
Smooth Muscle Mineralocorticoid Receptor Promotes 
Hypertension After Preeclampsia

Lauren A. Biwer, PhD1, Qing Lu, MD PhD1, Jaime Ibarrola, PhD1, Alec Stepanian, BS1,2, 
Joshua J. Man, PhD1,2, Brigett V. Carvajal, BS1,2, Nicholas D. Camarda, BS1,2, Zsuzsanna 
Zsengeller, MD PhD3, Geraldine Skurnik, MD4, Ellen W. Seely, MD4, S. Ananth Karumanchi, 
MD3,5, Iris Z. Jaffe, MD PhD1,2,*

1.Molecular Cardiology Research Institute, Tufts Medical Center, Boston MA

2.Graduate School of Biomedical Sciences, Tufts University School of Medicine, Boston MA

3.Department of Medicine, Beth Israel Deaconess Hospital, Boston MA

4.Division of Endocrinology, Brigham and Women’s Hospital, Boston MA

5.Department of Medicine, Cedars Sinai Medical Center, Los Angeles CA

Abstract

Background: Preeclampsia is a syndrome of high blood pressure (BP) with end organ damage 

in late pregnancy that is associated with high circulating soluble VEGF receptor (sFlt1). 

Women exposed to preeclampsia have a substantially increased risk of hypertension after 

pregnancy, but the mechanism remains unknown, leaving a missed interventional opportunity. 

After preeclampsia, women have enhanced sensitivity to hypertensive stress. Since smooth 

muscle cell mineralocorticoid receptors (SMC-MR) are activated by hypertensive stimuli, we 

hypothesized that high sFlt1 exposure in pregnancy induces a post-partum state of enhanced 

SMC-MR responsiveness.

Methods: Post-partum BP response to high salt intake was studied in women with prior 

preeclampsia. MR transcriptional activity was assessed in vitro in sFlt1-treated SMC by reporter 

assays and PCR. preeclampsia was modeled by transient sFlt1 expression in pregnant mice. 

Two months post-partum, mice were exposed to high salt and then to AngII and BP and 

vasoconstriction were measured.

Results: Women exposed to preeclampsia had significantly enhanced salt-sensitivity of BP 

verses those with a normotensive pregnancy. sFlt1 overexpression during pregnancy in mice 

induced elevated BP and glomerular endotheliosis, which resolved post-partum. The sFlt1 exposed 

post-partum mice had significantly increased BP response to 4% salt diet and to AngII infusion. 

In vitro, SMC-MR transcriptional activity in response to aldosterone or AngII was significantly 

increased after transient exposure to sFlt1 as was aldosterone-induced expression of AngII type 

1 receptor (AT1R). Post-partum, SMC-MR-KO mice were protected from the enhanced response 

to hypertensive stimuli after PE. Mechanistically, preeclampsia mice exposed to post-partum 
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hypertensive stimuli develop enhanced aortic stiffness, microvascular myogenic tone, AngII 

constriction, and AT1R expression, all of which were prevented in SMC-MR-KO littermates.

Conclusions: These data support that sFlt1-induced vascular injury during PE produces a 

persistent state of enhanced sensitivity of SMC-MR to activation. This contributes to postpartum 

hypertension in response to common stresses and supports testing of MR antagonism to mitigate 

the increased cardiovascular risk in women after PE.

Keywords

preeclampsia; hypertension; smooth muscle cell; angiotensin II; mineralocorticoid receptor

Introduction

Preeclampsia occurs in 5% of pregnancies and is characterized by new onset of high blood 

pressure (BP) combined with signs of kidney or other target organ dysfunction during the 

third trimester.1 Women who survive preeclampsia are at two times the risk of premature 

cardiovascular disease (CVD), which becomes evident around 10 years post-partum.2–5 

The most substantial increased risk after preeclampsia is the development of post-partum 

hypertension, for which the risk is increased almost 4 fold and may also contribute to other 

CVD risks such as heart attack and stroke.2, 6 Racial disparities also exist in preeclampsia 

and post- preeclampsia hypertension prevalence, both of which are higher in Black, 

American Indian and Alaskan Native populations.7, 8 As CVD and preeclampsia share 

common risk factors9, it is remains unclear if preeclampsia simply uncovers preexisting 

CVD risk or if preeclampsia exposure directly contributes to, and is sufficient to induce 

future CVD.

While the initiating mechanism has not been completely elucidated, preeclampsia is 

characterized by impaired placental vascular development resulting in placental ischemia 

and restricted fetal growth.10 The ischemic placenta releases anti-angiogenic factors, 

including a soluble form of the vascular endothelial growth factor receptor (sFlt1). 

Increased sFlt1 occurs in approximately 90% of preterm preeclampsia cases11, precedes 

the development of symptoms including hypertension,12, 13 and correlates with severity of 

preeclampsia in humans.14–16 High levels of sFlt1 sequester vascular endothelial growth 

factor (VEGF) and placental growth factor, which are necessary for normal vascular 

function. This contributes to impaired microvascular function resulting in hypertension 

and organ damage characteristic of preeclampsia.10 As such, overexpression of sFlt1 in 

rodents is sufficient to phenocopy signs of preeclampsia, including hypertension and renal 

glomerular damage, suggesting a role for high sFlt1 in the pathophysiology of the systemic 

syndrome that accompanies the placental defect in preeclampsia.14, 17, 18

Despite normalization of sFlt1 levels and resolution of preeclampsia signs after delivery 

of the placenta, clinical studies reveal persistent microvascular damage and enhanced post-

partum sensitivity to hypertensive stimuli after preeclampsia.4, 19–21 Specifically, women 

with a prior hypertensive pregnancy have a greater BP response to angiotensin II (AngII) 

infusion19, 22 and increased microvascular constriction to AngII.21 In addition, in women 

who had severe preeclampsia (SBP > 160 mmHg during pregnancy), enhanced post-partum 
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salt-sensitivity of BP has also been demonstrated.23 Women are routinely exposed to 

hypertensive stimuli since renin-angiotensin-aldosterone system (RAAS) activity increases 

with stress and aging24, 25 and most western societies are exposed to high salt diet. Thus, 

enhanced response to future hypertensive stimuli may contribute to post- preeclampsia CVD 

however, the molecular mechanisms remain unknown.

One of the terminal steps of the RAAS is activation of the mineralocorticoid receptor 

(MR).26 The MR is a hormone-activated transcription factor that traditionally regulates renal 

sodium retention in response to aldosterone (Aldo) to control BP. MR is also expressed 

in vascular SMC where it can be activated by its ligand Aldo or, in a ligand-independent 

manner, by AngII via PKC signaling.27, 28 Recent data shows a minimal role for SMC-MR 

in basal homeostasis, but rather, vascular MR is poised to respond to cardiovascular stress 

as its activation and subsequent target gene transcription promote hypertension, vascular 

remodeling, vasoconstriction and vascular stiffness in aging or injured male mice.29, 30 

However, the role of SMC-MR has never been investigated in the context of post-partum 

vascular dysfunction or hypertension after preeclampsia. Therefore, we used the sFlt1-

induced mouse preeclampsia model to test the hypothesis that exposure to high sFlt1 during 

pregnancy results in a persistently exacerbated response to hypertensive stimuli mediated by 

vasoconstriction due to enhanced activation of SMC-MR.

Methods

Data Availability.

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

See Supplemental materials for detailed methods

Post- preeclampsia human BP study—The protocol was approved by the Partners 

Healthcare Human Subjects Committee and all participants signed written informed consent. 

Women who were within 10 years of a Prior Normotensive Pregnancy (n=13) were 

compared to those with prior preeclampsia diagnosis31(n=8) and baseline characteristics are 

compared in Table S1. Women with prior normotensive pregnancies were on average 4.3 ± 

3.0 years post-partum and women with prior preeclamptic pregnancies were on average 3.2 

± 2.2 years post-partum (p=0.30). A crossover study design was used, exposing both groups 

of women to high salt (200 mEq/d) and low salt (10 mEq/d) for a week, each followed by 

systolic BP (SBP) measurement to calculate salt-sensitivity of BP (difference in BP on high 

versus low salt balance).

Animals—All animal studies were approved by the Tufts University institutional animal 

care and use committee and conducted in accordance with the National Institutes of Health 

(NIH) Guide for the Care and Use of Laboratory Animals. Pregnant C57Bl/6 (Jackson 

Labs), smooth muscle mineralocorticoid receptor knockout mice (SMC-MR-KO), and SMC-

MR-WT littermates (bred and induced as previously validated32) were randomized in an 

alternating fashion as they became pregnant to control adenovirus (CMV-null vector= 

“control”) or sFlt1 adenovirus injected on gestation day (GD)9. BP was recorded using 
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implanted telemetry during pregnancy or post-partum in response to hypertensive stimuli 

(high salt and subsequent AngII (600ng/kg/min)). Kidneys were removed from a subset of 

mice upon sacrifice at GD18 or 2 months post-partum and glomeruli blindly scored for 

severity of endotheliosis. Blood was collected to measure sFlt1 and Aldo. No significant 

difference in any phenotype was found between Cre− or Cre+ mice injected with control 

virus, therefore data from control-injected SMC-MR-KO and SMC-MR-WT were combined 

for analysis.

Vascular Function—Vasoconstriction of third order mesenteric arteries was measured 

using wire myograph (response to AngII) or pressure myograph (myogenic tone) as in 33, 34.

In Vitro Experiments—Pac1 rat SMC biological replicates were treated with sFlt1 for 24 

hours and MR mRNA and protein were quantified. sFlt1 was then removed from the media 

and fresh media added for 24 hours after which MR transcriptional activity was quantified 

using luciferase-reporter assay or by QRT-PCR of MR target genes after MR activation with 

AngII or Aldo as indicated. Primers are listed in Table S2–S3.

Statistics—Statistical analysis was performed in Graph Pad Prism version 8. Two group 

comparison was done using unpaired student’s t-test. Comparison of three groups was done 

by one-way ANOVA followed by appropriate post hoc test. Four group comparison was 

done by 2-way ANOVA with appropriate post hoc and mixed effects model was used if there 

were missing values. Myograph studies were analyzed by 2-way repeated measures ANOVA 

and appropriate post hoc to determine differences at specific concentrations. Datasets with 

significantly different standard deviations were compared using unpaired t-test with Welch’s 

correction or Brown-Forsythe/Welch one way ANOVA. Normal distribution was tested using 

Shapiro-Wilk test and a nonparametric test was used if a group was not normally distributed 

(p<0.05). Statistical and post hoc tests used are indicated in each figure legend. Values are 

mean +/− standard error. Significance was set at p<0.05.

Results

Prior exposure to preeclampsia is associated with salt sensitivity of BP in women

Women exposed to a preeclampsia pregnancy have previously been shown to have an 

enhanced BP response to hypertensive stimuli such as RAAS activation induced by AngII 

infusion compared to woman after a normal pregnancy.19 Women with severe preeclampsia 

also have enhanced BP response to high salt intake post-partum.23 We expanded on this 

finding by measuring salt-sensitivity of BP in women who had a previous normotensive 

versus a prior PE pregnancy, without limiting to severe preeclampsia. Prior to salt challenge, 

there was no significant difference in age, time since pregnancy, body mass index, 

creatinine, or hemoglobin A1C between women with normotensive or prior preeclamptic 

pregnancy. Urine sodium was not different between groups in response to low or high 

sodium intake (Table S1). Women were exposed to low salt or high salt diet, each for 1 

week, in a crossover fashion, and SBP was measured at the end of each diet. The difference 

between the BP on low versus high salt is a measure of the responsiveness of BP to high 

salt intake. Women with a prior normotensive pregnancy had no significant difference in 
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SBP while on low versus high salt diet. However, women with prior preeclampsia had 

a significant increase in SBP on high compared to low salt diet (Figure 1A). This was 

evidenced by 9 ± 3 mmHg increase in SBP on high salt compared to low salt diet in 

the women with prior preeclampsia which was significantly greater than those with prior 

normotensive pregnancy (Figure 1B), consistent with salt-sensitivity of BP.

High sFlt1 exposure in mid-gestation in mice induces the features of human preeclampsia 
which resolve post-partum

As prior studies using the sFlt1-induced preeclampsia model utilized outbred CD1 mice, we 

first established the model in C57Bl/6 mice to enable use of KO mice on the C57Bl6 genetic 

background. Pregnant C57Bl6 mice were injected on GD9 with control adenovirus or sFlt1 

adenovirus that transiently expresses sFlt1 during late gestation. sFlt1 virus injection into 

pregnant mice significantly increased SBP in late pregnancy (Figure 2A). To account for any 

variability of baseline BP, SBP for each mouse was also compared to their own baseline 

SBP and the area under the BP curve from GD8-18 was also found to be significantly 

greater for sFlt1-exposed mice (Figure 2B). Kidney damage in the form of glomerular 

endotheliosis, the hallmark histological lesion of human preeclampsia, was also significantly 

increased in pregnant sFlt1-injected females compared to control-injected females at the end 

of gestation. Two months post-partum, renal histology was normal in both groups (Figure 

2C). As expected, sFlt1 virus injection significantly increases plasma sFlt1 level during 

pregnancy (Figure 1D). Two months post-partum, sFlt1 levels in both groups were down to 

non-pregnant levels and did not differ between groups (Figure 2E). Similarly, while SBP 

was significantly increased in the sFlt1 mice at the end of pregnancy, BP returned to normal 

2 months post-partum with no statistically significant difference observed between control 

and sFlt1 exposed mice (Figure 2F). Thus, exposure to high sFlt1 during late gestation 

in C57Bl6 mice is sufficient to induce the preeclampsia phenotype of hypertension and 

glomerular endotheliosis during pregnancy, all of which resolve post-partum, similar to 

humans.

Prior exposure to preeclampsia is sufficient to induce sensitivity to future hypertensive 
stimuli in the mouse sFlt1-induced preeclampsia model

We next investigated whether the mouse sFlt1-induced preeclampsia model reproduces the 

human phenotype of enhanced BP responses to hypertensive stimuli using the paradigm 

in Figure 3A. Beginning 2 months post-partum, mice with implanted radiotelemetric BP 

monitors were subjected to normal sodium diet for 1 week (0.5% NaCl) followed by 

moderate (2% NaCl) salt intake for a week, then normal salt for 1 week followed by high 

salt intake (4% NaCl) for one week. Finally, mice were returned to normal salt intake 

for a week and then infused with AngII at a dose known to induce a moderate pressor 

response in female mice.35 Exposure to 2% salt diet resulted in no significant difference 

in the area under the curve (AUC) of the SBP response between groups (Figure 3B). 

However, previous exposure to sFlt1-induced preeclampsia during pregnancy resulted in a 

significantly greater AUC of SBP in response to high salt intake (4% NaCl), compared 

to mice exposed to a control pregnancy (Figure 3C). Similarly, mice exposed to prior 

sFlt1-induced preeclampsia had a significantly greater BP response to AngII (Figure 3D). 

AngII increases BP by two main mechanisms: inducing Aldo production by the adrenal 

Biwer et al. Page 5

Circ Res. Author manuscript; available in PMC 2024 March 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to enhance renal sodium retention and by direct vasoconstriction of resistance vessels. 

The enhanced pressure response in sFlt1 mice was not associated with a difference in 

plasma Aldo level at the end of pregnancy, two months post-partum, or after AngII infusion 

(Figure 3E). Thus, to determine if this was a vascular-mediated effect, ex vivo mesenteric 

microvascular constriction was quantified after the hypertensive stimuli. Resistance vessel 

constriction to AngII was significantly greater in vessels taken from mice exposed to prior 

sFlt1-induced preeclampsia compared to those with prior control pregnancy (Figure 3F). 

These data together support that women with prior preeclampsia have enhanced BP response 

to high salt intake and that in mice, exposure to sFlt1 during pregnancy is sufficient to 

reproduce this finding of a persistently enhanced response to future hypertensive stimuli 

accompanied by enhanced vasoconstriction to AngII.19, 21

SMC transiently exposed to sFlt1 exhibit increased mineralocorticoid receptor (MR) 
activity in response to subsequent agonist stimulation

We previously demonstrated that SMC-MR mediates the vasoconstrictive impact of 

AngII.28, 36 Since the AngII vasoconstriction response is enhanced after preeclampsia 

exposure in women and after sFlt1-induced preeclampsia and hypertensive stimuli in the 

mouse model (Figure 3F), we next investigated the impact of transient sFlt1 exposure on 

MR expression and activity in SMC (Figure 4). Pac1 cells, a transfectable SMC line, express 

endogenous MR as well as VEGFR1 and VEGFR2 (Figure S1) and VEGF-A is present in 

the serum-containing cell culture supernatant at a concentration of 112.7+/− 19.72 pg/mL 

(N=6). Pac1 SMCs were exposed to vehicle control or sFlt1 for 24 hours and then MR 

mRNA (Figure 4A) and protein (Figure 4B) expression were quantified. There was no 

statistically significant difference observed in SMC-MR expression after sFlt1 exposure. 

MR is a hormone-activated transcription factor so MR activity can be measured using a 

MR-responsive element (MRE)-driven luciferase reporter. Thus, SMC were treated with 

sFlt1 for 24 hours followed by sFlt1 washout for 24 hours. Then cells were transfected with 

the MRE-luciferase reporter and 6 hours later, MR was activated with either AngII (300 nM) 

or the traditional MR ligand, Aldo (10 nM). Prior sFlt1 exposure significantly enhanced MR 

responsiveness but the difference was only significant after stimulation with Aldo or AngII, 

not with vehicle alone (Figure 4C and 4D). This is consistent with no statistically significant 

difference observed in baseline BP in the women or mice with prior preeclampsia but a 

signficant change in the response to hypertensive stimuli.

As these data support enhanced MR responsiveness on a heterologous promoter, we 

next tested whether this translates into changes in expression of a well characterized 

SMC-MR transcriptional target gene, connective tissue growth factor (CTGF). Consistent 

with published data37, Aldo increases CTGF mRNA expression in SMC (Figure 4E). 

Pretreatment of SMC with sFlt1 significantly enhanced the subsequent Aldo-induced 

increase in CTGF mRNA expression, further supporting that transient sFlt1 exposure 

enhances the future responsiveness of SMC-MR. Since SMC-MR has been shown to 

mediate AngII vasoconstriction at least in part by regulating angiotensin type 1 receptor 

(AT1R)36, the impact of sFlt1 pre-treatment on AT1R expression was also quantified. Once 

again, Aldo induction of AT1R expression in SMC was significantly exacerbated when SMC 

were previously exposed to sFlt1 (Figure 4F). As with the reporter assays in Fig 4C–D, 
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enhanced induction of MR target genes after sFlt1 exposure of SMC was only significant 

after stimulation with Aldo. Expression of angiotensin type 2 receptor (AT2R), which 

opposes AT1R and mediates vasodilation, was decreased in vitro when SMC were pretreated 

with sFlt1 (Figure S2A). These data support that transient sFlt1 exposure enhances the future 

responsiveness of SMC-MR to hypertensive stimuli including Aldo and AngII.

Mice lacking SMC-MR are protected from enhanced responsiveness to hypertensive 
stimuli after exposure to sFlt1-induced preeclampsia

To test the role of SMC-MR activation in mediating the post- preeclampsia sensitivity 

to hypertension in vivo, the sFlt1-induced preeclampsia model followed by post-partum 

exposure to hypertensive stressors was repeated, comparing mice with the MR specifically 

deleted from SMC (SMC-MR-KO) versus SMC-MR-WT littermates. For all studies, there 

were no statistically significant differences observed in any measured outcomes in SMC-

MR-WT and SMC-MR-KO after exposure to control pregnancy, thus, those data were 

combined for further analysis. The preeclampsia phenotype was compared between pregnant 

SMC-MR-WT and SMC-MR-KO mice. We confirmed that plasma sFlt1 levels at the end 

of pregnancy were significantly and similarly increased by sFlt1 injection in pregnant SMC-

MR-WT and SMC-MR-KO mice (Figure 5A). There was also no significant difference in 

in plasma Aldo levels during pregnancy (Figure 5B) between the two genotypes. Telemetry 

devices were implanted into SMC-MR-KO mice and SMC-MR-WT littermates and BP was 

measured during pregnancy in response to sFlt1 expression by adenoviral injection. Systolic 

BP was not different between groups in the first half of pregnancy prior to sFlt1 injection. 

Upon injection at GD9, blood pressure increased significantly and equivalently between 

WT and KO (Figure S3). As such, the area under the curve for BP from GD8-17 was the 

same regardless of the presence of SMC-MR (Figure 5C). Mice exposed to elevated sFlt1 

developed glomerular endotheliosis during pregnancy, consistent with end organ damage 

from the preeclampsia model which also did not differ by genotype (Figure 5D). These 

data demonstrate that lack of SMC MR during pregnancy does not impact the preeclampsia 

phenotype in response to high sFlt1.

Two months post-partum, mice were implanted with radiotelemetry devices and subjected to 

repeated hypertensive stimuli (Figure 5E). Prior to initiation of hypertensive stress, SBP was 

normal and not significantly different between groups (Figure 5F). As in the WT C57Bl6 

mice, the response to 2% NaCl diet was not impacted by exposure to sFlt1 during pregnancy 

(Figure 5G). When mice received excess dietary sodium at 4% NaCl, the MR-intact mice 

exposed to sFlt1 during pregnancy tended to have an increased SBP response (similar to 

Figure 3C) but this was not statistically significant (p= 0.07, Figure 5H). Once again, MR-

intact mice exposed to sFlt1-induced preeclampsia had a significantly greater BP response to 

AngII infusion and this enhanced responsiveness to AngII was prevented in SMC-MR-KO 

mice exposed to sFlt1 (Figure 5I). These data support that SMC-MR is necessary for the 

enhanced hypertensive response to AngII after exposure to sFlt1-induced preeclampsia.
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Mice lacking SMC-MR are protected from enhanced vascular stiffness, microvascular tone 
and AngII constriction after exposure to sFlt1-induced preeclampsia

SMC-MR has been shown to contribute to conduit vessel stiffness and rising BP in the 

aging vasculature by contributing to microvascular myogenic tone (the vasoconstrictive 

response to increasing BP) and vasoconstriction to AngII.29, 36, 38 Preeclampsia in women 

has also been linked with premature vascular aging.39 Thus, we examined the impact of 

sFlt1-induced preeclampsia on aortic stiffness and resistance vessel myogenic tone and 

constriction to AngII, comparing mice with MR intact to SMC-MR-KO littermates. Two 

months post-partum, there was no difference in aortic stiffness, as measured by pulse 

wave velocity (PWV), between SMC-MR-WT or SMC-MR-KO mice exposed to control 

pregnancy or sFlt1-induced preeclampsia (Figure S4). However, exposure to repeated 

hypertensive stimuli significantly increased vascular stiffness in MR intact mice exposed 

to prior preeclampsia and this was completely inhibited in SMC-MR-KO mice (Figure 6A). 

Next, resistance vessel myogenic tone after hypertensive stress was measured by pressure 

myography. sFlt1-induced preeclampsia significantly increased mesenteric myogenic tone in 

SMC-MR intact mice compared to WT mice exposed to control pregnancy. This enhanced 

vasoconstrictive response to increasing pressure after preeclampsia was prevented in SMC-

MR-KO (Figure 6B). As in Figure 3F, ex vivo mesenteric microvascular constriction 

to AngII was significantly increased in vessels from SMC-MR-WT mice after prior 

sFlt1 exposure and subsequent hypertensive stress, compared to control pregnancy. This 

enhanced constriction to AngII was also prevented in SMC-MR-KO mice (Figure 6C). 

To examine the potential mechanism, we measured mesenteric vessel mRNA expression 

of the vasodilatory AT2R and the vasoconstrictive AngII type 1b receptor (AT1Rb is the 

murine AT1R expressed in mesenteric vessels). AT2R expression was not significantly 

altered in mesenteric vessels of sFlt1- injected SMC-MR-WT or SMC-MR-KO vessels 

after post-partum hypertensive stimuli, a pattern distinct from that found in SMC in vitro 
(Figure S2B). AT1Rb expression in mesenteric resistance vessels from SMC-MR-WT mice 

was significantly increased after exposure of to sFlt1-induced preeclampsia followed by 

hypertensive stimuli (Figure 6D). The increased expression of AT1Rb was prevented in 

SMC-MR-KO mice resulting in significantly less AT1Rb expression in SMC-MR-KO 

compared to MR-intact mice exposed to preeclampsia. These results are consistent with 

the in vitro data in Figure 4 in which pretreatment of SMC in vitro with sFlt1 exacerbates 

MR driven upregulation of AT1R expression in SMC and MR responsiveness to AngII.

Discussion

In summary, this study demonstrates that short term sFlt1 exposure in pregnant mice is 

sufficient to induce a future state of enhanced sensitivity to hypertensive stress, as seen in 

women after preeclampsia. However, in mice, this can be interpreted to be independent of 

preexisting CVD risk factors. Further exploration of the mechanism reveals that vascular 

SMCs transiently exposed to sFlt1 develop a persistent hypersensitivity of the MR to 

hormone-dependent or hormone–independent activation that drives post-partum BP response 

via enhanced resistance vessel myogenic tone, AT1R expression and vasoconstriction. 

Specifically, this study: 1) validated adenoviral-mediated expression of sFlt1 in pregnant 

C57Bl6 mice as a model to explore the mechanism for post-partum CVD risk by confirming 
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key features of preeclampsia during pregnancy, including elevated late term BP, high 

sFlt1 levels, and renal endotheliosis that all resolve post-partum; 2) Two months after 

exposure to sFlt1-induced preeclampsia, the BP response to high salt diet and AngII infusion 

was significantly increased in this mouse model. This is consistent with enhanced AngII 

responsiveness previously shown in post- preeclampsia women19 and our new data showing 

that a prior preeclampsia diagnosis in women associates with post-partum salt sensitivity 

of BP that is not seen in women after normotensive pregnancy; 3) Mechanistic studies 

show that transient exposure of SMC to sFlt1 in vitro results in persistently enhanced MR 

transcriptional responsiveness and target gene expression, including MR-induced expression 

of the AT1R; 4) As such, mice previously exposed to sFlt1-induced preeclampsia that 

are challenged with hypertensive stress from high salt and RAAS activation, develop 

increased; microvascular AT1bR expression, AngII vasoconstriction, myogenic tone, and 

blood pressure compared to mice with a prior control pregnancy; 5) Finally, SMC-MR-KO 

mice were protected from the detrimental response to hypertensive stimuli in this model, 

including protection from enhanced vascular stiffness, increased resistance vessel myogenic 

tone, upregulation of AT1bR and sensitivity to AngII-induced vasoconstriction and BP 

elevation. These data support the model in Figure 7 where transient sFlt1 exposure during 

pregnancy modifies MR responsiveness in vascular SMC. This persists after resolution of 

preeclampsia in a latent state until it manifests upon exposure to poor diet, stress or aging 

post-partum. Upon exposure to hypertensive stress, SMC-MR is hyperactivated, enhancing 

AT1R transcription, promoting microvascular constriction and myogenic tone resulting in 

increased BP response when exposed to hypertensive stress. In the mouse model, this occurs 

even in the absence of other pre-existing or predisposing risk factors for CVD such as 

obesity or family history which may further exacerbate risk in women.

Females are typically protected from CVD prior to menopause, but P preeclampsia E 

negates this protection. Ample published data shows that MR expression rises with 

age in SMC and contributes to cardiovascular aging by promoting vascular fibrosis 

and stiffness38, 40, enhancing AT1R expression and vasoconstriction to AngII36, 41, and 

contributing to myogenic tone and rising BP with age.29 Thus, one unifying concept might 

be that sFlt1 exposure during preeclampsia leads to accelerated vascular aging by activating 

SMC-MR. A recent study showed that sFlt1 expression increases with age in mice and that 

the decline in VEGF signaling with age contributes to the multi-organ aging phenotype by 

unknown mechanisms.42 Our study suggests that the accelerated vascular aging phenotype 

in preeclampsia is mediated by sFlt1-induced SMC-MR activation and thus SMC-MR-KO is 

protective by preventing this aging phenotype. There are distinct mechanisms of vascular 

aging in females and these mechanisms are differentially impacted by SMC-MR. For 

example, SMC-MR expression is increased with age in both sexes but this happens sooner 

in males.36, 41, 43 A similar pattern is seen with microvascular AngII constriction and aortic 

stiffness as both increase with age, but this occurs sooner in males, consistent with the 

timing of changes in SMC-MR expression.41 Pregnancy or AngII infusion increases Aldo 

levels, and Aldo exposure leads to ubiquitination and degradation of MR.44, 45 However, 

in this study, the preeclampsia signs (blood pressure, kidney damage) were not changed 

by SMC-MR-KO nor did sFlt1 exposure alter circulating Aldo in vivo. In vitro, sFlt1 

exposure did not modulate SMC-MR mRNA expression either. While we cannot measure 
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MR protein in mice due to the lack of a murine-specific antibody, these data suggest that 

the effects are likely independent of changes in Aldo levels or MR expression. Rather, 

SMC-MR appears to be more sensitive to activation by Aldo or AngII after preeclampsia, 

thereby leading to increased AT1R expression.36 It has been previously shown that MR 

can also be activated in a ligand-independent manner by Rac1 signaling, which contributes 

to salt-sensitive hypertension.46, 47 Ligand-independent SMC-MR activation also occurs 

through AT1R signaling via PKC delta, resulting in post-translational MR modification that 

is synergistic with ligand to enhance MR transcriptional function.27, 28 Here we focused on 

MR in SMC since it is implicated in vasoconstriction and BP control. In a leptin infusion 

model of preeclampsia, EC-MR deletion protected against EC dysfunction and hypertension 

during pregnancy.48 The long term effects of EC MR on post- preeclampsia enhanced CVD 

risk remain to be determined. In our sFlt1 preeclampsia model, the presence of SMC-MR 

did not impact the preeclampsia phenotype during pregnancy but rather had beneficial 

effects in the post-partum ‘premature vascular aging’ phenotype. Further studies are needed 

to determine the mechanism by which sFlt1 modifies SMC-MR sensitivity in the setting of 

preeclampsia.

Clinical data also reveal exacerbated AngII responsiveness in post-partum women with 

prior preeclampsia. In response to AngII infusion, women exposed to preeclampsia have 

a significantly greater BP response22 and greater skin microvasculature constriction21 

compared to women with prior normotensive pregnancies. In both of these published 

studies, skin biopsies showed increased expression of AT1R21 and a correlation between 

AT1R expression and the AngII BP response in women after preeclampsia.22 Preclinical 

evidence shows that resistance vessel AT1R also functions as a mechanosensor to mediate 

myogenic constriction in response to increased pressure.49, 50 Our data provide a potential 

novel mechanism underlying these observations in post- preeclampsia women. High sFlt1 

during pregnancy, which is observed in up to 90% of preeclampsia patients51, may have 

enhanced SMC-MR sensitivity resulting in greater upregulation of AT1R expression in 

response to the hypertensive stresses experienced by most women, and leading to enhanced 

myogenic tone and microvascular constriction and increased BP response to hypertensive 

stress in post- preeclampsia women. We also examined the impact of sFlt1 on expression of 

the vasodilatory AT2R that opposes AT1R vasoconstriction. Here we found distinct effects 

in cultured SMC treated in vitro versus mesenteric vessels exposed to sFlt1 in vivo. As 

the vessels also include endothelial cells that express AT2R and gene expression in vivo 

may also be modulated in response to changes in BP, the differences between the in vitro 

and in vivo results could have multiple explanations. Overall, the in vitro and in vivo 

data consistently support a role for SMC-MR induction of AT1R in the post- preeclampsia 

enhanced responsiveness to hypertensive stress in mice and humans.

preeclampsia This is important clinically, as it suggests this phenotype may apply to the 

larger population of women exposed to preeclampsia regardless of severity. Both our study 

and the severe preeclampsia study showed that post-partum BP was within the normotensive 

range prior to salt challenge. Since the majority of people worldwide consume more 

salt than recommended54, most women exposed to preeclampsia during pregnancy are 

subsequently exposed to high salt and other hypertensive stresses (psychological stress, 

RAAS activation, aging).22, 24, 55 Whether enhanced salt-sensitive BP after preeclampsia is 
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a direct consequence of preeclampsia or due to pre-existing salt sensitivity that predispose 

to both preeclampsia and early onset hypertension has been a critical question in the field. 

Indeed, in our small clinical study, a subset of women with a normotensive pregnancy also 

appear to be salt sensitive. This is consistent with recent data demonstrating that women 

are more likely than men to have salt-sensitive hypertension and that some normotensive 

premenopausal women have salt sensitive BP due to adrenal, renal, or genetic factors.56 

Since our animal model uses WT C57Bl/6 mice without any genetic or environmental 

predisposition to hypertension, the data in this study support that exposure to sFlt1 during 

pregnancy is sufficient to enhance the future response to hypertensive stimuli, even in the 

absence of predisposition or preexisting to CVD. This does not rule out the potential for 

synergy between pre-existing risk factors and the damage caused by sFlt1 exposure during 

preeclampsia.

preeclampsia SMC-MR can contribute to vascular stiffness by increasing vessel 

fibrosis38, 40, 41, calcification59 or enhancing SMC adhesion to fibronectin in the 

extracellular matrix via regulation of integrin expression.40 Since vascular stiffness 

contributes to heart and kidney failure, exacerbates hypertension (and is induced by 

hypertension), and correlates with adverse CVD outcomes, the mechanism for increased 

vascular stiffness after preeclampsia warrants further investigation.

As preeclampsia and CVD share common risk factors, it has been proposed that 

preeclampsia is a manifestation of pre-existing cardiovascular risk due to pregnancy as 

a stress test on the cardiovascular system. That hypothesis has been difficult to test in 

humans, but mouse models provide the ability to study preeclampsia in the absence of 

any predisposition to CVD. Indeed, post-partum study of the sFlt1-induced preeclampsia 

mouse model indicates that preeclampsia can induce persistent cardiovascular damage in 

the absence of contributing CVD risk factors like hypertension or dyslipidemia.60, 61 A 

previously published study showed that mice exposed to prior preeclampsia increased 

vascular remodeling with SMC proliferation and fibrosis in response to post-partum 

carotid injury.62 Together with this study, these findings are consistent with the concept 

that sFlt1 exposure during pregnancy is “remembered” upon encounter with subsequent 

cardiovascular injury. Our data showing that prior preeclampsia results in enhanced 

mesenteric vasoconstriction post-partum is consistent with a study using a rat model of 

preeclampsia induced by reduced uteroplacental perfusion, showing enhanced mesenteric 

vasoconstriction to phenylephrine post-partum63 with no impairment in vasodilation.64 The 

complement component 1q (C1q) KO model of preeclampsia showed persistent aortic 

endothelial dysfunction post-partum, although hypertension never fully resolved in that 

model.65 Thus, multiple preclinical preeclampsia models support the concept that exposure 

to preeclampsia is sufficient to induce persistent post-partum vascular dysfunction with 

enhanced response to cardiovascular stress in the absence of preexisting risk factors.

Limitations of this study are that the sFlt1 model bypasses placental ischemia, posited 

to be an initiating factor of preeclampsia. We chose the model in part because it is 

reversible, unlike some models. However, this approach is likely modeling only a subset 

of the preeclampsia phenotype as there are surely other factors that also contribute to 

post- preeclampsia CVD risk. sFlt1 is produced by the placenta, increases in the majority 
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of preeclampsia patients prior to diagnostic signs, and circulates in significantly higher 

concentrations with increasing severity of preeclampsia 12, 14, therefore ample clinical data 

support an important role of sFlt1 in preeclampsia pathophysiology. Since sFlt1 is sufficient 

to induce a post-partum phenotype in this mouse model, the findings provide more specific 

information about the mechanism of post- preeclampsia sensitivity to hypertensive stimuli 

that are specifically downstream of sFlt1. Although VEGF receptors are classically thought 

to be expressed in endothelial cells, VEGFR1 (Flt1) is also expressed in vascular smooth 

muscle cells.66 In models of vascular injury, vascular smooth muscle cells upregulate Flt1 

expression and thus are particularly sensitive to endothelial growth factors.67 Additional 

studies are needed to elucidate how interruption of Flt1 signaling leads to enhanced SMC-

MR activation. Preeclampsia also predisposes to cardiac dysfunction and cardiac fibrosis, 

which could be mediated by SMC-MR; we did not investigate this as it is outside the scope 

of the current study. We also did not explore the role of auto-antibodies to the AT1R that 

have been shown to increase with preeclampsia and persist in a subset of women after 

preeclampsia.68 However, it has been suggested that AT1R auto-antibodies are upstream of 

sFlt1 production69 and it is unclear how the auto-antibodies affect AT1R expression, so this 

mechanism is unlikely to contribute to the post- preeclampsia phenotype observed in this 

model. There are also some obvious differences between the in vitro and in vivo studies in 

our study. SMC were exposed only to sFlt1 in vitro while in the mouse model, in vivo SMC 

are exposed to sFlt1 and hypertension during pregnancy. In vitro, transient sFlt1 exposure is 

sufficient to enhance SMC-MR transcriptional activity. Whether transient hypertension alone 

is sufficient to induce future CVD by the same mechanism (without elevated sFlt1) cannot 

be determined from the studies reported here, thus future experiments are needed. Finally, 

while we have used the Shapiro-Wilk test to determine normality, using parametric tests for 

sample sizes smaller than 6 may reduce reproducibility or rigor of the findings

Despite these limitations, this mouse model phenocopies the human post preeclampsia 

condition quite well. The novel mechanism linking elevated sFlt1 to enhanced sensitivity 

of SMC-MR activation to mediate hypertension has clinical implications for women with a 

history of preeclampsia as well as other conditions like cancer therapy-associated vascular 

toxicity. VEGF receptor inhibitors, including small molecule kinase inhibitors, anti-VEGF 

antibodies, or VEGF traps have reduced cancer related mortality by inhibiting angiogenesis. 

However, VEGFR inhibitors have the undesired effect of raising BP and causing proteinuria, 

a syndrome that resembles preeclampsia and can lead to discontinuation or dose reduction 

of life-saving cancer treatment.70 sFlt1 acts as a VEGF trap in circulation to inhibit VEGF 

action during the high angiogenic state of pregnancy, similar to the way VEGF inhibitors 

blunt tumor angiogenesis. Patients who received RAAS inhibition prior to anti-VEGF 

therapy for cancer had blunted BP response to the vasculotoxic drugs71, supporting a similar 

mechanism to what we identified in preeclampsia and post- preeclampsia hypertension. 

Thus, further studies are warranted to determine if post-partum MR inhibition in women 

with a history of preeclampsia (or cancer patients treated with anti-angiogenic therapy) may 

be a viable strategy to mitigate future hypertension and CVD.
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Aldo Aldosterone

AngII angiotensin II

AT1R angiotensin II receptor type 1

BP blood pressure

CTGF connective tissue growth factor

CVD cardiovascular disease

GD gestation day

MR mineralocorticoid receptor

RAAS renin angiotensin Aldosterone system

SBP systolic blood pressure

sFlt1 soluble Fms-like tyrosine kinase 1

SMC smooth muscle cell

SMC-MR-WT smooth muscle cell mineralocorticoid receptor intact mouse

SMC-MR-KO smooth muscle cell mineralocorticoid receptor knockout mouse

VEGF vascular endothelial growth factor

WT wild type
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Novelty and Significance

What is known?

• Preeclampsia is a common hypertensive disease of pregnancy that is 

associated with a high risk of early cardiovascular disease (CVD) post-

partum, with a particularly high risk of developing hypertension.

• Women with prior preeclampsia have an increased blood pressure 

and microvascular vasoconstriction response to hypertensive stimuli like 

angiotensin II.

• Since preeclampsia and CVD share common risk factors, it has been difficult 

to determine how much of the post-partum CVD risk is due to pre-existing 

risk versus direct damage caused by preeclampsia.

What new information does this article contribute?

• In a mouse model of soluble fms-like tyrosine 1 (sFlt1)-induced preeclampsia 

in the absence of pre-existing risk factors, preeclampsia is sufficient to drive 

post-partum hyperresponsiveness to hypertensive stimuli.

• Mice exposed to prior preeclampsia develop increased aortic stiffness and 

microvascular vasoconstriction in response to post-partum hypertensive 

stimuli.

• Smooth muscle mineralocorticoid receptor is more transcriptionally active 

after sFlt1 exposure and its deletion in mice prevents the detrimental 

cardiovascular response to hypertensive stimuli after preeclampsia.

Preeclampsia occurs in 5-8 percent of pregnancies. Epidemiological and clinical studies 

demonstrate that women exposed to preeclampsia during pregnancy have a substantially 

increased risk of future hypertension. These women have increased salt-sensitive 

blood pressure and microvascular responsiveness to angiotensin II but whether this is 

caused by preeclampsia exposure or simply a correlation is unknown. Using a mouse 

model of preeclampsia that reproduces the human phenotype, this study demonstrates 

that exposure to sFlt1 during pregnancy is sufficient to increase future response to 

hypertensive stimuli, including high salt diet and angiotensin II infusion. This model also 

reveals that preeclampsia exposure increases post-partum microvascular vasoconstriction 

and large vessel stiffness. The mechanism involves enhanced activation of smooth muscle 

mineralocorticoid receptor in the vasculature after exposure to preeclampsia. This may 

provide a viable therapeutic target to prevent future hypertension in these high risk 

women.
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Figure 1. Prior preeclampsia is associated with salt sensitive blood pressure in women.
(A) Women with prior normotensive (NT, n=13) or preeclamptic (preeclampsia, n=8) 

pregnancies were subjected to one week of low salt diet and one week of high salt diet 

in a crossover design. Systolic blood pressure was measured at the end of each condition. 

**P=7.6x10−3 via repeated measures 2 way ANOVA with Sidak post hoc. (B)The change 

in systolic blood pressure from low to high salt measurements in mmHg. *P=3.5x10−2 via 

unpaired t-test
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Figure 2. Exposure to elevated plasma sFlt1 in pregnant C57Bl/6 females is sufficient to 
phenocopy hypertension and renal damage seen in human preeclampsia.
(A) Systolic blood pressure (SBP) measured during pregnancy with radiotelemetry. Black 

arrow denotes randomization to injection with either “Control” (CMV-Null transgene) or 

“sFlt1” adenovirus at gestation day (GD) 9. All mouse BP data were averaged together 

prior to randomization (GD0-8, n=13). Control n=6, sFlt1 n=7. *p=1.6x10−2 via two way 

repeated measures ANOVA with Sidak post hoc. (B) Area under the curve for SBP between 

GD8 before injection and the end of pregnancy (GD18) for each mouse. Control n=6, 
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sFlt1 n=7. p value determined by unpaired student t test. (C) Representative images of 

glomeruli from kidneys at GD18 and 2 months post-partum, stained with hematoxylin and 

eosin. Average glomerular endotheliosis severity scored based on blinded analysis. Scale 

bar=20μm. Control n=3, sFlt1 n=7. p value determined by unpaired t-test with Welch 

correction. (D) Plasma was taken on GD17 and two months post-partum and sFlt1 measured 

using ELISA. Dashed line indicates exclusion value for sFlt1 levels of 60ng/mL. Control 

pregnant n=11, sFlt1 pregnant n=15, Control post-partum n=11 , sFlt1 post-partum n=7. 

p values determined via two way ANOVA with Sidak post hoc. (E) SBP at the end of 

pregnancy (GD17) and two months post-partum. Control pregnant n=6, sFlt1 pregnant n=7, 

Control post-partum n=6, sFlt1 post-partum n=7. p value determined by two way ANOVA 

with Sidak post hoc.
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Figure 3. Prior preeclampsia results in sensitivity to post-partum hypertensive stimuli in mice.
(A) Timeline of post-partum hypertensive stimuli protocol with baseline measurements on 

standard chow (0.5% NaCl) taken at two months post-partum. Mice were then subjected 

to 2%NaCl diet for one week, a week of washout, 4% NaCl for one week, a week of 

washout, and then one week of Angiotensin II (AngII) infusion (600ng/kg/day). The area 

under the SBP curve quantifies the change in BP response to 1 week exposure to: (B) 2% 

NaCl (Control n=6, sFlt1 n=7, p=9.5x10−1 via Mann-Whitney test), (C) 4% NaCl (Control 

n=6, sFlt1 n=6, p value determined by unpaired t-test), and (D) AngII infusion compared 
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to each individual mouse’s baseline SBP (Control n=5, sFlt1 n=5, p value determined by 

unpaired student t test.) (E) Plasma Aldo at the end of pregnancy, two months post-partum 

and after repeated hypertensive stimuli. Control pregnant n=7, sFlt1 pregnant n=8, Control 

post-partum n=8, sFlt1 post-partum n=6, Control AngII n=8, sFlt1 AngII n=6, p value 

determined by Kruskal-Wallis with Dunn post hoc. (F) Ex vivo microvascular mesenteric 

artery vasoconstriction to AngII. Control n=7, sFlt n=9, p values determined by 2 way 

repeated measures mixed effects model, Sidak post hoc test.
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Figure 4. Transient exposure of smooth muscle cells (SMC) to sFlt1 in vitro enhances 
mineralocorticoid receptor (MR) transcriptional activity and target gene expression upon 
receptor stimulation.
Pac1 SMC biological replicates were exposed to 50 ng/mL sFlt1 for 24 hours and expression 

of MR; (A) mRNA and (B) protein was measured. Control n=3, sFlt1 n=3. Representative 

western blots of MR and GAPDH in SMC and quantification are shown. 24 hours after 

sFlt1 was removed, MR transcriptional reporter activity was measured in response to MR 

stimulation with (C) angiotensin II (AngII, all groups n=4 independent experiments, p 

values determined by 2-way ANOVA with Sidak post hoc or (D) aldosterone (Aldo, all 
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groups n=4 independent experiments, p values determined by 2-way ANOVA with Sidak 

post hoc compared to vehicle treated controls. Aldo-stimulated mRNA expression of MR 

target genes; (E) connective tissue growth factor (CTGF, all groups n=5 independent 

experiments, p values determined by 2-way ANOVA with Sidak post hoc and, (F) AngII 

type 1 receptor (AT1R), all groups n=6 independent experiment, p values determined by 

2-way ANOVA with Sidak post hoc.
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Figure 5. SMC-MR-KO mice exposed to high sFlt1 in pregnancy are protected from exacerbated 
response to post-partum hypertensive stress.
Pregnant SMC-MR-WT or SMC-MR-KO females were injected with Control or sFlt1 

on GD9, allowed to deliver, and then exposed to hypertensive stimuli 2 months post-

partum. Control injected females were combined for analyses as there were no statistically 

significant differences between WT and KO. (A) Plasma sFlt1 levels on GD17. Control 

n=12, WT sFlt n=8, KO sFlt n=10, p values determined via Welch’s one way ANOVA 

and Dunnett’s multiple comparisons. (B) Plasma aldosterone level on GD17. Control n=15, 
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SMC-MR-WT sFlt n=3, SMC-MR-KO sFlt n=5. (C) Area under the curve for SBP between 

GD8 before injection and the end of pregnancy (GD17) for each mouse. SMC-MR-WT sFlt1 

n=6, SMC-MR-KO sFlt1 n=5. (D) Representative images of glomeruli from mice on GD18, 

stained with hematoxylin and eosin. Scale bar=20μm. Average glomerular endotheliosis 

severity scored based on blinded analysis. Control n=3, WT sFlt n=3, KO sFlt n=2, p 

values determined by Mann-Whitney test. E) Timeline of post-partum hypertensive stimuli 

protocol. (F) SBP was measured via radiotelemetry two months post-partum. Control n=10, 

WT sFlt n=5, KO sFlt n=5. (G) The SBP area under the curve (AUC) for 2% NaCl. Control 

n=13, WT sFlt n=8, KO sFlt n=11. P=8.3x10−1 via Kruskal-Wallis test. (H) The SBP AUC 

during 4% NaCl. Control n=10, WT sFlt n=7, KO sFlt n=7, p values determined by one way 

ANOVA and Dunnett’s post hoc test. (I) The SBP AUC during AngII. Control n=8, WT sFlt 

n=5, KO sFlt n=7, p values determined by one way ANOVA and Dunnett’s post hoc test. All 

SBP was compared to each individual mouse’s baseline.
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Figure 6. SMC-MR is necessary for post- preeclampsia aortic stiffness, microvascular 
dysfunction and AT1R upregulation in response to hypertensive stimuli.
In vivo aortic stiffness and ex vivo mesenteric microvessels were compared between 

Control mice (SMC-MR-WT and SMC-MR-KO exposed to control pregnancy, SMC-MR-

WT exposed to sFlt1-induced preeclampsia, and SMC-MR-KO exposed to sFlt1-induced 

preeclampsia, all after hypertensive stimuli. (A) Aortic stiffness was measured using pulse 

wave velocity of the abdominal aorta. Control n=5, WT sFlt n=4, KO sFlt n=5, p values 

determined by one way ANOVA with Tukey post hoc test. (B) Myogenic tone was measured 
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in control mice (n=15), SMC-MR-WT sFlt (n=11) and SMC-MR-KO mice (n=9). At 

60mmHg: *p=7.0x10−4 Control versus SMC-MR-WT sFlt, #p=7.0x10−4 SMC-MR-WT 

sFlt vs SMC-MR-KO sFlt. At 80mmHg: *p=4.7x10−3 Control versus SMC-MR-WT sFlt, 

#p=6.0x10−3 SMC-MR-WT sFlt vs SMC-MR-KO sFlt. At 100mmHg: *p=1.1x10−2 Control 

versus SMC-MR-WT sFlt. p values determined by 2 way repeated measures ANOVA with 

Sidak post hoc. (C) Ex vivo microvascular mesenteric constriction to AngII was measured 

in controls (n=14), SMC-MR-WT sFlt (n=5), and SMC-MR-KO mice (n=9). At 10−8 

concentration: *p=3.0x10-2 Control vs SMC-MR-WT sFlt, #p=7.0x10−4 SMC-MR-WT 

sFlt vs SMC-MR-KO sFlt. At 10−7 concentration: *p=1.8x10−2 Control vs SMC-MR-WT 

sFlt, #p=1.6x10−2 SMC-MR-WT sFlt vs SMC-MR-KO sFlt via two-way repeated measures 

ANOVA with Sidak post hoc. (D) Mesenteric vessels were isolated and mRNA expression 

of AT1Rb was quantified. Control n=7, WT sFlt n=8, KO sFlt n=6, p values determined by 

Brown-Forsyth/Welch ANOVA and Dunnett’s post hoc test.
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Figure 7. Summary Figure.
(1) Adenoviral sFlt1 injection during mid-gestation induces preeclampsia -like signs in mice 

that resolve post-partum. (2) sFlt1 exposure enhances SMC-MR transcriptional activity and 

target gene expression, including increased AT1R expression. When formerly preeclamptic 

mice are challenged post-partum with hypertensive stimuli (high dietary salt, AngII) they 

exhibit; (3) increased microvascular AT1R and (4) increased microvascular constriction 

that contributes to (5) exacerbated BP response to hypertensive stress. SMC-MR gene 

deletion in mice protects against the increased microvascular AT1R expression, enhanced 
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myogenic tone and vasoconstriction and mitigates the exacerbated BP responsiveness after 

preeclampsia. Thus, the sFlt1-induced preeclampsia model in mice reproduces the post-

partum hypertensive sensitivity seen in post- preeclampsia women in a manner that is 

independent of preexisting risk factors and depends on the presence of SMC-MR.
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