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Abstract: Endothelial cells are a critical target of the soluble Fms-like tyrosine kinase-1 (sFlt-1), a
soluble factor increased in different diseases with varying degrees of renal impairment and endothe-
lial dysfunction, including chronic kidney disease (CKD). Although the mechanisms underlying
endothelial dysfunction are multifactorial and complex, herein, we investigated the damaging effects
of sFlt-1 on structural and functional changes in endothelial cells. Our results evidenced that sera
from patients with CKD stiffen the endothelial cell cortex in vitro, an effect correlated with sFlt-1
levels and prevented by sFlt-1 neutralization. Besides, we could show that recombinant sFlt-1 leads
to endothelial stiffening in vitro and in vivo. This was accompanied by cytoskeleton reorganization
and changes in the endothelial barrier function, as observed by increased actin polymerization and
endothelial cell permeability, respectively. These results depended on the activation of the p38 MAPK
and were blocked by the specific inhibitor SB203580. However, sFlt-1 only minimally affected the
expression of stiffness-sensitive genes. These findings bring new insight into the mechanism of action
of sFlt-1 and its biological effects that cannot be exclusively ascribed to the regulation of angiogenesis.

Keywords: Fms-like tyrosine kinase-1 (sFlt-1); chronic kidney disease (CKD); endothelial dysfunction;
endothelial stiffness

1. Introduction

Soluble Fms-like tyrosine kinase 1 (sFlt-1) is a naturally occurring vascular endothelial
growth factor (VEGF) antagonist with recognized antiangiogenic properties [1]. The clinical
significance of elevated circulating sFlt-1 was first described for preeclampsia, the primary
renal complication of pregnancy [2,3]. Yet circulating sFlt-1 levels are increased in different
diseases with varying degrees of renal impairment, including chronic kidney disease
(CKD) [4–8], given that these levels are mainly negatively correlated with the estimated
glomerular filtration rate (eGFR), a measure of renal function [4–9].

Serum from renal patients displayed a robust antiangiogenic activity in the chorioal-
lantoic membrane assay, which was prevented by removing sFlt-1 from the samples or sup-
plementation with excess VEGF [4,10]. In addition, circulating sFlt-1 levels correlate with
the presence of biomarkers of endothelial dysfunction in these patients [4,11,12]. Notably,
such biomarkers are generally associated with a dysfunctional endothelium, suggesting
that endothelial structural changes may coexist with impaired endothelial function [13,14].

Endothelial cells are undoubtedly a critical target of sFlt-1 [4,15]. Dysregulation of en-
dothelial cells, including changes in the actin cytoskeleton, reduced proliferation, migratory
capacities, and impairment of the barrier function, contributes to the pathophysiology and
progression of many disease states and plays a crucial role in interorgan crosstalk [14,16].
In the present paper, we explained that excess sFlt-1 stiffens the endothelial cell cortex,
reflecting a series of molecular changes structurally and functionally affecting endothelial
cells [17–19]. These findings bring new insight into the mechanism of action of sFlt-1 and
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its biological effects that cannot be exclusively ascribed to the regulation of angiogenesis in
CKD and beyond.

2. Results
2.1. Sera from Patients with CKD and Excess sFlt-1 Stiffen Endothelial Cell Cortex

The baseline characteristics of the study participants are given in Table 1. A small
cohort of ten patients was divided into three stages of CKD (stages three–five), given
that sFlt-1 levels increased with advancing stages. Four healthy subjects were used as
controls. Atomic force microscopy of EA.hy926 cells incubated with sera from patients
with CKD for 24 h showed increased stiffness of the endothelial cell cortex in an eGFR- and
sFlt-1-dependent way, as shown in Figure 1A and Table 1, respectively. The removal of
sFlt-1 from serum samples by immunoprecipitation using a specific antibody protected
against endothelial stiffening (Figure 1B), thereby demonstrating the implication of sFlt-1.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 3 of 15 
 

 

Cholesterol HDL, mg/dL (mean ± SD) 45 ± 3 54 ± 23 48 ± 6 40 ± 6 48 ± 15 0.4853 
Cholesterol LDL, mg/dL (mean ± SD) 141 ± 33 129 ± 40 98 ± 67 75 ± 12 103 ± 46 0.1053 

Triglycerides, mg/dL (mean ± SD) 152 ± 8 201 ± 49 119 ± 6 194 ± 85 174 ± 62 0.0417 
Medication 2 

ACE inhibitor, yes (%) - 100 0 0 40 0.0402 
AT1 blocker, yes (%) - 25 67 33 40 0.1146 

Statin, yes (%) - 25 33 33 30 0.9611 
Erythropoietin, yes (%) - 0 0 0 0 NA 

Heparin, yes (%) - 0 67 67 40 0.1084 
1 Comparison among the three stages of CKD and controls. 2 Controls were excluded from the anal-
ysis regarding medication. ACE, angiotensin-converting enzyme; AT1, angiotensin receptor type 1; 
BMI, body mass index; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; 
HbA1c, hemoglobin A1c; NA, not applicable; SBP, systolic blood pressure; sFlt-1, soluble Fms-like 
tyrosine kinase-1; VCAM-1, soluble vascular cell adhesion molecule-1; vWF, von Willebrand factor. 

 
Figure 1. Chronic kidney disease patient sera and excess sFlt-1 stiffen endothelial cell cortex. (A) 
Endothelial stiffness of EA.hy926 cells was measured by atomic force microscopy (AFM) after 24 h 
of incubation with controls’ and patients’ sera. The values obtained (20–50 values/patient) were 
grouped according to the stage of CKD (stages three–five), plotted as box and whiskers, and were 
used for comparison among all three stages and controls (* p < 0.0001). Mean values obtained from 
each patient (dots) were used for comparison between Total (all patients) and controls (** p = 0.0020). 
(B) The graphic represents the effect of sFlt-1 neutralization by incubation with a specific antibody 
followed by immunoprecipitation in protecting cells against patient serum-induced stiffness. Values 
represent 15–30 measurements/treatments based on two independent experiments. Fetal calf serum 
(FCS) was used as a reference value (control). (C) Aortae from mice exposed to continuous in vivo 

A

C 

B

D E

En
do

th
el

ia
l s

tif
fn

es
s 

(p
N

/n
m

)

Figure 1. Chronic kidney disease patient sera and excess sFlt-1 stiffen endothelial cell cortex. (A) En-
dothelial stiffness of EA.hy926 cells was measured by atomic force microscopy (AFM) after 24 h of
incubation with controls’ and patients’ sera. The values obtained (20–50 values/patient) were grouped
according to the stage of CKD (stages three–five), plotted as box and whiskers, and were used for
comparison among all three stages and controls (* p < 0.0001). Mean values obtained from each patient
(dots) were used for comparison between Total (all patients) and controls (** p = 0.0020). (B) The
graphic represents the effect of sFlt-1 neutralization by incubation with a specific antibody followed
by immunoprecipitation in protecting cells against patient serum-induced stiffness. Values represent
15–30 measurements/treatments based on two independent experiments. Fetal calf serum (FCS) was
used as a reference value (control). (C) Aortae from mice exposed to continuous in vivo administration
of recombinant sFlt-1 (300 ng/h; N = 3) or control protein (IgG-Fc, 300 ng/h; N = 3) for three days
were isolated and analyzed ex vivo by AFM. All values obtained (20–29 values/mouse) were plotted
as box and whiskers and used for comparison between groups. Mean values obtained from individual
mice are represented as dots. (D) Dose-response curve of human recombinant sFlt-1 (0.5–2 µg/mL)
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incubated with EA.hy926 cells for 24 h. Control cells were treated with control protein (2 µg/mL).
(E) Endothelial stiffness of primary HUVECs was measured by AFM 24 h after incubation with sFlt-1
or control protein (2 µg/mL). Coincubation with the SB203580 (10 µM), a specific p38 MAPK inhibitor,
protected cells from stiffening upon sFlt-1 treatment. Results are expressed as mean ± SEM.

Table 1. Baseline demographics, clinical characteristics, and risk profile of the study population.

Controls CKD Patients p-Value 1

Stage 3 CKD
(eGFR
30–59)

Stage 4 CKD
(eGFR
15–29)

Stage 5
CKD

(eGFR < 15)
Total

N = 4 n = 4 n = 3 n = 3 N = 10
eGFR, mL/min/1.73 m2 (mean ± SD) 114 ± 16 52 ± 7 22 ± 5 8 ± 7 30 ± 20 <0.0001

Endothelial dysfunction markers/risk factors

sFlt-1, pg/mL
(median, IQR)

44
(35–108)

101
(65–138)

139
(60–152)

188
(126–574)

133
(72–161) 0.0158

sVCAM-1, ng/mL
(median, IQR)

623
(502–710)

845
(794–1007)

1028
(657–1899)

1722
(1008–1924)

1018
(801–1766) 0.0411

vWF, U/mL (mean ± SD) 0.13 ± 0.09 0.56 ± 0.27 0.71 ± 0.33 0.95 ± 0.15 0.76 ± 0.28 0.0575
Aldosterone, ng/dL (median, IQR) 20 (7–44) 8 (4–10) 21 (5–49) 19 (5–49) 10 (5–28) 0.2857

Phosphate, mg/dL (mean ± SD) 3.1 ± 0.48 3.3 ± 0.99 4.0 ± 1.13 4.5 ± 0.51 3.9 ± 0.96 0.0760

Demographic characteristics

Age, years (mean ± SD) 39 ± 5 72 ± 9 71 ± 4 60 ± 9 68 ± 9 0.0108
Sex, female (%) 33 50 67 33 50 0.7033

Risk factor profile

Smokers (%) 0 25 67 33 40 0.3589
Hypertension (%) 0 100 100 100 100 0.0046

Diabetes (%) 0 25 67 33 40 0.3589
BMI, kg/m2 (mean ± SD) 22 ± 1 26 ± 5 28 ± 6 24 ± 3 26 ± 4 0.1153

Clinical measures

SBP, mmHg
(median, IQR)

120
(120–125)

144
(136–150)

150
(135–150)

140
(130–150)

145
(135–150) 0.0451

DBP, mmHg
(median, IQR)

80
(70–80)

81
(76–96)

80
(80–80)

80
(80–85)

80
(80–83) 0.5573

Laboratory values

Creatinine, mg/dL (mean ± SD) 0.8 ± 0.1 1.1 ± 0.2 2.5 ± 0.6 6.8 ± 2.8 3.3 ± 2.9 <0.0001
HbA1c, % (mean ± SD) 4.6 ± 0.1 5.1 ± 1.0 6.0 ± 1.4 5.3 ± 0.3 5.4 ± 1.0 0.3641

Cholesterol total, mg/dL (median, IQR) 155
(134–178)

193
(180–287)

170
(115–198)

153
(103–177)

177
(144–198) 0.1334

Cholesterol HDL, mg/dL (mean ± SD) 45 ± 3 54 ± 23 48 ± 6 40 ± 6 48 ± 15 0.4853
Cholesterol LDL, mg/dL (mean ± SD) 141 ± 33 129 ± 40 98 ± 67 75 ± 12 103 ± 46 0.1053

Triglycerides, mg/dL (mean ± SD) 152 ± 8 201 ± 49 119 ± 6 194 ± 85 174 ± 62 0.0417

Medication 2

ACE inhibitor, yes (%) - 100 0 0 40 0.0402
AT1 blocker, yes (%) - 25 67 33 40 0.1146

Statin, yes (%) - 25 33 33 30 0.9611
Erythropoietin, yes (%) - 0 0 0 0 NA

Heparin, yes (%) - 0 67 67 40 0.1084
1 Comparison among the three stages of CKD and controls. 2 Controls were excluded from the analysis regarding
medication. ACE, angiotensin-converting enzyme; AT1, angiotensin receptor type 1; BMI, body mass index; DBP,
diastolic blood pressure; eGFR, estimated glomerular filtration rate; HbA1c, hemoglobin A1c; NA, not applicable;
SBP, systolic blood pressure; sFlt-1, soluble Fms-like tyrosine kinase-1; VCAM-1, soluble vascular cell adhesion
molecule-1; vWF, von Willebrand factor.

To further explore the effects of sFlt-1 on the stiffness of the endothelial cell cortex, i.e.,
endothelial stiffness, we used recombinant sFlt-1 both in vivo and in vitro, thus avoiding
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confounders present in the human sera as exemplified in Table 1 (endothelial dysfunction
markers/risk factors). First, ex vivo analysis in isolated aortae of mice exposed to elevated
circulating sFlt-1 levels (300 ng/h) showed increased endothelial stiffness in comparison to
the aortae of animals receiving control protein (IgG-Fc, 300 ng/h) (Figure 1C). This finding
evidences that excess sFlt-1 may alter the mechanical properties of endothelial cells in vivo.

Second, in vitro analysis of EA.hy926 and primary human umbilical vein endothelial
cells (HUVECs) treated with sFlt-1 (0.5–2 µg/mL) revealed increased endothelial stiffness in
comparison to cells treated with control protein (recombinant IgG-Fc) in a dose-dependent
way (Figure 1D). Therefore, the highest dose (2 µg/mL) was used for further experiments
using primary HUVECs (Figure 1E). Interestingly, pretreatment with SB203580 (10 µM), a
specific p38 mitogen-activated protein kinase (MAPK) inhibitor, abolished the sFlt-1 effects
on the endothelial stiffness (Figure 1E), suggesting that activation of p38 MAPK is necessary
for endothelial stiffening upon sFlt-1 treatment.

2.2. sFlt-1 Treatment Activates the p38 MAPK Stress Response Pathway

Immunoblotting of primary HUVECs confirmed the activation by phosphorylation of
p38 MAPK 10 min after incubation with recombinant sFlt-1 (2 µg/mL) (Figure 2A,B). In
addition, treatment of endothelial cells with sFlt-1 for 30–45 min resulted in an increased
production of reactive oxygen species (ROS) as detected by an increase in CellROX Deep
Red fluorescence, a cell-permeant ROS sensor (Figure 2C). Statistically significant alterations
in ROS production could not be detected upon shorter incubation time (~10 min). Fur-
thermore, pretreatment with SB203580 (10 µM) had no significant effect on sFlt-1-induced
oxidant production at any time point tested.Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 5 of 15 

 

 

 
Figure 2. Activation of p38 MAPK and ROS generation upon sFlt-1 treatment. (A) Representative 
Western blotting image of phosphorylated (phospho) and total p38 MAPK 10 min after sFlt-1 treat-
ment. (B) Relative densitometric analysis based on two independent experiments. (C) ROS was de-
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Figure 2. Activation of p38 MAPK and ROS generation upon sFlt-1 treatment. (A) Representative
Western blotting image of phosphorylated (phospho) and total p38 MAPK 10 min after sFlt-1 treat-
ment. (B) Relative densitometric analysis based on two independent experiments. (C) ROS was
detected by measuring the fluorescence of CellROX Deep Red, a cell-permeant ROS sensor, in cells
treated with sFlt-1 for 10 and ~30 min in the presence or not of SB203580 (10 µM). Data are given as
fold-change relative to control and expressed as mean ± SEM. MAPK, mitogen-activated protein
kinase; ns, not significant; ROS, reactive oxygen species.
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2.3. sFlt-1 Induces Changes in the F-Actin Distribution and Disturbs the Barrier Function of
Endothelial Cells

Alterations in the mechanical properties of endothelial cells, including stiffness of the
endothelial cortex, are generally associated with cytoskeletal rearrangements [20]. To de-
termine potential changes in overall cell morphology, actin polymerization was evaluated
using phalloidin staining, which detected filamentous actin (F-actin). Quantitative mea-
surements of the fluorescence intensity revealed an increase in total polymerized F-actin
in HUVECs treated for 24 h with sFlt-1 (2 µg/mL) compared to cells treated with control
protein (2 µg/mL) (Figure 3A). Changes in F-actin distribution could also be observed
under sFlt-1 treatment as early as 30 min of incubation, as shown by immunofluorescence
images in Figure 3B. Preincubation with SB203580 (10 µM) for 30 min minimized these
effects (Figure 3A,B).
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were treated with sFlt-1 or control protein (2 µg/mL) for 24 h, and permeability was de-
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2.4. sFlt-1 Only Slightly Affects Mechanosensitive Genes in HUVECs 
Concerning changes in gene expression profile, we detected only a minimal effect on 

the expression of stiffness-sensitive genes upon sFlt-1 treatment compared to the treat-
ment with control protein. Real-time PCR results are given in Figure 4A. These results 

Figure 3. Excess sFlt-1 affects the actin cytoskeleton and disturbs the endothelial barrier function.
Primary HUVECs were treated with sFlt-1 or control protein (2 µg/mL) for 24 h in the presence or not
of SB203580 (10 µM). (A) F-actin was quantitatively assessed by measuring phalloidin fluorescence
intensity using a microplate reader. (B) Changes in F-actin distribution in cells treated with sFlt-1 for
30 min and 24 h were assessed by immunofluorescence microscopy. Scare bar = 20 µm (C) Endothelial
cell permeability, as a measure of barrier function, was determined by the passage of streptavidin-
HRP through the endothelial monolayer seeded on transwell units (0.4 µm pore). Data are given
as fold-change relative to control and expressed as mean ± SEM. HRP, horseradish peroxidase;
SB203580, specific p38 MAPK inhibitor.
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Such structural changes can directly affect endothelial cell physiological processes,
causing, for example, barrier dysfunction [20]. HUVECs cultivated in transwell inserts were
treated with sFlt-1 or control protein (2 µg/mL) for 24 h, and permeability was determined
by measuring the passage of streptavidin-horseradish peroxidase across the endothelial
monolayer. Excess sFlt-1 significantly increased relative endothelial cell permeability, while
p38 MAPK inhibition protected against this effect (Figure 3C).

2.4. sFlt-1 Only Slightly Affects Mechanosensitive Genes in HUVECs

Concerning changes in gene expression profile, we detected only a minimal effect
on the expression of stiffness-sensitive genes upon sFlt-1 treatment compared to the treat-
ment with control protein. Real-time PCR results are given in Figure 4A. These results
revealed an increase in transforming growth factor-β2 (TGFβ2)—but not TGFβ1—and pro-
inflammatory genes (e.g., interleukins 6 and 8, and tumor necrosis factor-α). Even though
we observed phosphorylation of Smad2/3—the major effector of the TGF-β pathway—after
long-term (24 h) incubation with sFlt-1 (Figure 4B,C), recombinant TGFβ2 (10 ng/mL) did
not stiffen the endothelial cell cortex compared to vehicle (Figure 4D).
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Figure 4. Gene expression and factors associated with excess sFlt-1. Primary HUVECs were treated
with sFlt-1 or control protein (2 µg/mL) for 24 h. (A) Gene expression analysis was measured by
real-time PCR. Results are log-transformed. (B) Representative Western blotting image of phospho-
rylated Smad2/3, the major effector of the TGF-β pathway. GAPDH was used as a loading control.
(C) Relative densitometric analysis based on two independent experiments. (D) Lack of effects of
TGFβ2 on endothelial stiffness. Primary HUVECs were treated with recombinant TGFβ2 (10 ng/mL)
or vehicle for 24 h, and stiffness was measured by atomic force microscopy. Data are given as fold-
change relative to control and are expressed as mean ± SEM. * p < 0.05. IL-6, interleukin-6; IL-8,
interleukin-8; TGFβ, transforming growth factor-β, TNF-α, tumor necrosis factor-α.



Int. J. Mol. Sci. 2022, 23, 16059 7 of 14

3. Discussion

Circulating sFlt-1 levels are increased in different diseases with varying degrees
of renal impairment, including CKD. These levels are most positively associated with
proteinuria and inversely correlated with eGFR [4–9]. By antagonizing VEGF actions, sFlt-1
directly affects endothelial cell homeostasis [1]. Endothelial dysfunction is common in renal
patients and related to adverse clinical outcomes and high mortality [4,21]. In the present
study, we investigated the effects of excess sFlt-1 on endothelial stiffness, a structural and
functional marker of endothelial cell dysfunction.

We found that sera from patients with CKD stiffen the endothelial cell cortex in vitro.
This effect was prevented by sFlt-1 immunoprecipitation, strongly suggesting the participa-
tion of sFlt-1 in this effect. However, several soluble factors in the patient’s serum might
have directly or indirectly contributed to the changes observed in endothelial stiffness.
Therefore, to better understand the role of sFlt-1, we decided to use the human recombinant
protein for further experiments. Our main findings showed that excess sFlt-1 leads to
endothelial stiffening in vitro and in vivo. This was accompanied by increased F-actin poly-
merization and reorganization and changes in the endothelial barrier function, as observed
by increased endothelial cell permeability. These results depended on the activation of
the p38 MAPK and were blocked by the specific inhibitor SB203580. However, sFlt-1 only
minimally affects the expression of stiffness-sensitive genes.

Endothelial stiffness reflects the structural and functional properties of the endothe-
lium, including cytoskeleton rearrangement, reduced nitric oxide bioavailability, and
enhanced endothelial turnover [17,18,22]. The structure and mechanical properties of
the cortical cytoskeleton and the actin mesh beneath the plasma membrane are mainly
affected by the actin polymerization state, as actin polymerization stiffens the cortical actin
web [18,23]. Endothelial cells take advantage of these mechanical properties to ensure the
integrity of the cell monolayer in a quiescent state and adequately respond to physiological
and pathophysiological challenges [19,20]. Interestingly, endothelial nitric oxide (NO) re-
lease is directly associated with the degree of endothelial stiffness. A soft cortex favors the
release of NO, while a stiff one reduces this release and favors vasoconstriction [22]. From
a pathophysiological view, a sustained stiffening of the endothelial cortex may contribute
to developing endothelial dysfunction and vascular diseases.

Furthermore, many extracellular stimuli are converted into specific cellular responses
by activating MAPK signaling pathways [24]. The p38 MAPK is essential in cell stress
responses and cytoskeleton reorganization [24–26]. Interestingly, p38 MAPK mediates the
endothelial cell stiffening in response to intercellular adhesion molecule-1 cross-linking
or neutrophil adhesion, as shown by Wang and Doerschuk [25]. Herein, we have demon-
strated that p38 MAPK inhibition prevented the F-actin polymerization and the endothelial
stiffening under our conditions, suggesting that this pathway may be involved in modulat-
ing the actin cytoskeleton rearrangements upon sFlt-1 treatment. To note, changes in F-actin
distribution can be observed as early as 30 min of incubation, indicating a rapid effect of
sFlt-1 and minimizing the participation of other factors (e.g., gene/protein expression).

Besides, sFlt-1 also significantly affected the endothelial barrier function because high
sFlt-1 increased endothelial cell permeability. Even though our experimental design did
not precisely delineate the nature of permeability changes (paracellular versus transcel-
lular pathways), increased polymerization and contraction of cortical actin have proven
consequences in controlling endothelial permeability [20,27]. Cell–cell junctions might
not have withstood the increased mechanical forces generated by endothelial stiffening,
favoring intercellular gaps formation [28]. Besides, we do not exclude the involvement of
other components of the endothelial monolayer, e.g., endothelial glycocalyx, in regulating
endothelial permeability under sFlt-1 treatment [27,29,30]. Further studies will be needed
to address this issue. Of note, sFlt-1 did not increase permeability to a comparable extent
as excess VEGF usually does, i.e., after about a twofold increase when using a similar
assay [31–33]. VEGF is a potent vascular permeability factor, and sFlt-1 has been described
as a protective agent against its effects [31,34–36]. However, in a scenario of increased
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circulating sFlt-1 and normal-to-decreased VEGF levels—as described in renal pathologies,
such as CKD—sFlt-1, could be a relevant contributor to barrier dysfunction [9,37] at least as
an important indicator of loss of endothelial integrity. In agreement with the involvement
of p38 MAPK on actin rearrangement and, consequently, on barrier dysfunction under
sFlt-1 treatment, SB203580 prevented the increase in endothelial permeability.

However, it is still unclear how sFlt-1 activates the p38 MAPK. One hypothesis is
that sFlt-1 contributes to an endothelial oxidative stress state, with increased ROS (as
shown in Figure 2C) and decreased anti-oxidant capacity due to the impairment of en-
dothelial NO synthase (eNOS) phosphorylation as already described by our group and
others [38,39]. Besides, our group has also shown decreased NO generation in an aortic
endothelial cell line treated with sFlt-1 [4]. Corroborating our previous findings, several
publications directly or indirectly proved the inverse correlation between sFlt-1 and NO
formation in animal models and patients and showed the causal role of sFlt-1 in oxida-
tive stress in vitro and in vivo [15,40–42]. Among the different mechanisms involved,
Sánchez-Aranguren et al. [40] have described early metabolic perturbations and alterations
in mitochondrial bioenergetics in endothelial cells—but not in trophoblasts—under sFlt-1
treatment. Unfortunately, only a trend toward an increased ROS production could be
detected upon shorter incubation time (~10 min) with sFlt-1 in our study, probably due
to the high variability of the values and technical limitations of the assay employed (rec-
ommended incubation time > 30 min). However, as the pretreatment with SB203580 did
not interfere with sFlt-1 effects at any time point, we can speculate that p38 activation may
occur downstream of ROS formation.

Unexpectedly, sFlt-1 did not cause major changes in the expression of stiffness-sensitive
genes that appeared to be upregulated, at least in the context of subendothelial stiffness [43].
We observed a slight but significant increase in TGFβ2 expression, which, in combination
with the phosphorylation of Smad2/3 proteins, suggested the presence of an activated
TGFβ2 pathway under excess sFlt-1 conditions. TGFβ2 modulates the extracellular matrix
metabolism, and increased subendothelial matrix stiffness seems to control its activity in
HUVECs [43]. Yet, TGFβ2 did not interfere with the mechanical properties of HUVECs
under our conditions, excluding the involvement of TGFβ2 in sFlt-1-mediated endothelial
stiffening. The upregulation of pro-inflammatory cytokines might reflect the increased
ROS/oxidative stress burden in sFlt-1 treated cells. Moreover, especially regarding TNF-α,
it could add to changes in endothelial cell morphological and biomechanical properties
and the development and evolution of endothelial cell dysfunction [44–48].

Herein, sFlt-1 tested in healthy endothelial cells and mice showed direct, although
sometimes weak, effects. Interestingly, it is already described that the impact of increased
sFlt-1 is exacerbated if there is a pre-existing endothelial dysfunction (e.g., absence of eNOS).
Moreover, excess sFlt-1 renders the endothelium more sensitive to other factors [38,49–51].
These findings suggest that sFlt-1 as an additional factor can affect the endothelial nanome-
chanics under CKD conditions, but not the only one.

4. Materials and Methods
4.1. Endothelial Cell Culture and Treatment Protocol

Primary human umbilical vein endothelial cells (HUVEC; PromoCell, Heidelberg, Ger-
many) were cultured as recommended by the manufacturer using Endothelial Cell Growth
Medium containing fetal calf serum (FCS), endothelial cell growth supplement, epidermal
growth factor, basic fibroblast growth factor, heparin, and hydrocortisone (Growth Medium
SupplementPack; PromoCell, Germany). The human umbilical vein cell line, EA.hy926
(ATCC® CRL2922), was grown in Dulbecco’s Modified Eagle Medium (DMEM; Biochrom,
Berlin, Germany) containing 10% FCS (PAA Laboratories, Tiefenbach, Austria), 2 mM
L-glutamine, and 50 U/mL each of penicillin and streptomycin.

Cells were incubated with different sFlt-1 concentrations (recombinant human VEGF
receptor 1-Fc, R&D Systems, Minneapolis, MN, USA) for different periods of time, as
indicated in the Results and Figure legends. ChromPure human IgG-Fc (Jackson Im-
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munoResearch, Ely, UK) was used as a recombinant control protein. Blockers and inhibitors
were pre-incubated for 30 min before stimulation or as indicated in Figure legends: B203580
(10 µM, p38 MAPK-inhibitor; LC Laboratories, Woburn, MA, USA), VEGF (recombinant
human VEGF165, 50 ng/mL; R&D Systems, Minneapolis, MN, USA).

To determine the role of sFlt-1 on the endothelial stiffness induced by the serum of
patients with CKD, we neutralized this protein using a specific antibody and immuno-
precipitation as previously described [4]. Sera were obtained from ten patients with CKD
(eGFR < 60 mL/min/1.73 m2) and four healthy volunteers (eGFR > 60 mL/min/1.73 m2)
as described elsewhere [5]. As summarized in Table 1, patients were divided into three
stages of CKD (Stage 3 CKD: 4 patients; Stage 4 CKD: 3 patients; Stage 5 CKD: 3 patients).
Collected samples were stored at −80 ◦C until they were prepared in batches. Briefly,
sera were pre-cleared by adding protein-G Sepharose beads (20 µL per 100 µL serum;
GE Healthcare, Danderyd, Sweden) for 2 h at 4 ◦C. The supernatant was collected after
centrifugation (15,000× g, 3–4 min) and incubated with monoclonal antibody anti-sFlt-1
(40 µg/mL; R&D Systems, Wiesbaden, Germany) or nonimmune IgG (40 µg/mL) at 4 ◦C
overnight under shaking. After incubation with the primary antibody, protein-G beads
(20 µL per 100 µL serum) were added and further incubated for 4 h at 4 ◦C. The mixture
was centrifuged again, and the supernatants were stored at −80 ◦C until further analysis.
EA.hy926 were incubated with control or patients’ sera for 24 h. The protocol was approved
by the medical ethical committee of the University Clinics Münster, and written informed
consent was obtained from all patients.

4.2. Atomic Force Microscopy

Stiffness measurements of the endothelial cell cortex in vitro and ex vivo (isolated
mouse aorta) were performed by atomic force microscopy (AFM) nanoindentation tech-
nique using a Multimode AFM (Veeco, Munich, Germany) as previously described [52,53].

Experiments were performed on living HUVECs and EA.hy926 cells growing on
15-mm coverslips and treated as described above. For cells treated with the serum of
patients, 20–50 values were obtained per patient, given that each value represented a
cell/measurement. Mouse aortae were isolated from C57BL/6 mice receiving recombinant
mouse sFlt-1 (recombinant mouse VEGF receptor 1-Fc, 300 ng/h diluted in NaCl; R&D
Systems, Minneapolis, MN, USA) or control IgG-Fc (IgG2a Fc, 300 ng/h diluted in NaCl;
Bio X Cell, Lebanon, NH, USA) for three days by using osmotic minipumps (Alzet model
1007D; Durect Corporation, Cupertino, CA, USA) implanted subcutaneously (s.c.) on the
back of each animal [5,39]. Experiments were approved by a governmental committee on
animal welfare Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen
(No. 81-02.04.2019.A208) and performed under Germany’s animal protection guidelines.
Details about aorta preparation were described elsewhere [53–55]. For the experiments, the
cells and the aorta preparations were bathed at 37 ◦C in Hepes-buffered solution (140.0 mM
NaCl, 5.0 mM KCl, 1.0 mM MgCl2, 1.0 mM CaCl2, 10.0 mM HEPES, pH 7.4) supplemented
with 1% FCS.

4.3. Western Blotting Analysis

Confluent cells were starved overnight in a serum-free medium and then treated with
recombinant sFlt-1 (2 µg/mL) for 10 min. Next, cells were lysed directly in 1× Laemmli
buffer containing β-Mercaptoethanol, sonicated for 20 min in an ultrasound water bath,
and boiled for 5 min at 95 ◦C. The proteins were subjected to SDS-PAGE (4–20% Mini-
PROTEAN TGX Precast Protein Gel; Bio-Rad, Feldkirchen, Germany) and analyzed by
Western blotting (Nitrocellulose membrane; GE Healthcare, Munich, Germany) using a
rabbit monoclonal antibody against phosphorylated p38 MAPK (Phospho-p38 MAP Kinase
(Thr180/Tyr182) (12F8), 1:1000; Cell Signaling, Denver, MA, USA). After incubating the
membrane with a mild stripping buffer (low pH glycine solution: 25 mM glycine-HCl,
1% (w/v) SDS, 0.01% Tween 20, pH 2.2) 6 times for 10 min each and reblocking, the
membrane was further incubated with a rabbit polyclonal antibody against (total) p38
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MAPK (1:1000; Cell Signaling, USA). To analyze Smad2/Smad3 activation, the membrane
was incubated with a rabbit monoclonal antibody against phosphorylated Smad2/Smad3
(1:1000; Cell Signaling, USA) and a rabbit monoclonal antibody against GAPDH (1:1000;
Cell Signaling, USA) used as a loading control. After overnight incubation at 4 ◦C, the
membranes were incubated with a secondary antibody coupled to horseradish peroxidase
for 1 h at room temperature. Finally, the membrane was exposed to a chemiluminescent
substrate (LumiLight Plus; Roche, Mannheim, Germany; Clarity Western ECL Substrate
or Clarity Max Western ECL Substrate; Bio-Rad, Hercules, CA, USA) as recommended by
the manufacturers for imaging. The signal was recorded with the Azure c600 Ultimate
Western Imaging System (Biozym Scientific, Hessisch Oldendorf, Germany). Densitometry
analysis was performed using ImageJ software (version 1.53a, National Institute of Health,
https://imagej.nih.gov/ij/).

4.4. Cellular ROS Detection

Cellular ROS was detected using the fluorescent CellROX™ Deep Red reagent (Assay
Kit #C10491, Invitrogen, Waltham, MA, USA) according to the manufacturer’s instructions
with minor changes. HUVECs grown in 96-well plates were treated with sFlt-1 or control
protein (2 µg/mL) for 30–45 min in the presence or not of inhibitors to induce ROS. Subse-
quently, 10 µL CellROX™ Deep Red reagent (25 µM in medium) was added to the samples
to achieve a final concentration of 2 µM and incubated for 30 min at 37 ◦C, protected from
light. The cells were washed carefully in Hank’s balanced salt solution three times before
acquiring fluorescence at 635/665 nm (excitation/emission) using a microplate reader
(Tecan Infinite Microplate Reader M200 Pro Tecan; Salzburg, Austria). Cells incubated
without CellROX™ Deep Red reagent were used as blank. Tert-Butyl hydroperoxide (TBHP,
200 µM) was used as a positive control.

4.5. F-Actin Quantification

F-actin polymerization was quantified as previously described with minor modifica-
tions [56]. Cells grown in 96-well plates were fixed with 4% PFA for 15 min at 4 ◦C and
washed with PBS three times for 5 min. After permeabilization with 0.1% Triton X-100/PBS
for 5 min at room temperature and washing, Phalloidin-iFluor 594 (1:2000 in PBS; Abcam,
Cambridge, UK) and DAPI (10 µg/mL in PBS; Thermo Scientific, Waltham, MA, USA)
were added and incubated for 30 min at room temperature. The cells were washed with
PBS three times for 5 min, and fluorescence intensity was measured at 590/618 nm for Phal-
loidin and 360/460 nm (excitation/emission) for DAPI using a microplate reader (Tecan
Infinite Microplate Reader M200 Pro Tecan; Salzburg, Austria). Results were calculated by
dividing the fluorescent intensity of Phalloidin-594 by the DAPI intensity.

4.6. Endothelial Cell Permeability

Transwell permeability assay using streptavidin horseradish peroxidase (HRP) was
used to measure bulk (“global”) barrier property without discriminating between tran-
scellular and paracellular transports [56]. HUVECs (25,000 cells/well) were seeded on the
top chambers of transwell inserts (0.4 µm pore, 33.6 mm2 culture surface, ThinCert® for
24-well plates; Greiner Bio-One, Frickenhausen, Germany) previously coated with gelatin-
based coating solution (ready to use; Cell Biologics, Chicago, IL, USA) for 20 min at room
temperature. The bottom chambers were filled with growth medium. The next day (24 h
after seeding), confluent cell monolayers were treated with recombinant sFlt-1 or control
protein for 24 h, as described above. Subsequently, media from both compartments were
aspirated, and the top and bottom chambers were refilled with 500 µL medium containing
15 µL Streptavidin-HRP (pre-dilution 1:200; R&D Systems, Minneapolis, MN, USA) or
medium only, respectively. After 90-min incubation at 37 ◦C, three aliquots (20 µL) of media
from the lower chamber were transferred to a 96-well plate and incubated with 50 µL of
TMB substrate (tetramethylbenzidine, 1:1, stabilized peroxide solution, and stabilized TMB
solution; R&D Systems, Minneapolis, MN, USA) for 10 min at room temperature for the
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reaction to stabilize. The reaction was stopped by adding 25 µL stop solution (2N sulfuric
acid; R&D Systems, Minneapolis, MN, USA) into each well. Absorbance was acquired at
450 nm (reference absorbance 540 nm) using a microplate reader (Tecan Infinite Microplate
Reader M200 Pro Tecan, Salzburg, Austria).

4.7. Real-Time PCR

Total RNA was extracted from HUVECs using the RNeasy Mini Kit (QIAGEN, Hilden,
Germany) according to the manufacturer’s instructions. After RNA isolation, reverse
transcription of RNA to cDNA (1 µg total RNA in a volume of 20 µL) was performed using
the LunaScript RT Master Mix Kit (New England BioLabs, Ipswich, MA, USA) according to
the manufacturer’s instructions.

The gene expression was analyzed by real-time PCR using the SYBR Select Mas-
ter Mix (Applied Biosystems, Darmstadt, Germany) on a CFX Opus 384 Real-Time PCR
System (Bio-Rad, Feldkirchen, Germany) with 40 cycles per sample. The cycling temper-
atures were set at 95 ◦C for denaturation and 60 ◦C for annealing and extension. The
relative gene expression was analyzed using the 2−∆∆Ct method and 18S as the reference
gene. Results were log-transformed before statistical analysis. Human primer sequences
are Interleukin-6 forward 5′-acatcctcgacggcatctca-3′ and reverse 5′-caccaggcaagtctcctcatt-
3′; Interleukin-8 forward 5′-gtgcagttttgccaaggag-3′ and reverse 5′-ctctgcacccagttttcctt-3′;
TGF-β1 forward 5′-gtacctgaacccgtgttgct-3′ and reverse 5′-gtatcgccaggaattgttgc-3′; TGF-β2
forward 5′-ctgctaatgttattgccctcctac-3′ and reverse 5′-cgtgtatccatttccaccctaga-3′; TNF-α for-
ward 5′-ctcttctccttcctgatcgtggca-3′ and reverse 5′-gttggatgtttcgtcctcctcaca-3′; 18S forward
5′-ctcaacacgggaaacctcac-3′ and reverse 5′-cgctccaccaactaagaacg-3′.

4.8. Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 9.4.1 for Windows
(GraphPad Prism Software Inc., San Diego, CA, USA). In Table 1 (patients’ characteris-
tics), continuous data were presented as median with interquartile range (non-normal
distributed) or mean ± standard deviation (SD) (normally distributed data). Due to the
relatively small sample size, Kruskal–Wallis test was applied for all comparisons among
the three stages of CKD and controls. Controls were excluded from the analysis regarding
medication. Regarding dichotomous variables, values were presented as actual numbers
(%), and a chi-square test was performed.

For experimental data, Mann–Whitney or Kruskal–Wallis tests, followed by Dunn’s
multiple comparisons test, were applied to data with two or more groups, respectively. In
Figure 1A, all values (20–50 values/patient) grouped according to the stages of CKD and
plotted as box and whiskers were used for comparison among all three stages and controls.
Mean values obtained from each patient (dots) were used to compare all CKD patients
(Total) and controls. In Figure 1C, all values (boxplot; 20–29 values/mouse) were used for
analysis. Mean values obtained from individual mice are represented as dots.

All analyses were considered exploratory. Accordingly, p-values are given as descrip-
tive measures, and the two-sided p < 0.05 is considered statistically significant.

5. Conclusions

In summary, although the mechanisms underlying endothelial dysfunction are mul-
tifactorial and complex, herein, we reinforced the sFlt-1 damaging effects on endothelial
cells, which may be of particular interest in the context of CKD and other renal diseases [9].
Determination of endothelial stiffness provides a comprehensive analysis of the status of
the endothelial cell structure and function under high sFlt-1 conditions.

Author Contributions: Conceptualization, G.S.D.M. and M.B.; Methodology, A.S., C.C.D., B.H.
and K.B.; Formal Analysis, A.S., C.C.D., B.H. and K.B.; Investigation, A.S., C.C.D., B.H. and K.B.;
Data Curation, G.S.D.M.; Writing—Original Draft Preparation, A.S.; Writing—Review and Editing,
G.S.D.M. and M.B.; Supervision, G.S.D.M.; Project Administration, G.S.D.M.; Funding Acquisition,
G.S.D.M. All authors have read and agreed to the published version of the manuscript.



Int. J. Mol. Sci. 2022, 23, 16059 12 of 14

Funding: This research was funded by the Deutsche Forschungsgemeinschaft (DFG) (Grant No.
SE2824/3-1 and rotational position of KFO 342—ZA428/18-1 to C.C.D.).

Institutional Review Board Statement: The animal study protocol was approved by a governmental
committee on animal welfare Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-
Westfalen (No. 81-02.04.2019.A208) and performed under Germany’s animal protection guidelines.
The study was conducted in accordance with the Declaration of Helsinki and approved by the
Joint Ethics Committee of the Landesärztekammer Westfalen-Lippe and the Medical Faculty of the
Westfälische Wilhelms-Universität Münster (No. 2007-315-f-S).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The original data presented in this study are included in the article.
Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the
design, execution, interpretation, or writing of the study.

References
1. Kendall, R.L.; Wang, G.; Thomas, K.A. Identification of a Natural Soluble Form of the Vascular Endothelial Growth Factor

Receptor, FLT-1, and Its Heterodimerization with KDR. Biochem. Biophys. Res. Commun. 1996, 226, 324–328. [CrossRef] [PubMed]
2. Levine, R.J.; Maynard, S.E.; Qian, C.; Lim, K.H.; England, L.J.; Yu, K.F.; Schisterman, E.F.; Thadhani, R.; Sachs, B.P.; Epstein, F.H.;

et al. Circulating Angiogenic Factors and the Risk of Preeclampsia. N. Engl. J. Med. 2004, 350, 672–683. [CrossRef] [PubMed]
3. Maynard, S.E.; Venkatesha, S.; Thadhani, R.; Karumanchi, S.A. Soluble Fms-like Tyrosine Kinase 1 and Endothelial Dysfunction

in the Pathogenesis of Preeclampsia. Pediatr. Res. 2005, 57, 1R–7R. [CrossRef]
4. Di Marco, G.S.; Reuter, S.; Hillebrand, U.; Amler, S.; König, M.; Larger, E.; Oberleithner, H.; Brand, E.; Pavenstädt, H.; Brand,

M. The Soluble VEGF Receptor SFlt1 Contributes to Endothelial Dysfunction in CKD. J. Am. Soc. Nephrol. 2009, 20, 2235–2245.
[CrossRef] [PubMed]

5. Di Marco, G.S.; Kentrup, D.; Reuter, S.; Mayer, A.B.A.B.; Golle, L.; Tiemann, K.; Fobker, M.; Engelbertz, C.; Breithardt, G.; Brand,
E.; et al. Soluble Flt-1 Links Microvascular Disease with Heart Failure in CKD. Basic Res. Cardiol. 2015, 110, 30. [CrossRef]
[PubMed]

6. Matsui, M.; Takeda, Y.; Uemura, S.; Matsumoto, T.; Seno, A.; Onoue, K.; Tsushima, H.; Morimoto, K.; Soeda, T.; Okayama, S.; et al.
vSuppressed Soluble Fms-like Tyrosine Kinase-1 Production Aggravates Atherosclerosis in Chronic Kidney Disease. Kidney Int.
2014, 85, 393–403. [CrossRef]

7. Ky, B.; French, B.; Ruparel, K.; Sweitzer, N.K.; Fang, J.C.; Levy, W.C.; Sawyer, D.B.; Cappola, T.P. The Vascular Marker Soluble
Fms-like Tyrosine Kinase 1 Is Associated with Disease Severity and Adverse Outcomes in Chronic Heart Failure. J. Am. Coll.
Cardiol. 2011, 58, 386–394. [CrossRef]

8. Onoue, K.; Uemura, S.; Takeda, Y.; Somekawa, S.; Iwama, H.; Nishida, T.; Morikawa, Y.; Nakagawa, H.; Tsutsumi, T.; Sung, J.H.;
et al. Usefulness of Soluble Fms-like Tyrosine Kinase-1 as a Biomarker of Acute Severe Heart Failure in Patients With Acute
Myocardial Infarction. Am. J. Cardiol. 2009, 104, 1478–1483. [CrossRef]

9. Wewers, T.M.; Schulz, A.; Nolte, I.; Pavenstädt, H.; Brand, M.; Di Marco, G.S. Circulating Soluble Fms-like Tyrosine Kinase in
Renal Diseases Other than Preeclampsia. J. Am. Soc. Nephrol. 2021, 32, 1853–1863. [CrossRef]

10. Le Roux, S.; Pepper, R.J.; Dufay, A.; Néel, M.; Meffray, E.; Lamandé, N.; Rimbert, M.; Josien, R.; Hamidou, M.; Hourmant, M.; et al.
Elevated Soluble Flt1 Inhibits Endothelial Repair in PR3-ANCA-Associated Vasculitis. J. Am. Soc. Nephrol. 2012, 23, 155–164.
[CrossRef]

11. Zhai, Y.L.; Zhu, L.; Shi, S.F.; Liu, L.J.; Lv, J.C.; Zhang, H. Elevated Soluble VEGF Receptor SFlt-1 Correlates with Endothelial Injury
in IgA Nephropathy. PLoS ONE 2014, 9, e0101779. [CrossRef] [PubMed]

12. Yuan, J.; Guo, Q.; Qureshi, A.R.; Anderstam, B.; Eriksson, M.; Heimbürger, O.; Bárány, P.; Stenvinkel, P.; Lindholm, B. Circulating
Vascular Endothelial Growth Factor (VEGF) and Its Soluble Receptor 1 (SVEGFR-1) Are Associated with Inflammation and
Mortality in Incident Dialysis Patients. Nephrol. Dial. Transplant. 2013, 28, 2356–2363. [CrossRef] [PubMed]

13. Chen, J.; Hamm, L.L.; Mohler, E.R.; Hudaihed, A.; Arora, R.; Chen, C.S.; Liu, Y.; Browne, G.; Mills, K.T.; Kleinpeter, M.A.; et al.
Interrelationship of Multiple Endothelial Dysfunction Biomarkers with Chronic Kidney Disease. PLoS ONE 2015, 10, e0132047.
[CrossRef]

14. Cuenca, M.V.; Hordijk, P.L.; Vervloet, M.G. Most Exposed: The Endothelium in Chronic Kidney Disease. Nephrol. Dial. Transplant.
2020, 35, 1478. [CrossRef]

15. Ahmed, A.; Ahmad, S.; Hewett, P.W.; Al-Ani, B.; Sissaoui, S.; Fujisawa, T.; Cudmore, M.J. Autocrine Activity of Soluble Flt-1
Controls Endothelial Cell Function and Angiogenesis. Vasc. Cell 2011, 3, 15. [CrossRef]

16. Chia, P.Y.; Teo, A.; Yeo, T.W. Overview of the Assessment of Endothelial Function in Humans. Front. Med. 2020, 7, 542567.
[CrossRef]

17. Kusche-Vihrog, K.; Urbanova, K.; Blanqué, A.; Wilhelmi, M.; Schillers, H.; Kliche, K.; Pavenstädt, H.; Brand, E.; Oberleithner, H.
C-Reactive Protein Makes Human Endothelium Stiff and Tight. Hypertension 2011, 57, 231–237. [CrossRef]

http://doi.org/10.1006/bbrc.1996.1355
http://www.ncbi.nlm.nih.gov/pubmed/8806634
http://doi.org/10.1056/NEJMoa031884
http://www.ncbi.nlm.nih.gov/pubmed/14764923
http://doi.org/10.1203/01.PDR.0000159567.85157.B7
http://doi.org/10.1681/ASN.2009010061
http://www.ncbi.nlm.nih.gov/pubmed/19608702
http://doi.org/10.1007/s00395-015-0487-4
http://www.ncbi.nlm.nih.gov/pubmed/25893874
http://doi.org/10.1038/ki.2013.339
http://doi.org/10.1016/j.jacc.2011.03.032
http://doi.org/10.1016/j.amjcard.2009.07.016
http://doi.org/10.1681/ASN.2020111579
http://doi.org/10.1681/ASN.2010080858
http://doi.org/10.1371/journal.pone.0101779
http://www.ncbi.nlm.nih.gov/pubmed/25007257
http://doi.org/10.1093/ndt/gft256
http://www.ncbi.nlm.nih.gov/pubmed/23828162
http://doi.org/10.1371/JOURNAL.PONE.0132047
http://doi.org/10.1093/ndt/gfz055
http://doi.org/10.1186/2045-824X-3-15
http://doi.org/10.3389/fmed.2020.542567
http://doi.org/10.1161/HYPERTENSIONAHA.110.163444


Int. J. Mol. Sci. 2022, 23, 16059 13 of 14

18. Kliche, K.; Jeggle, P.; Pavenstädt, H.; Oberleithner, H. Role of Cellular Mechanics in the Function and Life Span of Vascular
Endothelium. Pflug. Arch. 2011, 462, 209–217. [CrossRef]

19. Fels, J.; Kusche-Vihrog, K. Endothelial Nanomechanics in the Context of Endothelial (Dys)Function and Inflammation. Antioxid.
Redox Signal 2019, 30, 945–959. [CrossRef]

20. Fels, J.; Jeggle, P.; Liashkovich, I.; Peters, W.; Oberleithner, H. Nanomechanics of Vascular Endothelium. Cell Tissue Res. 2014, 355,
727–737. [CrossRef]

21. Goligorsky, M.S. Pathogenesis of Endothelial Cell Dysfunction in Chronic Kidney Disease: A Retrospective and What the Future
May Hold. Kidney Res. Clin. Pract. 2015, 34, 76–82. [CrossRef] [PubMed]

22. Lang, F. Stiff Endothelial Cell Syndrome in Vascular Inflammation and Mineralocorticoid Excess. Hypertension 2011, 57, 146–147.
[CrossRef] [PubMed]

23. Kasas, S.; Wang, X.; Hirling, H.; Marsault, R.; Huni, B.; Yersin, A.; Regazzi, R.; Grenningloh, G.; Riederer, B.; Forrò, L.; et al.
Superficial and Deep Changes of Cellular Mechanical Properties Following Cytoskeleton Disassembly. Cell Motil. Cytoskelet. 2005,
62, 124–132. [CrossRef] [PubMed]

24. Nebreda, A.R.; Porras, A. P38 MAP Kinases: Beyond the Stress Response. Trends Biochem. Sci. 2000, 25, 257–260. [CrossRef]
[PubMed]

25. Wang, Q.; Doerschuk, C.M. The P38 Mitogen-Activated Protein Kinase Mediates Cytoskeletal Remodeling in Pulmonary
Microvascular Endothelial Cells upon Intracellular Adhesion Molecule-1 Ligation. J. Immunol. 2001, 166, 6877–6884. [CrossRef]
[PubMed]

26. Corre, I.; Paris, F.; Huot, J. The P38 Pathway, a Major Pleiotropic Cascade That Transduces Stress and Metastatic Signals in
Endothelial Cells. Oncotarget 2017, 8, 55684. [CrossRef]

27. Sukriti, S.; Tauseef, M.; Yazbeck, P.; Mehta, D. Mechanisms Regulating Endothelial Permeability. Pulm. Circ. 2014, 4, 535–551.
[CrossRef]

28. Oberleithner, H. Aldosterone Makes Human Endothelium Stiff and Vulnerable. Kidney Int. 2005, 67, 1680–1682. [CrossRef]
29. Mehta, D.; Malik, A.B. Signaling Mechanisms Regulating Endothelial Permeability. Physiol. Rev. 2006, 86, 279–367. [CrossRef]
30. Cosgun, Z.C.; Fels, B.; Kusche-Vihrog, K. Nanomechanics of the Endothelial Glycocalyx: From Structure to Function. American J.

Pathol. 2020, 190, 732–741. [CrossRef]
31. Lal, B.K.; Varma, S.; Pappas, P.J.; Hobson, R.W.; Durán, W.N. VEGF Increases Permeability of the Endothelial Cell Monolayer

by Activation of PKB/Akt, Endothelial Nitric-Oxide Synthase, and MAP Kinase Pathways. Microvasc. Res. 2001, 62, 252–262.
[CrossRef] [PubMed]

32. Ourradi, K.; Blythe, T.; Jarrett, C.; Barratt, S.L.; Welsh, G.I.; Millar, A.B. VEGF Isoforms Have Differential Effects on Permeability
of Human Pulmonary Microvascular Endothelial Cells. Respir. Res. 2017, 18, 116. [CrossRef] [PubMed]

33. Gavard, J.; Gutkind, J.S. VEGF Controls Endothelial-Cell Permeability by Promoting the Beta-Arrestin-Dependent Endocytosis of
VE-Cadherin. Nat. Cell Biol. 2006, 8, 1223–1234. [CrossRef]

34. Claesson-Welsh, L.; Dejana, E.; McDonald, D.M. Permeability of the Endothelial Barrier: Identifying and Reconciling Controver-
sies. Trends Mol. Med. 2021, 27, 314–331. [CrossRef] [PubMed]

35. Schreurs, M.P.H.; Houston, E.M.; May, V.; Cipolla, M.J. The Adaptation of the Blood-Brain Barrier to Vascular Endothelial Growth
Factor and Placental Growth Factor during Pregnancy. FASEB J. 2012, 26, 355–362. [CrossRef]

36. Thickett, D.R.; Armstrong, L.; Christie, S.J.; Millar, A.B. Vascular Endothelial Growth Factor May Contribute to Increased Vascular
Permeability in Acute Respiratory Distress Syndrome. Am. J. Respir. Crit. Care Med. 2001, 164, 1601–1605. [CrossRef]

37. Doi, K.; Noiri, E.; Fujita, T. Role of Vascular Endothelial Growth Factor in Kidney Disease. Curr. Vasc. Pharmacol. 2010, 8, 122–128.
[CrossRef]

38. Burke, S.D.; Zsengellér, Z.K.; Khankin, E.V.; Lo, A.S.; Rajakumar, A.; DuPont, J.J.; McCurley, A.; Moss, M.E.; Zhang, D.; Clark,
C.D.; et al. Soluble FMS-like Tyrosine Kinase 1 Promotes Angiotensin II Sensitivity in Preeclampsia. J. Clin. Investig. 2016, 126,
2561–2574. [CrossRef]

39. Wewers, T.M.; Mayer, A.B.; Pfleiderer, A.; Beul, K.; Schmidt, R.; Heitplatz, B.; van Marck, V.; Nolte, I.; Pavenstädt, H.; Reuter,
S.; et al. Increased Soluble Fms-like Tyrosine Kinase 1 after Ischemia Reperfusion Contributes to Adverse Clinical Outcomes
Following Kidney Transplantation. Kidney Int. 2019, 95, 1091–1102. [CrossRef]

40. Sánchez-Aranguren, L.C.; Espinosa-González, C.T.; González-Ortiz, L.M.; Sanabria-Barrera, S.M.; Riaño-Medina, C.E.; Nuñez,
A.F.; Ahmed, A.; Vasquez-Vivar, J.; López, M. Soluble Fms-like Tyrosine Kinase-1 Alters Cellular Metabolism and Mitochondrial
Bioenergetics in Preeclampsia. Front. Physiol. 2018, 9, 83. [CrossRef]

41. Jiang, Z.; Zou, Y.; Ge, Z.; Zuo, Q.; Huang, S.Y.; Sun, L. A Role of SFlt-1 in Oxidative Stress and Apoptosis in Human and Mouse
Pre-Eclamptic Trophoblasts. Biol. Reprod. 2015, 93, 73–74. [CrossRef] [PubMed]

42. Sandrin, V.C.; Palei, A.C.T.; Metzger, I.F.; Gomes, V.A.; Cavalli, R.C.; Tanus-Santos, J.E. Nitric Oxide Formation Is Inversely
Related to Serum Levels of Antiangiogenic Factors Soluble Fms-like Tyrosine Kinase-1 and Soluble Endogline in Preeclampsia.
Hypertension 2008, 52, 402–407. [CrossRef] [PubMed]

43. Bastounis, E.E.; Yeh, Y.T.; Theriot, J.A. Subendothelial Stiffness Alters Endothelial Cell Traction Force Generation While Exerting a
Minimal Effect on the Transcriptome. Sci. Rep. 2019, 9, 18209. [CrossRef] [PubMed]

44. Liao, J.K. Linking Endothelial Dysfunction with Endothelial Cell Activation. J. Clin. Investig. 2013, 123, 540–541. [CrossRef]
[PubMed]

http://doi.org/10.1007/s00424-011-0929-2
http://doi.org/10.1089/ars.2017.7327
http://doi.org/10.1007/s00441-014-1853-5
http://doi.org/10.1016/j.krcp.2015.05.003
http://www.ncbi.nlm.nih.gov/pubmed/26484026
http://doi.org/10.1161/HYPERTENSIONAHA.110.164558
http://www.ncbi.nlm.nih.gov/pubmed/21149825
http://doi.org/10.1002/cm.20086
http://www.ncbi.nlm.nih.gov/pubmed/16145686
http://doi.org/10.1016/S0968-0004(00)01595-4
http://www.ncbi.nlm.nih.gov/pubmed/10838561
http://doi.org/10.4049/jimmunol.166.11.6877
http://www.ncbi.nlm.nih.gov/pubmed/11359848
http://doi.org/10.18632/oncotarget.18264
http://doi.org/10.1086/677356
http://doi.org/10.1111/j.1523-1755.2005.00263.x
http://doi.org/10.1152/physrev.00012.2005
http://doi.org/10.1016/j.ajpath.2019.07.021
http://doi.org/10.1006/mvre.2001.2338
http://www.ncbi.nlm.nih.gov/pubmed/11678628
http://doi.org/10.1186/s12931-017-0602-1
http://www.ncbi.nlm.nih.gov/pubmed/28578669
http://doi.org/10.1038/ncb1486
http://doi.org/10.1016/j.molmed.2020.11.006
http://www.ncbi.nlm.nih.gov/pubmed/33309601
http://doi.org/10.1096/fj.11-191916
http://doi.org/10.1164/ajrccm.164.9.2011071
http://doi.org/10.2174/157016110790226606
http://doi.org/10.1172/JCI83918
http://doi.org/10.1016/j.kint.2018.11.023
http://doi.org/10.3389/fphys.2018.00083
http://doi.org/10.1095/biolreprod.114.126227
http://www.ncbi.nlm.nih.gov/pubmed/26203176
http://doi.org/10.1161/HYPERTENSIONAHA.108.115006
http://www.ncbi.nlm.nih.gov/pubmed/18574068
http://doi.org/10.1038/s41598-019-54336-2
http://www.ncbi.nlm.nih.gov/pubmed/31796790
http://doi.org/10.1172/JCI66843
http://www.ncbi.nlm.nih.gov/pubmed/23485580


Int. J. Mol. Sci. 2022, 23, 16059 14 of 14

45. Bhagat, K.; Vallance, P. Inflammatory Cytokines Impair Endothelium-Dependent Dilatation in Human Veins in Vivo. Circulation
1997, 96, 3042–3047. [CrossRef] [PubMed]

46. Higashi, Y. Roles of Oxidative Stress and Inflammation in Vascular Endothelial Dysfunction-Related Disease. Antioxidants 2022, 11.
[CrossRef]

47. Stroka, K.M.; Vaitkus, J.A.; Aranda-Espinoza, H. Endothelial Cells Undergo Morphological, Biomechanical, and Dynamic Changes
in Response to Tumor Necrosis Factor-α. Eur. Biophys. J. 2012, 41, 939. [CrossRef]

48. Lee, S.Y.; Zaske, A.M.; Novellino, T.; Danila, D.; Ferrari, M.; Conyers, J.; Decuzzi, P. Probing the Mechanical Properties of TNF-α
Stimulated Endothelial Cell with Atomic Force Microscopy. Int. J. Nanomed. 2011, 6, 179–195. [CrossRef]

49. Amraoui, F.; Spijkers, L.; Lahsinoui, H.H.; Vogt, L.; van der Post, J.; Peters, S.; Afink, G.; Ris-Stalpers, C.; van den Born, B.J. SFlt-1
Elevates Blood Pressure by Augmenting Endothelin-1-Mediated Vasoconstriction in Mice. PLoS ONE 2014, 9, e91897. [CrossRef]

50. Cindrova-Davies, T.; Sanders, D.A.; Burton, G.J.; Charnock-Jones, D.S. Soluble FLT1 Sensitizes Endothelial Cells to Inflammatory
Cytokines by Antagonizing VEGF Receptor-Mediated Signalling. Cardiovasc. Res. 2011, 89, 671–679. [CrossRef]

51. Li, F.; Hagaman, J.R.; Kim, H.S.; Maeda, N.; Jennette, J.C.; Faber, J.E.; Karumanchi, S.A.; Smithies, O.; Takahashi, N. ENOS
Deficiency Acts through Endothelin to Aggravate SFlt-1-Induced Pre-Eclampsia-like Phenotype. J. Am. Soc. Nephrol. 2012, 23,
652–660. [CrossRef] [PubMed]

52. Hillebrand, U.; Schillers, H.; Riethmüller, C.; Stock, C.; Wilhelmi, M.; Oberleithner, H.; Hausberg, M. Dose-Dependent Endothelial
Cell Growth and Stiffening by Aldosterone: Endothelial Protection by Eplerenone. J. Hypertens. 2007, 25, 639–647. [CrossRef]
[PubMed]

53. Di Marco, G.S.; König, M.; Stock, C.; Wiesinger, A.; Hillebrand, U.; Reiermann, S.; Reuter, S.; Amler, S.; Köhler, G.; Buck, F.; et al.
High Phosphate Directly Affects Endothelial Function by Downregulating Annexin II. Kidney Int. 2013, 83, 213–222. [CrossRef]

54. Wiesinger, A.; Peters, W.; Chappell, D.; Kentrup, D.; Reuter, S.; Pavenstädt, H.; Oberleithner, H.; Kümpers, P. Nanomechanics of
the Endothelial Glycocalyx in Experimental Sepsis. PLoS ONE 2013, 8, e0080905. [CrossRef]

55. Hesse, B.; Rovas, A.; Buscher, K.; Kusche-Vihrog, K.; Brand, M.; di Marco, G.S.; Kielstein, J.T.; Pavenstädt, H.; Linke, W.A.; Nofer,
J.R.; et al. Symmetric Dimethylarginine in Dysfunctional High-Density Lipoprotein Mediates Endothelial Glycocalyx Breakdown
in Chronic Kidney Disease. Kidney Int. 2020, 97, 502–515. [CrossRef] [PubMed]

56. Mewes, M.; Lenders, M.; Stappers, F.; Scharnetzki, D.; Nedele, J.; Fels, J.; Wedlich-Söldner, R.; Brand, S.-M.; Schmitz, B.; Brand,
E. Soluble Adenylyl Cyclase (SAC) Regulates Calcium Signaling in the Vascular Endothelium. FASEB J. 2019, 33, 13762–13774.
[CrossRef] [PubMed]

http://doi.org/10.1161/01.CIR.96.9.3042
http://www.ncbi.nlm.nih.gov/pubmed/9386173
http://doi.org/10.3390/antiox11101958
http://doi.org/10.1007/s00249-012-0851-3
http://doi.org/10.2147/IJN.S12760
http://doi.org/10.1371/journal.pone.0091897
http://doi.org/10.1093/cvr/cvq346
http://doi.org/10.1681/ASN.2011040369
http://www.ncbi.nlm.nih.gov/pubmed/22282588
http://doi.org/10.1097/HJH.0b013e328013f492
http://www.ncbi.nlm.nih.gov/pubmed/17278981
http://doi.org/10.1038/ki.2012.300
http://doi.org/10.1371/journal.pone.0080905
http://doi.org/10.1016/j.kint.2019.10.017
http://www.ncbi.nlm.nih.gov/pubmed/32008804
http://doi.org/10.1096/fj.201900724R
http://www.ncbi.nlm.nih.gov/pubmed/31585052

	Introduction 
	Results 
	Sera from Patients with CKD and Excess sFlt-1 Stiffen Endothelial Cell Cortex 
	sFlt-1 Treatment Activates the p38 MAPK Stress Response Pathway 
	sFlt-1 Induces Changes in the F-Actin Distribution and Disturbs the Barrier Function of Endothelial Cells 
	sFlt-1 Only Slightly Affects Mechanosensitive Genes in HUVECs 

	Discussion 
	Materials and Methods 
	Endothelial Cell Culture and Treatment Protocol 
	Atomic Force Microscopy 
	Western Blotting Analysis 
	Cellular ROS Detection 
	F-Actin Quantification 
	Endothelial Cell Permeability 
	Real-Time PCR 
	Statistical Analysis 

	Conclusions 
	References

