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Abstract

Preeclampsia is a serious hypertensive disorder of pregnancy, which is only cured with delivery of

the placenta, thereby commonly necessitating preterm birth of the fetus. Low-molecular-weight

heparin (LMWH) has demonstrated potential to reduce the incidence of preeclampsia in high-

risk pregnant women, although the underlying mechanism by which LMWH protects against

preeclampsia is unknown. Given the complex structure and biologic actions of heparin, we tested

the hypothesis that heparin can mediate preeclampsia prevention via nonanticoagulant pathways.

We compared the effects of a nonanticoagulant, glycol-split LMWH (gsHep)—rendered nonanti-

coagulant through disruption of the antithrombin binding regions—with the LMWH dalteparin

in the rat reduced uterine perfusion pressure (RUPP) surgical model of preeclampsia. Although

RUPP animals exhibit significantly elevated blood pressure and reduced plasma levels of placental

growth factor (PGF) compared to sham, neither dalteparin nor gsHep treatment significantly

impacted these parameters. However, the observed positive correlation between PGF levels

and number of viable fetuses in RUPP-induced animals suggests that reduced PGF levels were

predominately due to placental loss. Daily subcutaneous injections of low-dose dalteparin but not

gsHep significantly restored fetal growth that was impaired by RUPP surgery. Placentas from RUPP

animals exhibited an abnormal labyrinth structure, characterized by expanded sinusoidal blood

spaces, relative to sham-operated animals. Morphometric analysis demonstrated that dalteparin

but not gsHep treatment normalized development of the labyrinth in RUPP-exposed conceptuses.

These data suggest that the antithrombin-binding regions of LMWH are required to confer its

protective effects on fetal growth and placental development.

http://creativecommons.org/licenses/by-nc/4.0/
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Summary Sentence

Low-molecular-weight heparin promotes placental development and fetal growth, thereby provid-

ing a mechanism by which heparin therapy could benefit pregnant women at risk of preeclampsia

with growth restricted fetuses.
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Introduction

Preeclampsia is a serious hypertensive disorder of pregnancy that
is characterized by new onset hypertension and organ injury. The
only definitive cure for preeclampsia is removal of the placenta
through delivery. Preeclampsia is a heterogeneous syndrome, with
symptoms ranging from mild to severe and clinical presentation from
early in the third trimester (< 34 weeks) to near-term. Severe, early-
onset preeclampsia is associated with maternal vascular malperfu-
sion (MVM) disease of the placenta [1]. MVM disease is charac-
terized by poor spiral artery remodeling, which results in impaired
utero-placental perfusion and damage to the placental villi, ulti-
mately disrupting placental function [2]. Severe cases of preeclampsia
are typically associated with adverse fetal outcomes mediated by
the associated growth restriction [3]. The development of effective
therapies that can restrict placental damage in the face of impaired
utero-placental blood flow offer the potential to improve perinatal
outcomes by extending the duration of pregnancy and promoting
greater fetal growth.

Prophylactic low-molecular-weight heparin (LMWH) may aug-
ment the effects of low-dose aspirin for preventing preeclampsia
in high-risk pregnant women and improving fetal outcomes [4].
Although the beneficial effects of LMWH were hypothesized to
be due to its anticoagulant actions on coagulation proteases via
antithrombin, in vitro studies suggest that LMWH can also exert
a range of nonanticoagulant effects that can directly modulate
placental function. These effects include stimulation of extravil-
lous trophoblast invasion into the decidua, promotion of healthy
turnover of the placental villous trophoblast, and enhancement
of placental growth factor (PGF) secretion by placental villous
explants (reviewed in [5]). Our group recently demonstrated that
glycol-split heparin (gsHep), a derivative of heparin that has chemi-
cally disrupted antithrombin-binding regions (ATBRs) and therefore
minimal anticoagulant properties, retains its ability to promote
PGF release from 1st trimester placental villous explants, promote
endothelial tube formation in the presence of placenta conditioned
media, inhibit complement activation, and prevent endothelial acti-
vation by preeclamptic serum relative to dalteparin, a clinically used
anticoagulant LMWH [6]. Since these drug effects could in theory
prevent or ameliorate progression of preeclampsia in high-risk preg-
nant women, gsHep therefore may confer the important effects of
heparin without the attendant risks of anticoagulation in pregnancy.
Presently, however, in vivo studies aimed at elucidating mechanisms
by which LMWH may protect against severe preeclampsia with
impaired fetal growth are limited, none of which have included
evaluating the effects of gsHep derivatives.

Of the animal models of preeclampsia available, the reduced uter-
ine perfusion pressure (RUPP) surgical model of preeclampsia in the
pregnant rat is one of the most reproducible and well-characterized
models [7]. In this model, perfusion into the uteroplacental circula-
tion of the pregnant rat is partially occluded using silver clips, thereby
mimicking the reduced perfusion due to impaired spiral artery
remodeling. By late gestation, the pregnant dams show elevated

blood pressure and fetal growth restriction, among other effects.
RUPP reduces placental blood flow by approximately 60%, resulting
in reduced placental weight and expression of the stress-related pro-
tein JNK [8, 9]. A recent study in the mouse showed that the RUPP
procedure can also impair placental junctional zone and labyrinth
development and structure, thereby providing a potential mechanism
by which fetal growth could be impacted in this model [10].

The purpose of this study was to compare the effects of dalteparin
and gsHep in the RUPP model of preeclampsia, with the hypothesis
that both dalteparin and gsHep will ameliorate the symptoms of
preeclampsia induced by the model via nonanticoagulant actions.
Our results show that, contrary to our hypothesis, neither dal-
teparin nor gsHep treatment significantly lowered blood pressure or
increased plasma levels of PGF in RUPP rats; however, dalteparin
significantly promoted fetal growth in RUPP rats, which was asso-
ciated with normalized placental histological features, while gsHep
had no impact on fetal growth.

Materials and methods

RUPP model

All animal procedures performed were in accordance with the Cana-
dian Animal Care Council guidelines, and the protocol was approved
by the University Health Network Animal Care Committee. Animals
were housed two to a cage in a temperature-controlled room set to
23 ◦C with a 12:12 h light/dark cycle. Animals were given standard
chow and water ad libitum.

The surgical procedure was performed as previously described
with modifications [11], and a schematic representation of the
experimental setup is provided in Supplementary Figure S1. In brief,
virgin Sprague Dawley female rats (200-275 g; from Charles River,
Saint Constant, Canada) were time-mated to male Sprague Dawley
rats. Gestational day (GD) 0 was designated by the presence of
a vaginal plug. On GD14, the pregnant rat was anesthetized and
maintained with 2% isoflurane. A pre-operative dose of 0.05 mg/kg
buprenorphine was subcutaneously injected for analgesic purposes.
A midline incision was performed to expose the abdominal cavity
and exteriorize the uterine horn. A silver clip with 0.200 mm gap
width was inserted over the abdominal aorta above the iliac bifurca-
tion, and 0.100 mm silver clips were also placed on the left and right
uterine arcades between the ovarian branch and the first segmental
artery. The incision was then closed, and the animal was monitored
for recovery. A single subcutaneous dose of 1 mg/kg meloxicam was
given post-operatively for analgesic purposes.

Daily subcutaneous injections of dalteparin (Fragmin) or gsHep
(kind gift from Dilafor, Sweden) were administered beginning 24 h
after surgery with the last dose injected on GD18. Low- (67 IU/kg
dalteparin or 0.42 mg/kg gsHep) and high- (300 IU/kg dalteparin or
1.92 mg/kg gsHep) doses were selected to reflect clinically relevant
prophylactic and therapeutic doses (peak plasma levels approxi-
mately 0.2 and 1.0 IU/mL anti-Factor Xa activity, respectively; please
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refer to Supplementary Materials for methods and Supplementary
Figure S2) [12, 13]. gsHep doses were calculated as previously
described and based on the specific activity of dalteparin (approx-
imately 150 IU/mg) [6, 13]. Saline of equivalent volume to treatment
doses was used as the vehicle control.

Sample size was calculated using the values 1-β = 0.2 and a
two-sided α = 0.05. Effect size was estimated based on prelim-
inary blood pressure data obtained from sham-operated animals
(mean = 80 ± 7.8 mmHg, n = 3), a 25% increase in blood pressure in
vehicle RUPP animals based on published findings [11], and a 10%
difference in blood pressure in treated RUPP animals compared to
vehicle-treated animals. Using G∗Power Statistical Power software
[14], we estimated the required sample size to be n = 12 animals in
each group.

Blood pressure measurements and sample collection

Although previous studies perform blood pressure measurements via
an implanted catheter in the conscious animal, we opted to implant
the catheter and perform blood pressure measurements immediately
prior to sacrifice on GD19 to eliminate the need for anticoagulants to
keep the catheter line patent, which could otherwise complicate inter-
pretation of results. On GD19, the animal was anesthetized with 2%
isoflurane, and the right carotid artery was catheterized with a Bec-
ton Dickinson 24G 0.75 inch Insyte Autoguard catheter (Franklin
Lakes, NJ, USA) connected to a PendoTech pressure transducer (cat
no.: PRESS-S-000; Princeton, NJ, USA). The pressure transducer was
also connected to an in-house assembled data acquisition device
(National Instruments, Austin, TX, USA; model USB-6003) that was
calibrated with a medical-grade sphygmomanometer before each
use. Measurements were recorded at 100 Hz over 30 s, and mean
arterial pressure (MAP) was derived from averaging all data points
over 5 s of stable readings. The surgical procedure and measurements
were completed within 15 min to reduce the impact of anesthesia on
blood pressure.

Following blood pressure measurements, Sarstedt S-monovettes
(Numbrecht, Germany) were connected to the catheter to collect
serum and plasma-EDTA samples. Serum blood samples were
allowed to clot for 20 min at room temperature before centrifuging
at 2000 x g for 10 min to collect serum. Samples were stored
at −80 ◦C until further analyses. PGF levels in the plasma were
measured using a commercially available ELISA kit from R&D
Systems (Minneapolis, MN, USA; cat no.: MP200).

To perform fetal measurements and collect placenta samples,
viable fetuses and placentas were dissected out of the uterus. Amni-
otic fluid was drained, and the fetuses and placentas were blotted
on sterile gauze before weighing. Weights were averaged within the
litter per data point. Placentas were bisected at the mid-point and
then formalin-fixed overnight and embedded into paraffin blocks for
histological analyses.

Placental morphometry analysis

Paraffin-embedded sections of placentas were stained with hema-
toxylin/eosin and analyzed by morphometry to semi-quantify placen-
tal structural features. Using Visiopharm Stereology Software (Hoer-
sholm, Denmark), the labyrinth of each placenta was selected as the
region of interest, and 12.5% of the labyrinth area was quantified
at 40x magnification, evaluating approximately 50–70 randomly
sampled frames per placenta. In each frame, six points marked by
the software were manually categorized by a blinded investigator as
either maternal blood space, fetal blood space, or placental tissue,

which included syncytiotrophoblast, sinusoidal trophoblast giant
cells, and fetal vascular endothelial cells. Frames and points that
sampled nonregions of interest, such as the junctional zone, the
central canal, and trophoblast giant cells were excluded. One section
from an average of four placentas from each litter was quantified
and averaged as one biological replicate per dam. Six animals in each
of sham, RUPP, RUPP + dalteparinlow, and RUPP + gsHeplow were
included in this analysis. For both vehicle and treated RUPP samples,
animals were chosen based on a resorption rate of approximately
50% to minimize effects of compensatory mechanisms or poor
model induction on analysis. Data are expressed relative to the total
number of counts as an estimation of area. For junctional zone
and labyrinth area quantification, measurements were taken with
Visiopharm Stereology Software by demarcating the boundaries of
the junctional zone and labyrinth at 10x magnification.

Fetoplacental arterial vasculature and placental gene expression
were also quantified by micro-computed tomography and quanti-
tative reverse transcription polymerase chain reaction, respectively.
Please refer to Supplementary Materials for methods and figures.

Statistical analyses

All measurements were performed as technical triplicates. Data are
presented as median unless otherwise stated. Multiple comparisons
used RUPP (vehicle treated) as the comparison group unless oth-
erwise stated. Parametric (one-way ANOVA with Dunnett’s post-
hoc) or nonparametric (Kruskal-Wallis test with Dunn’s post-hoc)
analyses were used where appropriate, based on the criteria of equal
variance (Bartlett’s test). GraphPad Prism 8.0 software (La Jolla, CA,
USA) was used for analyses and P ≤ 0.05 was considered statistically
significant. Animals were excluded from analyses in cases of 100%
fetal resorption and significant morbidity from surgery (e.g., lethargy
and significant bleeding). Individual samples were also excluded
when samples were not acquired (e.g., failed access to the carotid for
blood pressure and plasma collection) or compromised (e.g., plasma
turbidity for aPTT measurements).

Results

RUPP-induced hypertension was not reversed by

dalteparin or gsHep

As previously described [15], reducing uterine perfusion pressure in
the RUPP animals significantly elevated mean arterial blood pressure
compared to the sham-operated group by 21% (n = 9 vs 11 in RUPP-
vehicle vs. sham, respectively; P < 0.01; Figure 1A). However, neither
dalteparin nor gsHep, at low or high doses, had a significant impact
on mean arterial blood pressure compared to the vehicle-treated
group (n = 8–10 per group; P > 0.05).

Plasma PGF levels in RUPP rats were not impacted by

dalteparin or gsHep treatments

Because PGF is emerging as an important angiogenic protein
that negatively predicts the development of preeclampsia [16],
we assessed whether the treatments altered plasma PGF levels.
Consistent with previous findings [17], levels of PGF in the plasma
of RUPP animals were 63% lower compared to sham (n = 9 vs
11 in RUPP-vehicle vs. sham; P < 0.01; Figure 1B). There was no
significant difference in plasma PGF levels in RUPP rats treated with
dalteparin or gsHep compared to control RUPP animals (n = 7–10
per group; P > 0.05).

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioaa006#supplementary-data
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Figure 1. Effects of RUPP and treatments on maternal (A) mean arterial blood pressure (Kruskal-Wallis test with Dunn’s multiple comparison, ∗P < 0.05 compared

to RUPP-vehicle group, N = 8–11) and (B) plasma PGF levels (one-way ANOVA with Dunnett’s multiple comparison, ∗∗P < 0.01 compared to RUPP-vehicle group,

N = 7–11 rats in each group). Linear regression analysis determining the correlation between PlGF levels and number of viable fetuses in the sham and pooled

RUPP groups (N = 11 vs. 39 samples).

We considered the possibility that levels of PGF in the plasma
could be influenced by the number of viable fetoplacental units.
For this analysis, we pooled together all RUPP-induced animals
(i.e., including vehicle- and heparin-treated animals) to determine if
PGF levels were affected by RUPP-induced fetal loss irrespective of
treatment. Using linear regression analysis, we observed a significant
positive correlation between PGF levels and number of viable fetuses
in RUPP-induced animals (n = 39; P < 0.0001; Figure 1C), while
there was no relationship between these two variables in the sham
group (n = 11; P > 0.05).

Low-dose dalteparin improved fetal growth stunted by

RUPP

As previously described [15], we found that reduction in uterine
perfusion pressure significantly impaired fetal growth; fetuses from
sham animals were 17% larger than the viable fetuses from RUPP
animals (n = 12 per group; P < 0.001; Figure 2A). Low-dose dal-

teparin treatment significantly improved the growth of viable fetuses
compared to the RUPP-vehicle group (n = 12; P < 0.05), while none
of gsHep or high-dose dalteparin treatments elicited a similar effect
(n = 11 per group; P > 0.05). There was no statistically significant
difference in placental weight between the groups (n = 12 per group;
P > 0.05; Figure 2B), although changes in placental weights trended
in the same directions as fetal weight changes. In addition, while
RUPP induced on average 60% fetal resorption rate compared to
sham (n = 12 per group; P < 0.0001; Supplementary Figure S3),
there was no significant difference in fetal loss between the RUPP-
vehicle and treatment groups (n = 12 per group; P > 0.05). Adjusting
for litter size as a covariate also did not significantly impact fetal and
placental weight comparisons (data not shown). This suggests that
improved fetal growth in the low-dose dalteparin group cannot be
attributed to compensatory blood flow to fewer viable pups.

Due to the lack of effect of high dose heparin treatments in our
RUPP model, subsequent analyses were focused only on the low dose
heparin treatments.

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioaa006#supplementary-data
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Figure 2. Effects of RUPP and treatments on (A) average viable fetal weight

and (B) average viable placental weight. One-way ANOVA with Dunnett’s

multiple comparison test, ∗P < 0.05, ∗∗∗P < 0.001 compared to RUPP-vehicle

group. N = 11–12 rats in each group.

RUPP placentas were characterized by an abnormal

histological labyrinth structure that was restored with

dalteparin treatment

Since fetal growth was affected in this model and by our treatment,
we examined histological sections of the placenta under the light
microscope for structural changes. We observed that, compared to
placentas from sham animals, those from RUPP animals showed per-
turbed features, especially in the labyrinth where maternal sinusoidal
blood spaces appeared abnormally expanded (Figure 3). Morphome-
tric analyses revealed that the relative area occupied by sinusoidal
blood spaces in RUPP placentas was greater than in sham placentas
(n = 5 vs. 6 in RUPP-vehicle vs. sham; P < 0.01; Figure 4A);
correspondingly, placental tissue area was reduced in RUPP placentas
compared to sham placentas (P < 0.01; Figure 4B). Placentas from
RUPP animals treated with dalteparinlow showed a restorative effect,
with reduced sinusoidal area (n = 6; P < 0.05) and increased
placental tissue area (P < 0.01) resembling those of sham placentas.
RUPP placentas treated with gsHeplow showed a mixed phenotype
that was not statistically significant (n = 6; P > 0.05).

In addition, we observed that the junctional zone area of the
RUPP placenta, normalized to the area of the labyrinth, was sig-
nificantly smaller than that of sham placentas (n = 6 per group;
P < 0.001; Figure 5). Treatment of RUPP animals with low-dose
dalteparin appeared to have an effect on restoring junctional zone
size, although this was not statistically significant (n = 6; P > 0.05).
However, we note that the variation in the dalteparinlow group
was mainly contributed by one of six data points, which may
contribute to type II statistical error. By contrast, placentas from
gsHep low-treated animals did not appear to be different from
vehicle-treated RUPP animals (n = 6; P > 0.05).

We isolated mRNA from whole placental tissue and perform
quantitative reverse-transcription PCR to assess the expression of
placental development and function genes, including GCM1, PGF,
SFLT1, and SYN (Supplementary Table S1 and Supplementary Fig-
ure S4). However, we were unable to detect a statistically significant
change in steady-state mRNA expression for any of the genes tested
between any groups (n = 6–8 per group; P > 0.05).

Fetoplacental arterial vasculature development was

not affected by either RUPP induction or heparin

exposure

We were unable to detect changes to fetal blood space area through
point counting morphometry since this technique was limited in
sensitivity for such small structures. We therefore utilized micro-
computed tomography to visualize the fetal arterial vasculature
in the placenta in three dimension and assessed whether changes
to fetoplacental arterial vasculature could explain changes in fetal
development. We found no evidence that fetoplacental arterial vas-
culature development was affected by the RUPP procedure (n = 4–
6 per group; P > 0.05; Supplementary Figures S5 and S6), sug-
gesting that fetal growth restriction was mediated by dysregulation
within the maternal placental compartment. We observed a small but
statistically significant reduction in arterial lengths in dalteparinlow

and gsHeplow-treated RUPP animals compared to vehicle- treated
RUPP animals, but the functional implication of this effect is unclear.
Since we observed that fetal growth was improved with low dose
dalteparin treatment, the treatment-induced reduction in arterial
network length does not result in impaired fetal development.

RUPP animals exhibit a thrombophilic phenotype that

was not reversed by treatment

It has been hypothesized that the potential effects of LMWH in
preventing preeclampsia include prevention of placental thrombotic
lesions from forming [18]. We investigated whether dalteparin treat-
ment chronically altered the hemostatic state of animals that had
underwent the RUPP procedure. We performed an activated partial
thromboplastin time (aPTT) assay on plasma collected at sacrifice.
Plasma from RUPP animals exhibited a 34% reduction in aPTT
clotting time compared to plasma from sham animals (n = 6 per
group; P < 0.001), suggesting a thrombophilic state in RUPP ani-
mals. However, neither low nor high doses of dalteparin or gsHep
had a significant impact on aPTT clotting time by the time of plasma
collection (n = 6 per group; P > 0.05; Figure 6). In addition, we
stained paraffin-embedded sections of placenta with Martius scarlet
blue stain, which allows visualization of fibrin deposition (Supple-
mentary Figure S7). The absence of red, acellular fibrin staining
suggests that placental thrombosis is not relevant in this model of
preeclampsia.

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioaa006#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioaa006#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioaa006#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioaa006#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioaa006#supplementary-data
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Figure 3. Representative images of H&E stained sections of rat placentas. 20x magnification sections show placental labyrinth structure. JZ: junctional zone;

Lab: labyrinth; MBS: maternal blood space. Scale bars: 2X = 500 μm; 20X = 50 μm.

Discussion
In this study, we sought to determine whether dalteparin, an antico-
agulant low molecular weight heparin, can reverse the adverse fetal
and placental effects of preeclampsia induced in the RUPP model of
this disease in the rat. We also assessed whether gsHep, a heparin
derivative rendered nonanticoagulant due to chemical disruptions
to the antithrombin binding regions, can elicit similar effects as
dalteparin. Although neither heparin treatment reduced mean arte-
rial blood pressure in this animal model of preeclampsia, low dose
dalteparin but not gsHep significantly improved fetal growth; this
selective effect of dalteparin was associated with preserved placental
structure.

LMWH is commonly used in patients at risk of venous throm-
boembolism during pregnancy. Small clinical trials have identified
its potential to also reduce recurrent preeclampsia [4], notably of the
severe early-onset phenotype with associated fetal growth restric-
tion, but its mechanism has not been elucidated to date. We have
recently published a review article highlighting some of the potential
nonanticoagulant mechanisms that may be involved [5], but to our
knowledge, there have only been two studies exploring therapeutic
potential of LMWH in animal models of preeclampsia. In these stud-
ies utilizing the L-NAME model of preeclampsia in the rat, LMWH
reduced L-NAME-induced gestational hypertension by GD20 and
GD21 [19, 20]. One of these studies also showed that LMWH
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Figure 4. Results from morphometric relative count quantification of (A)

maternal sinusoidal blood space and (B) placental tissue in the rat pla-

cental labyrinth. One-way ANOVA with Dunnett’s multiple comparison test,
∗P < 0.05, ∗∗P < 0.01 compared to RUPP-vehicle group. Each data point is

derived from the average of 2–6 viable placentas from N = 5–6 rats in each

group.

increased the number of viable fetuses and improved fetal growth
[19], while the other did not. Our results are at odds with these
previous studies, as we found that dalteparin did not significantly
reduce RUPP-induced gestational hypertension nor improve fetal
viability, but significantly improved fetal growth in the RUPP model
of preeclampsia. An important difference between the L-NAME and
the RUPP models of preeclampsia is that the initial insult in the RUPP
model is reduced uterine perfusion resulting in placental dysfunction
which then triggers endothelial dysfunction, while the stimulus for
the L-NAME model is direct endothelial dysfunction induced by
inhibition of endothelial nitric oxide synthesis; it is possible that
the pathways to endothelial dysfunction differ between these two
models and dalteparin benefits one but not the other. In addition, we
observed a positive correlation between PGF levels and the number
of viable fetuses in the RUPP groups (Figure 1C). The reduced
number of fetoplacental units was correlated with lower maternal
PGF levels, suggesting that RUPP-induced reduction in plasma PGF
could be due to loss of total placental mass. Since most cases of severe

Figure 5. Area quantification of the junctional zone of rat placentas as a ratio

of junctional zone to labyrinth area. One-way ANOVA with Dunnett’s multiple

comparison test, ∗∗∗P < 0.001 compared to RUPP-vehicle group. N = 6 rats

in each group.

Figure 6. Hemostatic state of sham and RUPP placentas as measured by the

activated partial thromboplastin time assay. One-way ANOVA with Dunnett’s

multiple comparison test, ∗∗∗P < 0.001 compared to RUPP-vehicle group.

N = 6 rats in each group.

early-onset preeclampsia occur in singleton pregnancies, the clinical
relevance of this finding is unclear.

Although dalteparin did not prevent the hypertensive phenotype
in our study, this therapy restored the abnormal placental structure
that was disrupted by the RUPP procedure. These results support
the notion that LMWH therapy may be most beneficial for patients
at high risk of developing preeclampsia characterized by severe
placental dysfunction and fetal growth restriction, rather than the
milder type of preeclampsia caused by maternal constitutive factors
alone [21–23]. We speculate that LMWH-mediated normalization
of placental structure can lead to improved fetal growth, which is
critical in the context of severe early-onset preeclampsia, where the
severity of the associated fetal growth restriction dictates the timing
of iatrogenic preterm delivery [24]. The clinical implication of our
findings is therefore that LMWH prophylaxis may be most relevant
in those pregnancies at highest risk of early severe preeclampsia
with fetal growth restriction; such women can be identified through
maternal clinical characteristics and low circulating levels of PGF
in the early 2nd trimester [25]. Normalization of placental function
may also potentially prevent or delay the onset of preeclampsia-
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associated hypertension that is associated with severe preeclampsia,
although this was not reflected in our study. It is possible that the
irreversible and exaggerated stimulus of mechanically induced RUPP
is too robust to observe such an indirect effect of LMWH on blood
pressure in the RUPP model of preeclampsia.

Interestingly, we could not demonstrate any clear dose-dependent
effect of dalteparin in our study, where low dose dalteparin sig-
nificantly improved fetal growth but the higher dose did not. This
observation lends support to the concept that nonanticoagulant
mechanisms of LMWH do indeed confer the positive effects on
placental development and fetal growth; if anticoagulation was
mechanistically important, we would expect that higher doses with
longer-lasting anticoagulant effects would confer greater protection.
We also found that neither low nor high clinically relevant doses
of dalteparin, administered on a once-a-day schedule applicable for
prophylaxis, chronically altered hemostasis in RUPP rats, further
suggesting a mechanism independent of coagulation.

Conceivably, one would expect that the mechanism responsible
for improved fetal growth, anticoagulant or not, would also be
more pronounced at higher concentrations. However, LMWH can
elicit actions that are inversely dose-dependent. For example, longer
unfractionated heparin chains can augment growth factor signaling
by stabilizing ligand-heparin-receptor ternary complex formation,
such as vascular endothelial growth factor (VEGF) interactions
with VEGF receptor-2 [26]. However, shorter low molecular
weight chains are insufficient to facilitate the interactions and
can instead interfere with ligand-receptor interactions. For VEGF-
VEGF receptor-2 interactions, the critical length is approximately
20 residues, approximately 6 kDa [26]. The dominance of inhibitory
shorter chains at higher concentrations of LMWH could explain
our previous observation that low concentrations of LMWH
mildly stimulated angiogenesis, whereas higher concentrations
did not [6]. This has potential clinical safety implications during
pregnancy, since it is thought that proper angiogenic signaling
is required for maintenance of normal maternal cardiovascular
health [16].

Despite these speculations, it is not clear why the nonanticoagu-
lant heparin derivative gsHep did not confer the same effects as dal-
teparin in the RUPP model. In this regard, we consider the possibility
that the ATBRs of the molecule, which are intact and important for
coagulation in dalteparin but chemically disrupted in gsHep, may
also be involved in anticoagulation-independent mechanisms that
could be relevant to placental development. The ATBRs of heparin
interact with the serine protease inhibitor antithrombin and catalyze
the irreversible inactivation of coagulation factors such as factor
Xa and thrombin. Although primarily recognized for their role in
coagulation, Factor Xa and thrombin can both directly participate
in cell signaling, most notably in protease-activated receptor (PAR)
signaling. The G-protein coupled PARs are activated via cleavage
of a tethered ligand on the extracellular N-terminus and have been
characterized to be important for signal transduction, including
processes related to cell metabolism and growth [27]. In preeclamp-
sia, placental PAR-1 is overexpressed [28], and suppression of its
activation by thrombin reduces expression of the antiangiogenic
protein soluble fms-like tyrosine kinase-1 (sFlt1) [29, 30]. PAR-2
activation also resulted in elevated sFlt1 secretion by an immortal-
ized human trophoblast cell line [31]. A recent study demonstrated
that inhibition of PAR-1 overexpression in the L-NAME model
of preeclampsia improved placental vascular development, reduced
circulating sFlt1, and reduced blood pressure [30]. Hence, PAR sig-
naling could contribute to disrupted placental development, which

could in turn impact fetal growth, and dalteparin could potentially
reduce this impact of dysregulated PAR signaling. In addition, since
the ATBRs have been disrupted in gsHep, gsHep cannot catalyze
inactivation of Factor Xa or thrombin and prevent their signaling
through PARs. It is possible that this difference between dalteparin
and gsHep could explain the dissimilar effects observed in this study.

To our knowledge, our study is the first to characterize the effects
of LMWH in the RUPP model of preeclampsia, currently regarded as
one of the most relevant models of preeclampsia for its recapitulation
of impaired placental perfusion. However, this study is not without
limitations. There are several key limitations to the RUPP model of
preeclampsia, including: a short study duration, compared to pro-
phylaxis therapy beginning early 2nd trimester in clinical trials; small
sample sizes, especially for placental morphometry analyses, which is
likely underpowered to detect small differences in the fetoplacental
parameters addressed in this study; absence of abnormal placenta-
tion or spiral artery remodeling, which LMWH could impact [32];
and absence of overt renal dysfunction, where LMWH can exert anti-
inflammatory effects [5, 33]. All of these are mechanisms by which
LMWH therapy may impact the clinical progression of preeclampsia
but could not be assessed by the RUPP model. Another key limitation
of our findings as they relate to human pregnancy is that the RUPP
model is multi-fetal and includes fetal resorptions, whereas most
women at risk of severe preeclampsia and associated fetal growth
restriction have singleton pregnancies. The RUPP model pathol-
ogy may therefore obscure the potential for dalteparin to prevent
placenta-mediated severe preeclampsia. For this reason, we believe
our data are sufficiently encouraging to support a pilot trial of dal-
teparin (or a similar LMWH) for the prevention of severe placenta-
mediated pregnancy complications in women who remain vulnerable
to these problems despite prophylactic low dose aspirin therapy [34].

In summary, prophylactic dalteparin significantly promoted fetal
growth in the RUPP model of preeclampsia, while neither ther-
apeutically dosed dalteparin nor gsHep exerted the same effects.
Based on these findings, future clinical trials evaluating the effects
of LMWH for the prevention of preeclampsia should focus on
using prophylactic doses, and that anti-Factor Xa activity assays be
used to monitor for appropriate peak plasma heparin activity. By
doing so, heterogeneity surrounding heparin dosing between trials
will be reduced. We believe that LMWH therapy can be a safe
experimental therapy that does not cross the placental barrier and
can be used at sub-anticoagulant levels that does not incur bleeding
risks. The results from this study continue to demonstrate the
therapeutic potential of LMWH for the prevention of preeclampsia
but highlights the need for further molecular characterization of the
effects of LMWH and robustly controlled clinical trials to evaluate its
efficacy.
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Supplementary material is available at BIOLRE online.
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