analyzed and not 
tissue samples on mRNA level to determine the real ori-
gin of sFLT1 overexpression. Hence, sFLT1—as a soluble 
factor—could also accumulate at implantation site inde-
pendent of the original sFLT1-expressing cells, overall 
resulting in a gradual serial presence of sFLT1. Reduced 
SpA-remodeling in human preeclampsia can be observed 
at 11th week of pregnancy, by using Doppler sonogra-
phy.41 At this time point, PLGF is already reduced, but 
sFLT1 is not yet elevated in peripheral serum of pre-
eclampsia patients.42 Additionally, SpA-remodeling can 
be improved by Aspirin intake before 16th week of preg-
nancy, which did not show any advantage starting later in 
pregnancy.43 This underlines that SpA-remodeling takes 
part in the first half of human pregnancy, but no more 
in a relevant way later. Thus, in humans, reduced SpA-
remodeling can be observed before validation of sFLT1 
accumulation in peripheral serum samples is possible. 
This fact neither confirms nor disproves the influence of 
sFLT1 on human SpA-remodeling because sFLT1 could 
already be upregulated/accumulated at the implantation 
site, not yet detected in serum. Although sFLT1 impact 
on SpA-remodeling in human preeclampsia needs fur-
ther clarification, we hypothesize that the observed 
sFLT1 effects on SpA-remodeling in our model are inde-
pendent from the original source of expression but rather 
depends on sFLT1 presence in maternal tissues.

However, the observed results in SpA-remodeling are 
in line with our hypotheses that sFLT1 overexpression 
leads to hypertension during pregnancy—as a second 
trigger—via negatively influencing maternal vasculature 
like the aorta or the SpAs. During normal pregnancy, 
blood volume and circulation increases throughout preg-
nancy due to systemic vasodilatation.44 In our model, 
sFLT1-influenced pregnancies seemed to be negatively 
affected in vascular adaptation regarding not only the 
SpAs but also the maternal aorta and kidney vessels. 
This vascular maladaptation upon sFLT1 represents a 
viable link between the placental phenotype and the for-
mation of hypertension during preeclampsia.

The current study showed a significant influence of 
sFLT1 overexpression on maternal hypertension. In addi-
tion to our study, also other preeclampsia models4,13,15 
and clinical studies9–12,45,46 strengthened the link between 
increased maternal sFLT1 serum levels and severity of 

maternal hypertension. In accordance with the maternal 
hypertension, an influence of sFLT1 on maternal aortic 
physiology was observed, which was also already seen 
in murine hypertension models without pregnancy47,48 
and in human preeclampsia.49 As well, endothelial dys-
function and thus vascular damage in the kidneys are 
described as glomerular endotheliosis.50 It is known that 
glomerular VEGF expression is critical for the integrity 
of an intact filtration barrier and kidney dysfunction dur-
ing preeclampsia.51 Systemic hsFLT1 overexpression in 
our model strengthened these findings by inducing glo-
merular endotheliosis, podocyte damage, and increased 
albumin/creatine levels.

To sum up, we postulate that circulating maternal 
hsFLT1 is sufficient to induce a maternal preeclampsia-
like syndrome and that maternal vascular maladaptation 
connects the maternal syndrome to placental character-
istics of preeclampsia in mice.

We are aware not to over-interpret the findings since 
preeclampsia is a human disease, which is here simu-
lated in mice leading to a preeclampsia-like syndrome. As 
well, although we here demonstrate that systemic sFLT1 
overexpression mimics a various number of preeclamp-
sia symptoms in mice, evidence for sFLT1 overexpres-
sion as a cause of human preeclampsia is still missing. 
In addition to viral-transduced sFLT1 models,4,13,15 other 
preeclampsia models exist targeting among others, 
the renin-angiotensin system, the nitric oxide synthe-
tase,52 or the uterine perfusion pressure itself.53 How-
ever, sFLT1 already serves as a useful clinical biomarker 
to predict preeclampsia11,12 and is thought to be a key 
player in preeclampsia progression.8,54 Because all exist-
ing sFLT1 models suffer from various shortcomings (1) 
they must be generated for each individual experiment, 
which is time and resource-intense and highly variable, 
(2) they induce other immunologic changes due to viral 
transduction, etc, (3) or they reveal sFLT1 expression 
already in blastocysts prior implantation, the usage of 
this transgenic preeclampsia model could reveal more 
stable and reproducible results, like in this study the 
contribution of the maternal and the fetoplacental com-
partment in preeclampsia pathology.

PERSPECTIVES
Preeclampsia is still one of the main reasons for mor-
bidity and mortality among mothers and their children 
and adequate animal models for research are urgently 
needed. The current study indicates that sFLT1 overex-
pression results in impairment of SpA-remodeling, due 
to sFLT1 presence in maternal decidua and circulation, 
which is sufficient to induce hypertension during preg-
nancy. sFLT1 overexpression seems to interfere with 
vascular adaptation mechanisms, inducing a type of vas-
cular stiffness with reduced potential for vasodilation in 
maternal aorta and uterine spiral arteries, which could 
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be a vital link to hypertension in dams. Overall, systemic 
sFLT1 overexpression mimics almost all hallmarks of 
human preeclampsia, making this model an elegant tool 
for analyzing: (1) new interventional strategies against 
preeclampsia/FGR, (2) underlying mechanisms in the 
progression of preeclampsia, as well as (3) short- and 
long-term consequences in offspring outcome and 
maternal future cardiovascular health.
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