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tyrosine kinase 1 (sFlt1l) may contribute
to endothelial dysfunction, hypertension,
and proteinuria in preeclampsia
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Preeclampsia, a syndrome affecting 5% of pregnancies, causes substantial maternal and fetal mor-
bidity and mortality. The pathophysiology of preeclampsia remains largely unknown. It has been
hypothesized that placental ischemia is an early event, leading to placental production of a soluble
factor or factors that cause maternal endothelial dysfunction, resulting in the clinical findings of
hypertension, proteinuria, and edema. Here, we confirm that placental soluble fms-like tyrosine
kinase 1 (sFltl), an antagonist of VEGF and placental growth factor (PIGF), is upregulated in
preeclampsia, leading to increased systemic levels of sFlt1 that fall after delivery. We demonstrate that
increased circulating sFltl in patients with preeclampsia is associated with decreased circulating lev-
els of free VEGF and PIGF, resulting in endothelial dysfunction in vitro that can be rescued by exoge-
nous VEGF and PIGF. Additionally, VEGF and PIGF cause microvascular relaxation of rat renal arte-
rioles in vitro that is blocked by sFltl. Finally, administration of sFltl to pregnant rats induces
hypertension, proteinuria, and glomerular endotheliosis, the classic lesion of preeclampsia. These
observations suggest that excess circulating sFlt1 contributes to the pathogenesis of preeclampsia.

J. Clin. Invest. 111:649-658 (2003). doi:10.1172/JC1200317189.

Introduction however, endothelial dysfunction and proteinuria were

The circulating factor secreted by the placenta and the
cause of the widespread endothelial dysfunction in
preeclampsia has not yet been identified. Several can-
didates have been suggested, including homocysteine,
TNEF-a, soluble Fas ligand, anti-phospholipid antibod-
ies, and oxidized lipid products, but none of these have
been confirmed unequivocally in subsequent work (1,
2). Recently, neurokinin B was reported to be elevated
in preeclampsia. Neurokinin B led to transient hyper-
tension when administered intravenously to rats (3);
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not reported. In an attempt to identify novel secreted
factors playing a pathologic role in preeclampsia, we
performed gene expression profiling of placental tissue
from women with and without preeclampsia using
Affymetrix U95A microarray chips and found soluble
fms-like tyrosine kinase 1 (sFlt1) mRNA (GenBank
accession number U01134) to be upregulated in
preeclamptic placentas (data not shown). sFlt1, a splice
variant of the VEGF receptor Fltl lacking the trans-
membrane and cytoplasmic domains, acts as a potent
VEGF and PIGF antagonist (4, 5). It is produced by a
number of tissues, including the placenta (6, 7), but its
physiologic role is unclear. Recently, both placental
sFlt1 expression (8) and sFltl levels in the amniotic
fluid (9) have been noted to be elevated in preeclamp-
sia; however, systemic levels of sFltl in preeclampsia
have not yet been reported.

There is circumstantial evidence that antagonism of
VEGF may have a role in hypertension and proteinuria.
VEGF is a well-known promoter of angiogenesis; it also
induces nitric oxide and vasodilatory prostacyclins in
endothelial cells, suggesting a role in decreasing vascu-
lar tone and blood pressure (10, 11). VEGF has been
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implicated in glomerular healing, and anti-VEGF com-
pounds have been found to increase apoptosis, impair
glomerular capillary repair, and increase proteinuria in
a rat model of mesangioproliferative nephritis (12).
Furthermore, exogenous VEGF was found to accelerate
renal recovery in rat models of glomerulonephritis and
experimental thrombotic microangiopathy (13, 14).
More recently, exogenous VEGF was shown to amelio-
rate post-cyclosporine-mediated hypertension, endo-
thelial dysfunction, and nephropathy (15). Finally, in
recent antiangiogenic clinical trials, VEGF signaling
inhibitors have resulted in hypertension and protein-
uria (16). Collectively, these data suggest that VEGF is
important not only in blood pressure regulation but
also in maintaining the integrity of the glomerular fil-
tration barrier. We therefore hypothesized that excess
circulating sFlt1 secreted by the placenta in preeclamp-
sia leads to endothelial dysfunction, hypertension, and
proteinuria by antagonizing circulating VEGF and
PIGF. Here, we demonstrate that excess sFltl in
patients with preeclampsia causes endothelial dys-
function and produces a syndrome of nephrotic-range
proteinuria, hypertension, and glomerular endothelio-
sis when administered exogenously to animals.
Although the primary trigger for abnormal placental
development and excess sFltl production in pre-
eclampsia remains speculative, our work suggests that
excess sFlt1 alone may be sufficient to produce gener-
alized endothelial dysfunction and some of the clinical
phenotype noted in preeclampsia.

Methods

Reagents. Human VEGF, rat VEGF, human PIGF, mouse
PIGF, recombinant human sFlt1-Fc, and mouse sFlt1-
Fc were purchased from R&D Systems (Minneapolis,
Minnesota, USA). Human VEGF, human PIGF, human
sFlt1, mouse sFlt1, and mouse sFlk1 ELISA kits were
also purchased from R&D.

Patients. Preeclampsia was defined by (1) systolic
blood pressure of more than 140 mmHg and diastolic
blood pressure of more than 90 mmHg after 20 weeks’
gestation in a previously normotensive patient (2), new-
onset proteinuria (>300 mg of protein in a 24-hour
urine collection or a random urine protein/creatinine
ratio of >0.3), and (3) resolution of hypertension and
proteinuria by 12 weeks postpartum. Patients with
baseline hypertension, proteinuria, or renal disease
were excluded. For the purposes of this study, patients
were divided into groups with mild and severe
preeclampsia on the basis of the recently published
ACOG criteria (17). Healthy, normotensive pregnant
women (the “normal” group) were included as controls;
six patients with preterm deliveries (the “preterm”
group) for other reasons were included as additional
controls. Placental samples were obtained immediate-
ly after delivery. Four random samples were taken from
each placenta, and RNA isolation was performed using
Qiagen RNAeasy Maxi Kit (Qiagen, Valencia, Califor-
nia, USA). Serum was collected from pregnant patients

at the time of delivery (¢ = 0) and 48 hours after delivery
(£ =48) after obtaining informed consent. These exper-
iments were approved by the institutional review board
at the Beth Israel Deaconess Medical Center.

Northern blots, ELISA, and Western blots. Northern blot
experiments were done as previously described (18).
The Flt1 probe used for Northern blots was a 500-bp
fragment in the coding region from pUC 118 human
Flt1 cDNA (a gift from D Mukhopadhyay) and GAPDH
cDNA was used as a normalization control. ELISA for
human sFlt1, human VEGF, and human PIGF was per-
formed according to the manufacturer’s instructions
(R&D Systems). Briefly, the various samples for ELISA
measurement were diluted in 0.1% BSA/Tris-buffered
saline and were incubated in a 96-well plate precoated
with a capture antibody directed against VEGF, PIGF,
or sFltl for 2 hours. The wells were then washed three
times in 0.05%Tween 20/PBS and incubated with a sec-
ondary antibody against VEGF, PIGF, or sFlt1 conju-
gated to horseradish peroxidase for an additional 2
hours. The plates were then washed again three times,
substrate solution containing H,O, and tetramethyl-
benzidine was added, and optical density was deter-
mined at 450 nm. All assays were done in duplicate,
and the protein levels were calculated using a standard
curve derived from known concentrations of the
respective recombinant proteins. Western blots for
PIGF expression in rat blood specimens were per-
formed using a goat polyclonal antibody directed
against mouse PIGF-2 (R&D Systems) using previous-
ly described methodology (18). Western blots and
ELISA were used for verifying the expression of aden-
oviral-infected transgenes in the rat plasma as
described elsewhere (19).

Endothelial tube assay. Growth factor-reduced Matri-
gel (7 mg/ml; Collaborative Biomedical Products, Bed-
ford, Massachusetts, USA) was placed in the wells (100
pl per well) of a prechilled 48-well cell-culture plate
and incubated at 37°C for 30 minutes to allow poly-
merization. Human umbilical vein endothelial cells
(HUVEC) (30,000 cells in 300 pl of endothelial basal
medium with no serum; Clonetics, Walkersville, Mary-
land, USA) were treated with 5% patient serum, plated
onto the Matrigel-coated wells, and incubated at 37°C
for 12-16 hours. Tube formation was then assessed
through an inverted phase-contrast microscope at x4
(Nikon Corporation, Tokyo, Japan), and tube length
was quantitatively analyzed using the Simple PCI
imaging analysis software (Compix Inc. Imaging Sys-
tems, Township Pennsylvania, USA).

Renal microvascular reactivity experiments. Microvascu-
lar reactivity experiments were done as described previ-
ously (20) using rat renal microvessels (internal diam-
eter, 70-170 pm). In all experimental groups, the
relaxation responses of kidney microvessels were exam-
ined after precontraction of the microvessels with
U46619 (thromboxane agonist) to 40-60% of their
baseline diameter at a distending pressure of 40
mmHg. Once the steady-state tone was reached, the
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responses to various reagents such as VEGF, PIGF, and
sFlt1 were examined in a standardized order. All drugs
were applied extraluminally.

Animal model. Both pregnant and nonpregnant
Sprague-Dawley rats were injected with 1 x 10° PFU of
adenoviruses (Ad Fc, Ad sFlt1, or Ad sFlk1-Fc) by injec-
tion into the tail vein. These adenoviruses have been
described elsewhere (19) and were generated at the Har-
vard Vector Core Laboratory. For the low-dose sFltl
experiment, 1 X 108 PFU of adenovirus expressing sFlt1
was used. Pregnant rats were injected on day 8 or 9 of
pregnancy (early second trimester), and blood pressure
was measured on day 16 or 17 of pregnancy (early third
trimester). In nonpregnant animals, blood pressures
were measured on day 8 after injection of the adeno-
viruses. Blood pressures were measured in the rats after
anesthesia with sodium pentobarbital (60 mg/kg
intraperitoneally). The carotid artery was isolated and
cannulated with a 3-Fr high-fidelity microtip catheter
connected to a pressure transducer (Millar Instru-
ments, Houston, Texas, USA). Blood pressure was
recorded and averaged over a 10-minute period. Blood,
tissue, and urine samples were then obtained before
euthanasia. We measured plasma levels on the day of
blood pressure measurement (day 8 after injection of
the adenoviruses), recognizing that 7-10 days after ade-
noviral injection corresponds to the peak level of
expression of these proteins. Circulating sFltl and
sFIk1 levels were confirmed initially by Western blot-
ting (19) and then quantified using commercially avail-
able murine ELISA kits (R&D Systems). Urinary albu-
min was measured by standard dipstick and quantified
by competitive enzyme-linked immunoassay as has
been described elsewhere (21). Urinary creatinine was
measured by a picric acid colorimetric procedure kit
(Sigma-Aldrich, St. Louis, Missouri, USA).

Statistical comparisons. Results are presented as
means + SEM, and comparisons between multiple
groups were made using ANOVA. Significant differ-
ences are reported when P < 0.05.

Histology and electron microscopy. Harvested kidneys
from the rats were placed in Bouin’s solution, paraffin
embedded, sectioned, and stained with H&E, periodic
acid Schiff (PAS), or Masson trichrome stain. For elec-
tron microscopy, renal tissue was fixed in glutaralde-
hyde and embedded in araldite-epon mixture; 1-Um
sections were cut, stained with methylene blue, and
assessed before ultrastructural study. Immunofluores-
cence for fibrin deposits within the glomeruli was done
using polyclonal anti-fibrin antibody (ICN Biochemi-
cals, Aurora, Ohio, USA).

Results

Elevated placental sFlt1 production in preeclampsia. We first
confirmed increased placental sFltI mRNA by North-
ern analysis and found that both sFltI and FltI mes-
sages were upregulated in preeclamptic placentas (Fig-
ure la). We then measured maternal total sFlt1 serum
levels by ELISA in 32 pregnant women with and with-
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out preeclampsia (Figure 1b). The average serum level
of sFltl was almost five times higher in patients with
severe preeclampsia than in normotensive pregnant
women. To exclude the possibility that this effect was
due to the earlier gestational age of patients with
preeclampsia, we also measured sFltl levels in gesta-
tional age-matched normotensive women delivering
prematurely for other reasons and found no significant
difference between this group and normotensive
women with term pregnancies (Figure 1b).

Decreased free VEGF and free PIGF in patients with
preeclampsia. sFltl is known to antagonize the proan-
giogenic molecules VEGF and PIGF by binding to them
and preventing their interaction with their cell-surface
receptors, Fltl and KDR. We hypothesized that in
preeclampsia, excess sFlt1 causes widespread endothe-
lial dysfunction by interfering with the normal physio-
logic effects of VEGF and/or PIGF. If so, decreased lev-
els of “free” or unbound VEGF and PIGF should
correlate with clinical disease. We measured free VEGF
and PIGF serum levels using commercially available
ELISA kits that have previously been shown to measure
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Figure 1

mRNA and protein expression of sFlt1 in preeclampsia. (a) mRNA
expression of placental sFlt7 from three patients with preeclampsia
(P1, P2, and P3) and three normotensive term pregnancies (N1, N2,
and N3) were determined by Northern blot analysis. The higher band
(7.5 kb) is the full-length Flt7 mRNA, and the lower, more abundant
band (3.4 kb) is the alternatively spliced sFlt7 mRNA. GAPDH is
included as a loading control, and the location of 28S is indicated by
an arrowhead. Patients P1 and P2 had severe preeclampsia, where-
as patient P3 had mild preeclampsia. (b) ELISA was performed for
sFlt1 on serum from patients with mild preeclampsia (PE), severe
preeclampsia and from normotensive pregnant women at term (nor-
mal) as described in Table 1. Patients with preterm deliveries were
included as additional controls to rule out changes due to gesta-
tional age. The numbers of patients tested are shown in parentheses
on the x-axis. Serum samples were collected before delivery (t = 0)
and 48 hours after delivery (t = 48). ¥*P < 0.05 and **P < 0.01 as
compared with normotensive controls.
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Table 1
Clinical characteristics of the study patients

Normal (n=11)

Mild preeclampsia (n=11)

Severe preeclampsia (n = 10)

Maternal age (yrs) 345+0.9 324+1.6 30.2+1.3 333+1.5
Gestational age (wks) 38.8+0.2 34.0+1.0 31.2£0.9 29.9+1.7
Primiparous (%) 17% 73% 70% 80%
Systolic blood pressure (mmHg) <140 151+4.3 170+ 5.6 <140
Diastolic blood pressure (mmHg) <90 102+£2.6 103 +£3.8 <90
Proteinuria (g protein/g creatinine) <0.3 1.1+0.2 7.0+1.8 <0.3
Uric acid (mg/dl) NA 6.4+0.3 7.0+0.2 NA
Hematocrit (%) 35.4+0.6 34.6+0.9 349+1.5 344+14
Platelet count 215+18 214+ 34 204 + 27 22016
Creatinine (mg/dl) 0.6 £0.04 0.6+0.03 0.5+£0.03 0.5

Values shown are means + SEM. Of the six patients in the preterm group, four had preterm labor, one had intrauterine growth retardation, and one had pla-

centa previa. NA, not available.

free VEGF and free PIGF (22, 23). We first confirmed
that these ELISA kits measured only unbound VEGF
or PIGF by performing a standard curve for VEGF and
PIGF proteins in the presence of exogenous recombi-
nant sFltl. Figure 2 (a and b) shows that VEGF and
PIGF levels were significantly decreased in the presence
of recombinant sFltl. Note that interference of sFltl
with VEGF measurement was greater than that with
PIGF measurement, because Flt1 binds to VEGF with a
higher affinity (VEGF, Kq = 10-20 pM; PIGF, K4 = 250
PM) (24, 25). Using these ELISA systems, we then meas-
ured free VEGF and free PIGF in the serum of
preeclamptic patients and in control women and con-
firmed that both free VEGF and free PIGF were signif-
icantly decreased in patients with preeclampsia (Figure
2, c and d). In fact, the decrease in levels of free VEGF
and PIGF was proportionate to the rise in serum sFlt1
levels in these patients.

Impaired angiogenesis due to excess sFlt1 in preeclamptic
serum. To address our hypothesis that excess circulat-
ing sFltl in patients with preeclampsia causes
endothelial dysfunction and leads to an antiangio-

genic state, we measured endothelial tube formation,
an established in vitro model of angiogenesis. The
conditions of the tube formation assay were adjusted
so that normal HUVEC cells formed tubes only in the
presence of exogenous growth factors such as VEGF
or PIGF (data not shown). Under these conditions, we
found that although serum from normotensive
women induced endothelial cells to form regular
tube-like structures, serum from those with
preeclampsia inhibited tube formation (Figure 3).
Notably, by 48 postpartum hours, this antiangiogenic
effect had disappeared from the serum, suggesting
that the inhibition of tubes noted with the serum
from preeclamptic patients was due to a circulating
factor released by the placenta. When sFlt1 was added
to normotensive serum at concentrations noted in
patients with preeclampsia, tube formation did not
occur, mimicking the effects seen with serum from
preeclamptic patients. Finally, when exogenous VEGF
and PIGF were added to serum from preeclamptic
patients, tube formation was restored (Figure 3).
These results suggest that the antiangiogenic proper-

Figure 2

Preterm (n = 6)

Free VEGF and free PIGF levels are decreased in the serum of
patients with preeclampsia. (a) Standard curve for recombinant
human VEGF protein was generated in the absence (control) or
in the presence of two different doses of recombinant human
sFlt1-Fc using the ELISA kit for measurement of human VEGF
protein, as described in Methods. (b) Standard curve for recom-
binant human PIGF protein was generated in the absence (con-
trol) or in the presence of two different doses of recombinant
human sFlt1-Fc using the ELISA kit for measurement of human
PIGF protein, as described in Methods. (c) Free VEGF levels
(pg/ml) at the time of delivery (t = 0) were determined by ELISA
for the four patient groups described in Figure 1b and Table 1.
(d) Free PIGF levels (pg/ml) at the time of delivery were deter-
mined by ELISA for the four patient groups described in Figure
1b and Table 1. The numbers of patients tested are shown in
parentheses on the x-axis. *P < 0.05 and **P < 0.01 as com-
pared with normotensive controls.
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Figure 3

Preeclampsia is an antiangiogenic state due to excess sFlt1. Endothe-
lial tube assay was performed using serum from four normal preg-
nant controls and four patients with preeclampsia before and after
delivery. A representative experiment from one normal control and
one patient with preeclampsia is shown. (a) t = 0 (5% serum from a
normal pregnant woman at term). (b) t = 48 (5% serum from a nor-
mal pregnant woman 48 hours after delivery). (¢) t = 0 plus exoge-
nous sFlt1 (10 ng/ml). (d) t = 0 (5% serum from a preeclamptic
woman before delivery). (e) t = 48 (5% serum from a preeclamptic
woman 48 hours after delivery). (f) t = 0 plus exogenous VEGF (10
ng/ml) and PIGF (10 ng/ml). The tube assay was quantified, and the
mean tube length + SEM in pixels is given at the bottom of each panel
for all the patients analyzed. Recombinant human VEGF, human
PIGF, and human sFlt1-Fc were used for the assays.

ties of serum from preeclamptic patients are due to
blockade of VEGF and PIGF by endogenous sFltl.
Similar data were also obtained using primary human
endothelial cells derived from the uterine microvas-
culature (data not shown).

Inhibition of VEGF- and PIGF-induced vasodilation by sFlt1.
To assess the hemodynamic effects of circulating sFlt1,
we performed a series of experiments using an in vitro
assay for microvascular reactivity (20). We found that
sFlt1 alone did not cause significant vasoconstriction.
However, sFlt1 blocked the dose-dependent increase in
vasodilation induced by VEGF or PIGF (Figure 4a).
Data shown in Figure 4b confirmed that sFlt1 signifi-
cantly inhibited VEGF- and PIGF-induced vasodilation
at alevel observed in patients with severe preeclampsia.
These data suggest that circulating sFlt1 in preeclamp-
tic patients might oppose physiologic vasorelaxation,
thus contributing to hypertension.

In vivo effects of sFlt1 on blood pressure and proteinuria. On
the basis of these results, we predicted that exogenous
sFlt1 might produce hypertension and proteinuria in
an animal model. Adenovirus expressing sFlt1 has been
shown to produce sustained systemic sFlt1 levels asso-
ciated with significant antitumor activity (19). This
recombinant adenovirus encoding the murine sFltl
gene product was injected into the tail vein of pregnant
rats on day 8 or 9 of pregnancy (normal rat gestation,
21 days). Adenovirus encoding murine Fc protein in
equivalent doses was used as a control to rule out non-
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specific effects of adenoviruses. Flk1 (VEGF receptor-
2) has been shown to bind VEGF but not PIGF (24).
Hence, adenovirus encoding murine sFlk1-Fc trans-
gene (soluble fusion protein of mouse VEGF receptor
Flk1 ectodomain and mouse Fc protein) was chosen as
an additional control to determine if the antagonism
of VEGF alone would be sufficient to produce a phe-
notype. We measured intra-arterial blood pressure in
the early third trimester (day 16 or 17), corresponding
to the onset of hypertension in preeclampsia. These
experiments were also completed in nonpregnant
female rats to assess whether the effects observed with
sFlt1 were dependent on the presence of the placenta.

Blood pressure and albuminuria in the different
experimental groups are shown in Table 2. The mean
sFlt1 level in rats injected with adenovirus expressing
sFltl was 215.5 + 81.2 ng/ml, and the mean sFlk1 level
was 887.5 = 204.8 ng/ml. Pregnant rats treated with
sFltl had significant hypertension and heavy albumin-
uria, whereas both Fc and sFlk1-Fc pregnant control
rats did not. Nonpregnant rats administered sFlt1 also
developed hypertension and proteinuria. Notably, the
sFlk1-Fc-treated nonpregnant rats developed hyper-
tension and proteinuria, whereas the sFlk1-Fc-treated
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Figure 4

sFlt1 inhibits VEGF- and PIGF-induced vasodilation of renal
microvessel. (a) The relaxation responses of rat renal arterioles to
sFlt1, VEGF, and PIGF at three different doses were measured. S,
sFlt1; V, VEGF; P, PIGF. V+ and P+ represent responses to VEGF and
PIGF in the presence of sFlt1 at 100 ng/ml. A positive change reflects
an increase in vessel diameter. (b) Microvascular relaxation respons-
es were measured at physiological doses of VEGF (100 pg/ml), PIGF
(500 pg/ml), sFlt1 (10 ng/ml), VEGF (100 pg/ml) plus PIGF (500
pg/ml), or VEGF (100 pg/ml) plus PIGF (500 pg/ml) plus sFlt1 (10
ng/ml). Each experiment was repeated in six different rat renal
microvessels, and data are reported as means + SEM. *P < 0.05 as
compared with VEGF plus PIGF. Reagents used for the assays were
recombinant rat VEGF, mouse PIGF, and mouse sFlt1-Fc.
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Table 2
Blood pressure and proteinuria in rats

https://doi.org/10.1172/3JCI17189

up experiments using lower doses of sFltl.
In these rats (n = 5), mean serum sFlt1 levels

were comparable to those seen in preeclamp-

n Mean arterial Urine albumin/creatinine . )

pressure (mmHg) ratio (Mg/mg) tic women (7.3 + 3.2 ng/ml). These animals
Fc (pregnant) 5 75+ 11 62 £ 21 also developed significant hypertension
sFlt1 (pregnant) 4 109 £ 194 6923 + 658° (mean arterial pressure, 119 + S mmHg) and
sFlk1-Fc (pregnant) 4 73£15 50+32 albuminuria (899 + 286 Ug of albumin per
Fe (nonpregnant) S 896 138+78 milligram of creatinine). Although the
sFlcT (nonpregnant) 6 118138 12947 £ 27768 degree of albuminuria was much less than
sFlk1-Fc (nonpregnant) 4 137 £ 24 2269 + 6698 g

Pregnant and nonpregnant rats were administered adenovirus expressing Fc (control), sFlt1,
or sFlk1-Fc protein. Mean arterial blood pressure (diastolic plus one third of the pulse pres-
sure in mmHg) + SEM and mean urine albumin/creatinine ratio (micrograms of albumin
per milligram of creatinine) + SEM were measured 8 days after adenoviral administration
corresponding to the early third trimester in the pregnant rats. AP < 0.05 and 8P < 0.01 as
compared with the control group (Fc). Mean plasma sFit1 levels were 388 ng/ml (pregnant)
and 101 ng/ml (nonpregnant) in the sFlt1-treated rats. Mean plasma sFlk1 levels were 775

that observed in the high-dose experiments

ng/ml (pregnant) and 1000 ng/ml (nonpregnant) in the sFlk1-Fc-treated rats.

654

pregnant rats did not. In pregnancy, therefore, the
antagonism of VEGF alone appears to be insufficient
to produce preeclampsia, possibly owing to high levels
of unopposed PIGF secreted by the placenta. In the
nonpregnant state, in which PIGF is virtually absent
(Figure 5), antagonism of VEGF alone is sufficient to
disrupt the balance of pro-and antiangiogenic forces,
so as to produce systemic effects.

Renal pathologic changes due to sFlt1. Figure 6a shows
the renal lesion that was observed in all sFlt1 treated
pregnant rats: glomerular enlargement with occlusion
of the capillary loops by swelling and hypertrophy of
endocapillary cells (glomerular endotheliosis) (26).
No segmental glomerulosclerosis or significant pro-
liferation or vessel wall changes were observed. Elec-
tron microscopy of sFlt1 treated kidneys confirmed
the glomerular changes seen on light microscopy (Fig-
ure 6b). Extensive capillary occlusion by intraluminal
cells with swollen cytoplasm was seen. Podocytes
showed protein resorption droplets with only focal
foot-process effacement. Immunofluorescence stud-
ies of kidneys from sFltl-treated rats showed focal
deposition of fibrin within glomeruli (Figure 6b),
changes that have been described as typical of the
prepartum stage of human preeclampsia (27). The
control Fc-treated rats (Figure 6, a and b) and sFlk1-
Fc-treated pregnant rats did not show any renal
pathology (Figure 6a). This constellation of renal
pathologic findings noted in the sFlt1-treated ani-
mals is specific and represents the classic findings
seen on renal biopsies in human preeclampsia (26, 28,
29). The sFltl-treated nonpregnant and sFlk1-Fc-
treated nonpregnant rats developed renal lesions sim-
ilar to those in the sFlt1-treated pregnant rats, where-
as the Fc-treated nonpregnant rats did not show any
renal pathology (data not shown).

Low-dose sFlt1 produces a milder phenotype. Since the
sFlt1 levels achieved in our initial experiments were sig-
nificantly higher than levels observed in humans with
preeclampsia (mean of 215.5 ng/ml in rats vs. 7.6 ng/ml
in humans with severe disease), we conducted follow-

(Table 2), it was similar to what was noted in
our patients with mild preeclampsia. The
pathologic glomerular changes were also
suggestive of a less severe phenotype, with
endotheliosis and protein resorption
droplets occurring in a focal and segmental
pattern (Figure 6¢).

Discussion

Several conclusions can be drawn from our findings.
First, preeclampsia is associated with elevated circulat-
ing sFlt1 protein. It is likely that the excess sFlt1 pro-
duction originates in the placenta, since we have shown
that placental sFlt1 mRNA is upregulated in preeclamp-
sia and that levels fall within 48 hours after delivery. Sec-
ond, exogenously administered sFltl is sufficient to
produce several of the clinical and pathological findings
of preeclampsia in rats, including hypertension and
glomerular endotheliosis. Third, the systemic effects of
sFlt1 do not require the presence of pregnancy or the
placenta, since hypertension and glomerular changes
occurred in both nonpregnant and pregnant rats; this
suggests a direct effect of sFltl on the maternal
endothelium. Our work also suggests that sFlt1 acts
through its antagonism of both VEGF and PIGF, since
the VEGF antagonist sFlkl did not produce the
preeclampsia phenotype in pregnant rats. The observa-
tion that nonpregnant rats treated with sFlk1 did devel-
op HTN and proteinuria is consistent with this hypoth-
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Figure 5

Western blot analysis for PIGF expression in pregnant rats versus non-
pregnant rats. Western blot analysis for PIGF levels in the systemic cir-
culation of rats was performed using blood specimens from two non-
pregnant and two pregnant rats (early third trimester) as described in
Methods. Lanes 1 and 2 represent 1 ng and 10 ng of recombinant
mouse PIGF protein used as a positive control. Twenty microliters of
concentrated (10-fold) serum specimens from two nonpregnant rats
(lanes 3 and 4) and two pregnant rats in the early third trimester
(lanes 5 and 6) were used, and shown is a representative Western blot.
The blot shows almost absent PIGF in the nonpregnant rats and

expression of PIGF protein in pregnant rats.
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sFlt1 induces glomerular endotheliosis. (a) Histopathological analysis of renal tissue from one representative Fc-treated pregnant rat (upper
panel), one sFlt1-treated pregnant rat (middle panel), and one sFlk1-Fc-treated pregnant rat (lower panel) is shown here. H&E stain shows
capillary occlusion in the sFlt1 treated animal with enlarged glomeruli and swollen endothelial cells compared to Fc control animal and
sFIk1-Fc control animals. PAS stain of the sFlt1-treated rat demonstrates PAS-negative swollen cytoplasm of endocapillary cells (endothe-
liosis). Numerous protein resorption droplets are also seen in the PAS section. These pathologic changes are absent in the Fc-treated rat as
well as the sFIk1-Fc-treated pregnant rats. All light photomicrographs were taken at X60 (original magnification). (b) Electron microscopy
(EM) and immunofluorescence (IF) for fibrin was performed for the same rats shown in Figure 6a. Electron micrographs of glomeruli from
an sFlt1-treated rat (lower panel) confirmed cytoplasmic swelling of the endocapillary cells. There is relative preservation of the podocyte
foot processes and the basement membranes. Immunofluorescence for fibrin shows foci of fibrin deposition within the glomeruli of
sFlt1-treated rats but not Fc-treated rats. The immunofluorescence pictures were taken at X40 and the electron micrographs were taken at
%2400 (original magnification). All figures are reproduced at identical magnifications. (¢) Histopathological analysis of one representative
nonpregnant rat treated with low-dose sFlt1 is shown here. Low-power (%30, original magnification) Masson trichrome staining of renal tis-
sue from the low-dose sFlt1-treated rat shows varying glomerular size representing focal endotheliosis. This degree of variation in glomeru-
lar involvement was only noted in the low-dose group. Higher-power H&E staining and PAS staining showed segmental endotheliosis and

protein resorption droplets with preservation of basement membranes.

esis, since circulating PIGF is negligible in this setting.
Finally, we have developed a novel experimental model
resembling human preeclampsia, suitable for exploring
both the pathophysiology of preeclampsia and for test-
ing potential therapeutic compounds.

Emerging data on the role of VEGF in proteinuria
lends validity to our findings. In a recent abstract
describing new conditional knockout mice, reduction
of VEGF production by podocytes alone led to massive
proteinuria and glomerular endotheliosis (30). Addi-
tionally, VEGF-neutralizing antibodies in clinical can-
cer trials have resulted in proteinuria (16). These
reports support the hypothesis that VEGF deficiency in
the glomerulus, as may occur with excess sFltl in
preeclampsia, produces proteinuria.

The role of VEGF in preeclampsia has received sub-
stantial attention. Several authors have reported

increased systemic VEGF levels in women with
preeclampsia (31-34) while other authors have
reported decreased levels (35-37), as we report here
(Figure 2c). In reviewing the methodology of these
studies carefully, we found that all studies reporting
decreased VEGF (35-37) used a commercially avail-
able ELISA kit (R&D Systems), which, in fact, meas-
ures free (unbound) VEGF as previously shown by
others (22, 23, 38). All studies reporting increased
VEGF in preeclampsia used either radioimmunoas-
say or a non-R&D ELISA system, measuring total
(bound and unbound) VEGF (31-34). Under many
circumstances, these two entities would be inter-
changeable. However, in pregnancy, circulating sFlt1
is present at very high levels (the mean sFlt1 level in
normal-term pregnancy was 1.5 + 0.2 ng/ml) (Figure
1b) as compared with the nonpregnant state, in
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which sFltl levels are relatively low (the mean sFltl
level in healthy female volunteers was 0.15 + 0.04
ng/ml) (39). Therefore, in normal pregnancy, and
especially in preeclampsia where circulating levels of
sFlt1 are extremely high, most VEGF is bound to cir-
culating sFltl (40). Free VEGF levels, which more
accurately reflect effective circulating VEGF, will thus
be substantially lower than total VEGF levels. Simi-
larly, the commercial PIGF ELISA kit from R&D Sys-
tems actually measures unbound (or free) PIGF (22),
and other groups using this kit have demonstrated
low circulating PIGF (37, 41), as we have confirmed
here (Figure 2d). Seen in this light, the previously
confusing and contradictory literature on VEGF sup-
ports our hypothesis that preeclampsia is character-
ized by normal to high total VEGF levels (perhaps
induced by placental hypoxia) but low free VEGF and
free PIGF levels, owing to a vast excess of sFltl.

Several aspects of this work suggest that factors in
addition to sFltl are likely to be playing a role in the
pathogenesis of preeclampsia. Although serum sFlt1l
levels were elevated in most patients with preeclampsia,
a subset of patients in the mild preeclampsia group had
only slightly elevated levels. Thus, sFltl may be
causative in most but not all cases of preeclampsia in
humans. Thrombocytopenia was not noted in our
sFlt1-treated animals (data not shown), though it is
invariably present in patients with hemolysis, elevated
liver function tests, and low platelets (HELLP) syn-
drome, a variant of preeclampsia. This suggests that
additional factors may be involved in HELLP syn-
drome. Work is in progress to identify such factors,
which may be synergistic with sFlt1. It is interesting to
note that the pathologic effects of sFltl were dose
dependent; rats treated with low-dose sFlt1, with plas-
ma levels similar to those seen in preeclamptic women,
generally showed milder renal pathology as compared
with rats treated with higher doses of sFlt1 (Figure 6¢).
A possible explanation is that sFlt1 may be one of sev-
eral factors elaborated by the placenta that influence
the severity of preeclampsia. It is also possible that
recombinant adenoviral-linked sFlt1 has a less potent
in vivo activity than endogenous sFltl present in
human serum or that more prolonged, sustained levels
of sFltl are required to produce severe disease.

Our work leaves many unanswered questions and
paths for future work. Our data do not distinguish
whether sFlt1 production by the placenta is a primary
or secondary event. Hypoxia has been shown to
increase sFltl production by placental cytotro-
phoblasts (22). If placental hypoxia is an early event in
preeclampsia, sFltl release may occur as a secondary
phenomenon. It has been proposed that placental
angiogenesis is defective in preeclampsia, as evidenced
by failure of the cytotrophoblasts to convert from an
epithelial to an endothelial phenotype (referred to as
pseudovasculogenesis) and invade maternal spiral
arteries (42). It seems plausible that angiogenic mole-
cules such as VEGF, PIGF, and sFltl may be impor-

tant regulators of early placental development and
pseudovasculogenesis. In fact, it has recently been
shown that exogenous sFltl inhibits placental
cytotrophoblast invasion in vitro (8). Thus, excess pla-
cental sFltl, in addition to its direct effect on the
maternal endothelium in the third trimester, may also
play a more primary role in deranged placental devel-
opment in preeclampsia. In our sFltl-treated rats, we
did not observe the placental pathologic changes typ-
ical of preeclampsia, such as placental infarcts and
shallow spiral-artery invasion (data not shown). How-
ever, this may reflect the fact that sFltl protein was
administered in the early second trimester, after spi-
ral-artery invasion had already been established.
Future studies in which exogenous sFltl is given ear-
lier in pregnancy (i.e., from the first trimester) should
clarify this issue, and the role of sFltl in placental
cytotrophoblast differentiation and development
should continue to be explored.

Little is known about the regulation of transcription
and splicing of Flt1/sFlt1. Alternative splicing has been
identified as a key regulatory step in sFltl production
(6). By Northern analysis, however, it appears that
both Fit1 and sFlt1 are proportionally increased in
preeclamptic placenta (Figure la), suggesting that
upregulation of sFlt] is not occurring at the level of
alternative splicing but at the level of transcription or
mRNA stability. Future work investigating the regula-
tion of sFlt1 production may clarify these mechanisms.

Our study has other limitations. Although the rapid
decline in sFlt1 levels after delivery and the upregula-
tion of placental sFlt1 mRNA strongly suggest a pla-
cental origin of the sFltl, future studies (for example,
measuring sFltl levels in the umbilical vein and
artery) are needed to show this conclusively. Tissue
levels and activity of VEGF/PIGF signaling are not
addressed by this study or other current literature.
Studies looking at tissue VEGF or PIGF signaling in
preeclampsia should clarify the role of sFltl in the
pathogenesis even further. In our measurement of
blood pressure, we used anesthetized animals; this is
known to have blood pressure-lowering effects.
Although sFltl-treated animals had significantly
higher mean arterial pressures as compared with con-
trols, it is possible that noninvasive blood pressure
monitoring of these animals might produce a even
more dramatic change in blood pressure.

Our findings have important implications both for
the diagnosis and therapy of preeclampsia and for the
use of VEGF/PIGF signaling inhibitors in other dis-
eases, such as cancer. If sFltl overexpression occurs
early in pregnancy, it might serve as a diagnostic mark-
er in patients at high risk for the development of
preeclampsia. Currently, there is no specific treatment
for preeclampsia, and severe cases often require pre-
mature delivery of the infant. If excess sFltl plays a
causative role in preeclampsia, antagonizing its effects
may ameliorate symptoms. For example, exogenous
VEGF and/or PIGF therapy might reverse the endothe-
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lial dysfunction noted in these patients, as suggested
in our in vitro angiogenesis assays (Figure 3). Thera-
peutic strategies using small-molecule compounds
aimed at shifting the angiogenesis balance in favor of
proangiogenic molecules might allow delivery to be
safely postponed. For example, nicotine has been
shown to have proangiogenic properties by inducing
endogenous VEGF (43). Moreover, it is well-known
that cigarette smoking is associated with a lower inci-
dence of preeclampsia (44, 45). Smoking has also been
shown to lower sFltl levels in humans (46). Thus,
short term use of nicotine in cases of severe preeclamp-
sia might be an effective treatment. This work also has
implications for anti-VEGF or anti-PIGF compounds
currently undergoing clinical trials for the treatment
of cancer and other disorders (19, 47). The finding of
proteinuria and hypertension in nonpregnant rats
treated with antagonists to VEGF and PIGF raises con-
cerns over the safety of these agents in humans, and
specific monitoring for renal and vascular side effects
should be considered. On the other hand, the occur-
rence of hypertension and/or proteinuria may signal a
shift in systemic angiogenic activity and might corre-
late with response to therapy.

In summary, our findings suggest that excess placen-
tal production of sFlt1 contributes to the hypertension,
proteinuria, and glomerular endotheliosis noted in
patients with preeclampsia. Antagonizing or over-
whelming endogenous sFlt1 may be a promising ther-
apeutic approach for these patients. A clearer under-
standing of sFlt1 gene regulation and splicing and its
role in placental and systemic vascular function may
lead to better insights into the pathogenesis, treatment,
and prevention of preeclampsia.
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