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Abstract: Fetal growth restriction (FGR) remains without an effective prenatal treatment. Evidence
from murine FGR models suggests a beneficial effect of prenatal pravastatin. Since the rabbit hemodi-
chorial placenta more closely resembles the human condition, we investigated the effects of prenatal
maternal pravastatin administration in the rabbit FGR model. At a gestational age of 25 days (term
31d), pregnant dams underwent partial uteroplacental vessel ligation (UPVL) in one uterine horn to
induce FGR, leaving the other horn as a control. Dams were randomized to either receive 5 mg/kg/d
pravastatin dissolved in their drinking water or normal drinking water until delivery. At GA 30d, the
rabbits were delivered and were divided into four groups: control without pravastatin (C/NoPrav),
FGR without pravastatin (FGR/NoPrav), FGR with pravastatin (FGR/Prav), and controls with
pravastatin (C/Prav). The newborn rabbits underwent pulmonary functional assessment and neu-
robehavioral assessment, and they were harvested for alveolar morphometry or neuropathology. The
placentas underwent histology examination and RNA expression. Birth weight was lower in the FGR
groups (FGR/Prav, FGR/NoPrav), but there was no difference between FGR/Prav and C/NoPrav.
No differences were noted in placental zone proportions, but eNOS in FGR/Prav placentas and
VEGFR-2 in FGR/Prav and C/Prav were upregulated. There were no differences in pulmonary
function assessment and alveolar morphometry. FGR/Prav kittens had increased neurosensory
scores, but there were no differences in neuromotor tests, neuron density, apoptosis, and astrogliosis.
In conclusion, in the rabbit FGR model, pravastatin upregulated the expression of VEGFR-2 and
eNOS in FGR placentas and was associated with higher neurosensory scores, without measurable
effects on birthweight, pulmonary function and morphology, and neuron density.

Keywords: fetal growth restriction; birthweight; statins; pravastatin; prenatal treatment; rabbit
animal model

1. Introduction

Fetal growth restriction (FGR) remains to this day one of the main contributors to
perinatal mortality and morbidity [1]. Although there is some clinical evidence suggesting
the benefit of early postnatal strategies [2,3], no prenatal strategies have accomplished
positive clinical results despite dozens of preclinical studies. One of the reasons for the lack
of translation from preclinical evidence is the interspecies differences in the therapeutic tar-
gets. Placental structure and perinatal organ development from commonly used laboratory
animals, i.e., rodents, are far from the human scenario [4].

Biomedicines 2023, 11, 2685. https:/ /doi.org/10.3390/biomedicines11102685

https:/ /www.mdpi.com/journal /biomedicines


https://doi.org/10.3390/biomedicines11102685
https://doi.org/10.3390/biomedicines11102685
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biomedicines
https://www.mdpi.com
https://orcid.org/0000-0002-0085-8133
https://orcid.org/0000-0002-7277-2152
https://orcid.org/0000-0002-1381-4033
https://doi.org/10.3390/biomedicines11102685
https://www.mdpi.com/journal/biomedicines
https://www.mdpi.com/article/10.3390/biomedicines11102685?type=check_update&version=1

Biomedicines 2023, 11, 2685

2 of 14

In the last 15 years, rabbit FGR models have been characterized in great detail. They
are attractive because of their close resemblance to humans in terms of their hemodicho-
rial placental structure and major organ development [5]. Specifically, the onset of lung
alveolarization prior to birth, and their perinatal brain development [6], increases the
translational value of rabbit. In the rabbit FGR model the placental underperfusion induced
by uteroplacental vessel ligation (UPVL) leads to a FGR phenotype similar to the human
early-onset FGR (EoFGR), i.e., it is associated with a high mortality, multiorgan sequelae,
and the accompanying placental histological alterations [7-10]. The placentas of FGR
rabbits show a reduction in the labyrinth zone volume, where the nutrient and gaseous
exchange between maternal and fetal blood takes place [11]. Given the known placental
alterations seen in human FGR (particularly in early-onset cases), the placenta appears to
be the logical target when testing interventions aimed at improving perinatal outcomes.

Statins have recently gained interest in perinatal research, especially in the context of
the amelioration of preeclampsia (PE), a condition that shares certain risk factors and patho-
physiology with cardiovascular disease and FGR [12]. Statins upregulate endothelial nitric
oxide synthase (eNOS) and induce the expression of antioxidants and anti-inflammatories
in a wide range of tissues. They have been shown to ultimately inhibit the release of soluble
Fms-like tyrosine kinase (sFlt-1) and soluble endoglin from endothelial cells and placental
explants [13-15].

Previously, pravastatin, a hydrophilic statin, has been shown to increase birth weight
and survival in murine preeclampsia models. These effects were mainly brought about by
the upregulation of placental vascular endothelial growth factor A (VEFG-A), the restora-
tion of the labyrinth zone fetal capillary volume [16], the induction of the placental growth
factor (PIGF) expression [17], and the prevention of placental superoxide production [18].
Moreover, in these studies, no adverse effects were observed independent of the model,
dosage, or administration route.

These results have already motivated some clinical trials. In a small observational
study, maternal pravastatin treatment did improve the maternal angiogenic profile, lengthen
pregnancy duration, and increased the median birthweight in early-onset FGR [19]. Al-
though in a subsequent small multicenter randomized controlled trial, pravastatin treat-
ment did not result in any maternal or fetal benefit when given to women at high risk of
preeclampsia [20]. Once again, in both of these studies, no adverse effects were observed.

The rabbit FGR model seems to be the ideal platform to clarify these ambiguous results.
Therefore, we investigated whether prenatal maternally administered pravastatin would
impact placental and other organs development. We hypothesize that pravastatin improves
birth weight by increasing the placental labyrinth zone proportions. For the first time, we
also report the impact thereof on the pulmonary function and alveolar morphometry.

2. Materials and Methods
2.1. Animal Model

Time-mated rabbit dams (New Zealand rabbit, CEGAYV, Saint Marc d’Egrenne, France)
were housed in individual cages at 21 °C, 42% humidity, with a 12 h day/night cycle and
free access to food and water. Conception day was considered day 0 of pregnancy. At a
gestational age (GA) of 25 days (full term 31 days), dams underwent a surgical induction of
placental underperfusion by partial UPVL as previously described [21]. Thereafter, dams
were randomized using the research randomizer software (version 4.0, retrieved from
https:/ /www.randomizer.org/, accessed on 22 May 2022) to receive drinking water with
pravastatin (Pravastatine Sodium, Sandoz, Vilvoorde, Belgium) or regular drinking water.
Pravastatin was diluted in 250 mL of drinking water to reach a daily dose of 5 mg/kg from
GA 25 until delivery, where the dose is based on a previous study on pravastatin effects
on antioxidant markers in cholesterol-fed rabbits [22]. Total water intake was monitored
throughout, ensuring that each dam received 5 mg/kg/day.

At GA 30, rabbits were delivered through a caesarian section, and placentas were care-
fully separated from their implantation sites, trimmed from umbilical cord and membranes,
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blotted dry, weighed, and divided in two similar portions; one portion was snap-frozen for
gene expression analysis, and the other portion was immerse-fixed in 4% paraformalde-
hyde (PFA) for 72 h. Dams were euthanized using IV phenytoin/pentobarbital (140 mg/kg
Euthasol®, Kela).

Kittens were numbered and kept in a warmed (34 °C) and humidified (55% RH)
incubator (TLC-50 Advance, Brinsea® Products, Weston Super Mare, UK). After four hours,
survival was recorded, and they were stimulated to urinate, weighed, and fed a commercial
milk substitute (Day One, protein 30%, fat 50%; Fox Valley, Lakemoor, IL, USA) with
added probiotics (Bio-Lapis; Probiotics International, Somerset, UK) and immunoglobulins
(Col-o0-Cat; SanoBest, Hertogenbosch, The Netherlands). On postnatal day 1 (PND 1), litters
were allocated to either pulmonary or neurological assessments. Newborn rabbits were
divided according to their mother and horn into 4 groups: controls without pravastatin
(C/NoPrav), FGR without pravastatin (FGR/NoPrav), FGR with pravastatin (FGR/Prav),
and controls with pravastatin (C/Prav). Experimental setup is depicted in Figure 1.

FGR creation (UPVL) Delivery

! !

Gestation GA 25 GA 30 PND1

Pravastatin 5mg/kg/d

— /, ﬁ FGR/Prav
_FGR_ / \ ﬁ C/Prav
Control — y %b FGR/NoPrav
@ \ % CINoPrav

Drinking water

Figure 1. Experimental setup.

2.2. UPVL Creation

Briefly, rabbits were administered induction anesthesia with IM ketamine (35 mg/kg
Nimatek®, Eurovet Animal Health BV, Bladel, The Netherlands) and xylazine (5 mg/kg
XYL-M® 2%, VMD, Arendonk, Belgium), antibiotic prophylaxis (10 mg/kg enrofloxacin,
Baytril® 2.5% SC, Bayer, Diegem, Belgium), tocolysis (10 mg/kg medroxyprogesterone,
Depo-Provera® SC, Pfizer, Puurs, Belgium), and analgesia (0.03 mg/kg buprenorphine,
Vetergesic® SC, Ceva Animal Health, Brussels, Belgium) prior to surgery. Anesthesia
was maintained with a continuous IV infusion of ketamine (8-16 mg/kg/h) and xylazine
(2.4-4.8 mg/kg/h) while monitoring vital signs. Following laparotomy, 33-50% of the
vessels going to each placenta were ligated in one random horn with Vicryl® 5-0 (Ethicon®,
Johnson & Johnson, Diegem, Belgium), leaving the contralateral horn as internal con-
trol. The abdomen was closed with Vicry1® 2-0 and Monocry1® 3-0 (Ethicon®, Johnson &
Johnson) for fascia and skin, respectively. The surgical wound was infiltrated with levobupi-
vacaine (2 mg/kg Chirocaine®, Abbvie, Wavre, Belgium) and sprayed with aluminum
(Kela, Hoogstraten, Belgium).

2.3. Placental Gene Expression

Total RNA was extracted from placental homogenates using the RNeasy mini kit
(Qiagen), and cDNA was synthesized using TagManTM reverse transcription reagents
(Thermo Fisher Scientific, Waltham, MA, USA). The expression of catalase (CAT), eNOS,
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superoxide dismutase (SOD), VEGF-A, and vascular endothelial growth factor receptor
2 (VEFGR-2) was detected using Platinum SYBR Green qPCR Supermix-UDG with ROX
(Thermo Fisher Scientific, Waltham, MA, USA). Specimens were run in triplicate and
normalized to the housekeeping gene YWHAZ (primers can be found in Table 1).

Table 1. Primers used in this study.

Gene Position Primer Sequence
CAT I3 ACCCCCATTGCAGTTCGATT
14 CCGGGTCCTTTAGGTGTGTC
ANOS C1 ACAGTTACCAGCTCGCCAAA
c2 GCTCATTCTCCAGGTGCTTC
SOD H3 GACGCATAACAGGACTGACCG
H4 AACACATCAGCGACACCATTG
VEGE-A F1 CTTGCTGCTCTACCTCCACC
F2 CTTTGGTCTGCATTCACATTTG
VEGFR-2 Gl CCCCTGATTACACTACGCCC
G2 TGTAGTCTTTGCCACCCTGC
YWHAZ H8 GGTCTGGCCCTTAACTTCTCTGTGTTCTA
H9 GCGTGCTGTCTTTGTATGATTCTTCACTT

2.4. Placental Histology

After fixation, placentas were paraffin-embedded and cut into 4 um slides. Slides
were stained with cytokeratin lectin and scanned with Zeiss AxioScan Z1 imaging platform
(AxioScan Slide Scanner, Carl Zeiss Microlmaging GmbH, Munich, Germany). Placental
zones (decidua, labyrinth, junction zone) were manually delineated using the QuPath
open-source software (version 0.2.0, Belfast, Northern Ireland) [23], and placental zones
volumes were calculated from their relative volumes and placental weights as previously
described [21].

2.5. Pulmonary Function Testing (PFT)

On PND 1, pressure-volume and forced oscillation maneuvers were performed using
the FlexiVent system (SciReq; FlexiVent, Montreal, QC, Canada) in the first group of kittens.
After sedation with ketamine (35 mg/kg) and xylazine (6 mg/kg), a tracheostomy was
performed, enabling the insertion of an 18-gauge metal cannula into the trachea. Rabbits
were ventilated with a tidal volume of 10 mL/kg and positive end-expiratory pressure of
3 cmH;0 at a rate of 120 breaths/min. To maximally inflate the lungs and standardize
lung volume, two deep inflation maneuvers were performed prior to PFT until reaching a
pressure of 30 cm HyO. Both pressure-volume (inspiratory capacity, static compliance, and
static elastance) and forced oscillation tests (tissue damping, tissue elastance, central airway
resistance, respiratory system resistance, dynamic compliance, and dynamic elastance)
were performed as previously described [24]. The mean of three separate measurements
for each maneuver, with a coefficient of determination >95%, was calculated and used as a
single data point for analysis.

2.6. Histological Lung Assessment

After PFT, the lungs were removed via thoracotomy, a 20-gauge catheter was fixed in
the trachea, and the left lung was pressure-fixed for 24 h at a constant hydrostatic pressure
of 25 cm H,O in 4% PFA [24]. After PFA fixation, the left lung was paraffin-embedded
and serially cut in 5 pm slides. For alveolar morphometry, 1 slide per lung was stained
with hematoxylin and eosin (H&E) and digitally scanned. Mean linear intercept (Lm),
alveolar air space (Lma), and interalveolar septal thickness (Lmw) were calculated using a



Biomedicines 2023, 11, 2685

5o0f 14

semi-automated, validated Fiji-plugin version 4.0 (Image]) (http:/ /fiji.sc/Fiji, accessed on
18 October 2022) [25] that randomly selected 20 fields per lung, according to stereological
principles, as previously described [26].

2.7. Neurobehavioral Assessment (NBA)

On PND 1, the second group of kittens underwent a validated NBA protocol [6,27].
Short-term motor assessment comprised scoring of gait, posture, locomotion, head and
limb activity, and activity duration. Afterward, the cranial nerves, pain response, and
righting reflex were tested for sensory evaluation. All assessments were filmed and later
scored by an observer blinded to the group assignment (I.V.). A full description of the NBA
protocols can be found in the Appendix A (Appendix A.1. Neurobehavioral assessment).

2.8. Brain Harvesting

Immediately after NBA on PND 1, animals were deeply sedated with IM ketamine
(35 mg/kg) and xylazine (6 mg/kg), and they were transcardially perfused with 0.9% saline
+ heparin (100 u/mL; 3 min at 30 mL/min) followed by 4% PFA (5 min at 30 mL/min).
Their brains were removed from the skull and further immerse-fixed in 4% PFA for 48 h,
and thereafter the brain weight was recorded.

2.9. Brain Histology

Following fixation, brains were paraffin-embedded and serially sectioned at 4 um.
Three sets of four serial coronal sections every 100 um were taken at each of the following
two levels, as previously described [6]: level 1 started at the medial septal nucleus and level
2 at the hippocampal formation.

Six slides per brain (three slides per level) were stained with Cresyl Violet (CV; C5042-
10G; Sigma- Aldrich, Overijse, Belgium), and two slides per brain (one slide per level) were
incubated with each of the following primary antibodies: mouse monoclonal anti-glial
fibrillary acidic protein antibody (GFAP) (G6171, Sigma-Aldrich, St Louis, MO, USA),
anti-NG2 chondproitin sulfate proteoglycan antibody (MAB5384, Millipore, Billerica, MA,
USA), or a terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) method
for fluorescent in situ end labeling of double-stranded DNA fragmentation (Apoptag S7110;
Millipore). The secondary antibody was Alexa Fluor®488 goat anti-mouse conjugate (Invit-
rogen, Sigma-Aldrich, Bornem, Belgium) or Alexa Fluor®647 goat anti-mouse conjugate.
Sections were counterstained with Hoechst 33342 (Sigma-Aldrich, Bornem, Belgium). The
following brain areas were assessed: frontal cortex (FC), corpus callosum (CC), caudate
nucleus (CN), internal capsule (IC), putamen (P), and hippocampus (HC).

2.10. Statistical Analysis

Sample size calculation was performed using data from previous studies [21] and can
be found in Appendix A (Appendix A.2. Sample size calculation). Data were analyzed
and graphed using RStudio (Rstudio: Integrated Development for R. Rstudio, PBC, Boston,
MA, USA) and GraphPad (GraphPad Prism 9 for MacOS, version 9.4.1, San Diego, CA,
USA). The primary outcome was birth weight; all other outcomes were secondary. Data
comparison was done using Fisher’s exact for survival, one-way ANOVA for placental
RNA, and a linear mixed effects model for all other outcomes. Correction for multiple
comparisons was performed using the Tukey method when necessary. Residuals were
tested for normality using D’Agostino-Pearson omnibus test. A p value of < 0.05 was
considered significant.

3. Results
3.1. Survival and Biometrics
Birth weight was lower in the FGR/NoPrav as well as the FGR/Prav group when

compared to their respective control siblings (Table 2 and Figure 2). Conversely, birth
weight from FGR/Prav rabbits was not different from C/NoPrav (p = 0.19). Brain-to-body


http://fiji.sc/Fiji

Biomedicines 2023, 11, 2685

6 of 14

weight ratio was also similar between all groups. Details are shown in Table 2. Survival on
PND 1 was similar between all groups.

Table 2. Survival and biometrics. Newborn rabbits from 14 dams: 7 in the Prav group and 7 in the
NoPrav group. N shows the total number of newborn rabbits in each group.

Group C/NoPrav FGR/NoPrav FGR/Prav C/Prav
Survival at birth 39/40 (98%) 38/43 (88%) 34/41 (83%) 35/39 (90%)
Survival at PND 1 33/39 (84%) 36/43 (83%) 30/41 (73%) 32/39 (82%)
Birth weight (g) 42.73 £1.48 35.99 + 3.16 2 37.50 + 6.67° 43.09 £ 3.57
Placental weight (g) 6.04 £0.33 5.63 £ 0.54 544 +1.3 5.60 +0.81
BBWR 0.045 £ 0.003 0.049 £ 0.002 0.046 £+ 0.003 0.048 £ 0.004
FPWR 7.23 £0.30 6.52 £0.52°¢ 7.06 +1.2° 7.75+0.73

Data were analyzed using linear mixed-model and expressed as 1 (%) or mean £ SD. BBWR: brain-to-body weight
ratio; C/NoPrav: Controls without pravastatin; FGR/NoPrav: FGR without pravastatin; FGR/Prav: FGR with
pravastatin; C/Prav: controls with pravastatin; FGR: fetal growth restriction; FPWR: fetal-to-placental weight
ratio; PND 1: postnatal day 1. 2 p < 0.001 when compared to C/NoPrav. ® p < 0.05 when compared to C/Prav.
¢ p <0.01 when compared to C/NoPrav.

Birth weight
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Figure 2. Birth weight comparison of newborn rabbits. C/NoPrav: Controls without pravastatin
(33 subjects from 7 litters); FGR/NoPrav: FGR without pravastatin (36 subjects from 7 litters);
FGR/Prav: FGR with pravastatin (30 subjects from 7 litters); C/Prav: controls with pravastatin
(32 subjects from 7 litters). Data were compared using a linear mixed-model; graph shows mean + SD;

ns (not statistically significant, p-value > 0.05).

3.2. Placental Histology and Gene Expression

Placentas from all groups did not differ in weight, but the fetal-to-placental weight
ratio (FPWR) was significantly decreased in both FGR groups when compared to their
respective controls (Table 2). Pravastatin did not alter FPWR in either group. In the
histopathological assessment, placentas from FGR/NoPrav had proportionally smaller
labyrinth zones than placentas from C/NoPrav (p = 0.04; Figure 3). The labyrinth zone
proportions were similar between the other groups.
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Figure 3. (A) Placental zone distribution by histopathological assessment. Data from 87 placentas
from 14 litters: C/NoPrav: Controls without pravastatin (32 subjects from 7 litters); FGR/NoPrav:
FGR without pravastatin (28 subjects from 7 litters); FGR/Prav: FGR with pravastatin (16 subjects
from 7 litters); C/Prav: controls with pravastatin (21 subjects from 7 litters). Data were compared
using mixed-effects analysis and are presented as mean £ SD. Only p-values < 0.05 are shown.
(B) Placentas of FGR/NoPrav and FGR/Prav kittens with cytokeratin/lectin double staining, divided
by placental zones: decidua (D), junction zone (J), labyrinth (L).

The expression of CAT, SOD, and VEGF-A in FGR/NP placentas was similar to that of
C/NoPrav placentas. Pravastatin increased the expression of VEGFR-2 in both FGR and
controls. Expression of eNOS was decreased in FGR/NoPrav placentas when compared to
C/NoPrav (p = 0.02). Pravastatin significantly increased eNOS expression in FGR placentas
(p = 0.03) when compared to FGR/NoPrav (Figure 4).
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Figure 4. RNA expression of 51 placentas from 7 litters. C/NoPrav: Controls without pravastatin
(8 subjects from 4 litters); FGR/NoPrav: FGR without pravastatin (20 subjects from 4 litters); FGR/Prav:
FGR with pravastatin (10 subjects from 3 litters); C/Prav: controls with pravastatin (13 subjects from
3 litters). (A) VEGF-A: vascular endothelial growth factor; (B) VEGFR-2: vascular endothelial growth
factor receptor 2; (C) eNOS: endothelial nitric oxide synthase; (D) SOD: superoxide dismutase;. Data
analyzed using one-way ANOVA, shown as mean £ SD. Only p-values < 0.05 are shown.
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3.3. Pulmonary Function and Structure

Lungs from untreated FGR rabbits showed increased tissue elastance (p = 0.001),
reduced hysteresis (p = 0.01), dynamic compliance (p = 0.02), and static compliance (p = 0.03)
when compared to untreated controls. Increased tissue damping (p = 0.06) and respiratory
system resistance (p = 0.1) were not different between these two groups. Pravastatin had
no effect on pulmonary function in any of the treated groups (Table 3).

Table 3. Pulmonary function tests.

Parameter Control/NoPrav FGR/NoPrav FGR/Prav Control/Prav
n=17) (n=16) (n=18) (n=15)
Inspiratory capacity, mL/kg 32.07 £ 2.68 27.96 4+ 4.72 24.70 +7.45° 31.7 £ 6.52
Static compliance mL/(cm H,O-kg) 2.58 +0.23 2.12 +0.38 1.87 £ 0.61 2.27 + 0.55
Hysteresis (A), mL-cm HyO 144 +0.13 1.11+£023°¢ 1.02 4+ 0.54 P 1.37 £ 0.30
Tissue elastance (H), cm HO/mL 8.35+1.19 12.39 + 2.18 4 10.58 £ 3.56 2 7.62 +2091
Tissue damping (G), cm H,O/mL 2.31+0.26 295+ 0.51 2.89+0.867 2.17 £ 0.65
Respiratory system resistance, cmH,O-s/mL 0.297 £ 0.034 0.380 &= 0.071 0.357 £ 0.121 0.302 £ 0.083
Central airway resistance, cmH,O-s/mL 0.099 + 0.028 0.085 + 0.055 0.055 £0.13 0.035 £ 0.068
Dynamic compliance, mL/cmH,0-kg 215+0.23 1.70+0.38% 1.55 £ 091 1.94 £ 0.55
Inspiratory capacity, mL/kg 32.07 4= 2.68 27.96 = 4.72 24.70 +7.45° 31.7 £ 6.52
Static compliance mL/(cmH;0-kg) 2.58 £0.23 212 +£0.38 1.87 £ 0.61 227 £0.55
Hysteresis (A), mL-cmH,O 144 £0.13 1.11+023°¢ 1.02 +0.54P 1.37 £ 0.30
Tissue elastance (H), cmH;O/mL 8.35 £1.19 12.39 +2.184 10.58 +3.56 2 7.62 £291
Tissue damping (G), cmH,O/mL 2.31+0.26 295+ 0.51 289 +0.867 2.17 £ 0.65
Respiratory system resistance, cmH,O-s/mL 0.297 £ 0.034 0.380 £ 0.071 0.357 £0.121 0.302 £ 0.083
Central airway resistance, cmH,O-s/mL 0.099 £ 0.028 0.085 £ 0.055 0.055 4+ 0.13 0.035 4 0.068
Dynamic compliance, mL/cmH,0-kg 2154+0.23 1.70+£0.38 2 1.55 £ 091 1.94 £ 0.55

Inspiratory capacity, static compliance, and dynamic compliance are corrected by body weight. C/NoPrav:
Controls without pravastatin; FGR/NoPrav: FGR without pravastatin; FGR/Prav: FGR with pravastatin; C/Prav:
controls with pravastatin; FGR: fetal growth restriction.  p < 0.05 versus C/Prav; ® p < 0.01 versus C/Prav;
¢ p <0.05 versus C/NoPrav; d p < 0.01 versus C/NoPrav.

In the histological assessment, neither FGR nor pravastatin had a significant effect on
alveolar size (Lm), alveolar airspace (Lma), or alveolar wall thickness (Lmw; Figure 5).
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Figure 5. Alveolar morphometry: (A) Alveolar size (Lm), (B) Alveolar airspace, (C) Alveolar wall
thickness (Lmw) from 63 newborn rabbits from 8 litters. Data comparison was done using a mixed-
effects model, with correction for multiple comparison using Tukey test. Data are presented as
mean + SD. C/NoPrav: Controls without pravastatin (17 subjects from 4 litters); FGR/NoPrav: FGR
without pravastatin (16 subjects from 4 litters); FGR/Prav: FGR with pravastatin (17 subjects from
3 litters); C/Prav: controls with pravastatin (14 subjects from 3 litters).

3.4. Neurobehavioral and Neuropathological Findings

Neuromotor and neurosensory scores were lower in the FGR/NoPrav group when
compared to C/NoPrav (Figure 6A). Neuromotor scores from FGR/Prav were not dif-
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neurosensory tests (p = 0.0004). Righting reflex was comparable in all the four groups.
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Figure 6. Neurodevelopmental assessment at PND 1 in postnatal day 1 rabbits. (A) Neurobehavioral
tests grouped scores. (B) Cell density assessed in cresyl violet stained slides. Data were analyzed
using a linear mixed-effects model and are displayed mean + SD.

Neuron density was comparable between all groups in FC, CC, CN, IC, putamen,
and hippocampus (Figure 6B, Table Al). Apoptosis and astrogliosis were also comparable
between groups in these regions (Table A1).

4. Discussion

In the rabbit FGR model, FGR rabbits’ birthweight remains lower despite the maternal
prenatal pravastatin administration from GA 25d, the date of UPVL. Also, no other measur-
able effect in pulmonary or neuropathology readouts were observed. However, pravastatin
was associated with higher neurosensory scores at PND 1 and an upregulation of eNOS
and VEFGR-2 in pravastatin-exposed placentas.

The vascular production of nitric oxide (NO), a vasoprotective and vasodilator molecule,
is mainly induced by eNOS [28]. During pregnancy, eNOS is crucial for maternal cardiovas-
cular adaptations and the regulation of uterine and fetoplacental circulation [29]. Moreover,
placental metabolism is dependent on the proper functioning of this enzyme [30], and
placentas from pregnancies with FGR have been found to have a reduced expression of
eNOS [31,32]. Furthermore, the experimental inhibition of eNOS by either genetic knock-
out or pharmacologic inhibition leads to FGR and PE-like phenotype in several animal
models [33-35]. Interestingly, surgically induced placental underperfusion in this UPVL
rabbit model decreased eNOS RNA in the placenta. Pravastatin normalized the expression
of eNOS to the levels measured in healthy non-pravastatin-exposed controls. Statins have
been shown to increase the expression and function of eNOS through several different
mechanisms and pathways, including the activation of the AMP-activated protein kinase
and Akt signaling pathways, and the inhibition of the Rho/ROCK pathway [36,37]. The
specific pathway that is activated or inhibited in this model, and the result in eNOS protein
concentration and activation, are interesting subjects for a future expansion of the model.

VEGEF is a glycoprotein with potent angiogenic properties; it exerts its effects by
binding to two receptors: VEGFR-1 (fms-like tyrosine kinase-1 or flt-1) and VEGFR-2 (fetal
liver kinase-1 or flk-1), both of which have two isoforms: soluble or membranous. The
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soluble form of Flt-1 (sFlt-1) is enhanced in EoFGR [38,39] to such a degree that it is used in
detection and management of EOFGR [40,41]. This isoform binds to VEGF with 10 times
the affinity of VEGFR-2, leading to inhibition of its biological activity and subsequent
endothelial disfunction. In human placentas, VEGFR-2 is localized almost exclusively
on the endothelial cells of the blood vessels of placental villi [42], and its expression
appears to remain unchanged in pregnancies complicated by FGR [42]. In accordance with
evidence, we did not find differences between our untreated FGR and controls in VEGFR-2
expression. On the other hand, a 4-5-fold increase in VEGFR-2 expression was observed
after pravastatin administration in both FGR and controls. Interestingly, no significant
differences were found in the expression of its ligand, VEGF-A. The protein levels of these
two molecules, along with VEGFR-1 and its soluble isoform, will potentially inform us on
the plausible mechanism behind these findings. In addition, as with eNOS expression, the
pathways behind this effect should be further elucidated in this model.

Pravastatin, given its hydrophilic properties, exerts its main effects in maternal and
placental tissues [43,44]. Thus, the improvement of fetal or neonatal outcomes would
likely be the result of an improvement in placental function. In our study, this was not the
case, as our primary outcome, birth weight, was not improved by prenatal pravastatin.
Additionally, no differences were observed in the secondary readouts such as pulmonary
function, alveolar morphometry, or neuron density in the brain. It is noteworthy that the
birth weight observed in the untreated FGR group was higher than in previous reports
of this model and that model heterogeneity is an inherent limitation in most preclinical
research. On the other hand, pravastatin was associated with a small but significant increase
in neurosensory scores. Although this study was not powered to detect small effects on
secondary outcomes, these findings warrant further investigation.

We acknowledge that our study has limitations. Firstly, the number of animals in
each group was determined for the primary outcome. Other significant differences in
secondary outcomes might have been missed due to the lower effect size or number
of subjects. Secondly, the terminal nature of our experiments did not allow for a long-
term or longitudinal examination. Lastly, the birth weight in the untreated FGR was
higher than previously reported, which may have contributed to the lack of significant
findings. However, the birth weight was still significantly lower than in the controls, and
the untreated FGR was associated with worse placental and pulmonary outcomes.

5. Conclusions

According to the results of this study, in the rabbit UPVL model maternal prenatal
pravastatin administered after FGR induction does not improve birth weight. However,
an upregulation of angiogenic gene expression in the placenta was noted, which could
indicate that in a less severe FGR model, it would have had a wider range of effects.
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Appendix A
Appendix A.1. Neurobehavioral Assessment

The neurobehavioral PND1 evaluation is based on a modification of neurobehavioral
scoring protocol previously described [27]. For each animal, testing is videotaped and
scored by a blinded observer. The kittens are evaluated in a designated space close to their
pen with auditory and olfactory contamination kept to a minimum. Before handling, they
remain undisturbed in this assessment area for a 3-5 min adaptation period.

e Cranial nerves are assessed by testing smell (olfaction is tested by recording time to
aversive response to a cotton swab soaked with pure ethanol), sucking, swallowing (by
introduction of formula into the kittens” mouth with a plastic syringe), and head turn
to feeding. The responses are graded on a scale of 0 to 3, 0 being the worst response
and 3 the best response.

e  Motor examination includes tone, motor activity, locomotion on a flat surface, righting
reflex, and gait. The righting reflex is assessed when the kittens are placed on their
backs, and the number of times turned prone (within 2 s) from supine position in
5 tries is registered. Gait is examined based on a modification by Georgiadis et al. [46].
Locomotion is assessed as described by Kannan et al. [47].

e  Sensory examination is limited to touch on the face (touching the face with cotton
swab on both sides) and extremities as well as pain on limbs (mild pin prick).

Appendix A.2. Sample Size Calculation

Input: Tail (s) = Two
Effect size d = 0.7243715
o err prob = 0.05
Power (1-f3 err prob) = 0.8
Allocation ratio _ 1
N2/N1

Output: Noncentrality = 2.8518534
parameter o
Critical t = 2.0002978
Df = 60
Sample size group 1 = 31
Sample size group 2 = 31
Total sample size = 62
Actual power = 0.80121

Table A1l. Neuropathological assessment in postnatal day 1 brains.

Parameter Control/NoPrav FGR/NoPrav FGR/Prav Control/Prav
(n=14) n=17) (n=13) n=17)
Neuron density (cells/ um?)

Frontal cortex 0.0029 + 0.0001 0.0032 £ 0.0002  0.0030 + 0.0.0003  0.0029 =+ 0.0002
Corpus calosum  0.0014 + 0.0002 0.0014 =+ 0.0002 0.0015 + 0.0002 0.0015 =+ 0.0002
Caudate nucleus  0.0070 4 0.0002 0.0081 =+ 0.0003 0.0077 + 0.0004 0.0060 + 0.0002
Internal capsule 0.0021 =+ 0.0003 0.0024 =+ 0.0002 0.0024 + 0.0004 0.0021 =+ 0.0002

Putamen 0.0051 £ 0.001 0.0056 + 0.001 0.0080 + 0.002 0.0071 £ 0.002

Hippocampus 0.011 + 0.0004 0.011 + 0.0005 0.010 4 0.0006 0.010 + 0.0006
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Table Al. Cont.

Parameter Control/NoPrav FGR/NoPrav FGR/Prav Control/Prav
n=14) n=17) n=13) n=17)
GFAP (+) cells (%)

Frontal cortex 0.18 £ 0.17 0.37 £0.17 0.21 £ 0.25 0.22 +0.25
Corpus calosum 26.66 += 9.7 28.88 & 3.85 30.79 4+ 13.99 28.75 +5.78
Caudate nucleus 0.20 £+ 0.06 0.09 £+ 0.08 0.06 +£0.12 0.09 + 0.10
Internal capsule 0.24 £+ 021 022 £0.22 041 +0.32 0.50 4+ 0.31

Putamen 0.051 + 0.09 0.31 £ 0.11 0.086 + 0.16 0.12 £ 0.12

Hippocampus 1.04 £ 1.60 1.78 £0.79 210+ 1.18 1.92 +2.31

TUNEL (+) cells (%)

Frontal cortex 0.12 = 0.06 0.14 £ 0.04 0.033 4+ 0.05 0.078 + 0.06
Corpus calosum 1.06 £ 0.36 1.21 £ 0.24 0.93 +£0.33 0.83 + 0.46
Caudate nucleus 0.32 £ 0.13 0.58 = 0.15 0.25 +0.21 0.33 = 0.16
Internal capsule 0.26 4+ 0.010 0.33 £0.13 0.35 +0.17 0.26 +£0.12

Putamen 0.73 £ 0.35 0.93 +£0.30 0.35 4+ 0.4 0.42 +0.44

Hippocampus 0.057 + 0.07 0.289 + 0.09 0.12 £ 0.12 0.074 + 0.09

1.

10.

11.

12.

13.

14.

15.

Gardosi, J.; Madurasinghe, V.; Williams, M.; Malik, A.; Francis, A. Maternal and fetal risk factors for stillbirth: Population based
study. BM]J 2013, 346, f108. [CrossRef] [PubMed]

Rao, M.; Hediger, M.; Levine, R.; Naficy, A.; Vik, T. Effect of breastfeeding on cognitive development of infants born small for
gestational age. Acta Paediatr. 2002, 91, 267-274. [CrossRef] [PubMed]

Als, H.; Duffy, EH.; McAnulty, G.; Butler, S.C.; Lightbody, L.; Kosta, S.; Weisenfeld, N.I.; Robertson, R.; Parad, R.B.; Ringer, S.A;
et al. NIDCAP improves brain function and structure in preterm infants with severe intrauterine growth restriction. J. Perinatol.
2012, 32, 797-803. [CrossRef] [PubMed]

Valenzuela, I.; Kinoshita, M.; van der Merwe, J.; Marsal, K.; Deprest, J. Prenatal interventions for fetal growth restriction in animal
models: A systematic review. Placenta 2022, 126, 90-113. [CrossRef]

Lopez-Tello, J.; Arias-Alvarez, M.; Gonzalez-Bulnes, A.; Sferuzzi-Perri, A.N. Models of Intrauterine growth restriction and fetal
programming in rabbits. Mol. Reprod. Dev. 2019, 86, 1781-1809. [CrossRef]

van der Merwe, J.; van der Veeken, L.; Ferraris, S.; Gsell, W.; Himmelreich, U.; Toelen, J.; Ourselin, S.; Melbourne, A.; Vercauteren,
T.; Deprest, J. Early neuropathological and neurobehavioral consequences of preterm birth in a rabbit model. Sci. Rep. 2019, 9,
3506. [CrossRef]

Eixarch, E.; Figueras, F.; Hernandez-Andrade, E.; Crispi, F; Nadal, A.; Torre, L; Oliveira, S.; Gratacos, E. An experimental model
of fetal growth restriction based on selective ligature of uteroplacental vessels in the pregnant rabbit. Fetal Diagn. Ther. 2009, 26,
203-211. [CrossRef]

Dobierzewska, A.; Palominos, M.; Irarrazabal, C.E.; Sanchez, M.; Lozano, M.; Perez-Sepulveda, A.; Monteiro, L.J.; Burmeister, Y.;
Figueroa-Diesel, H.; Rice, G.E.; et al. NFAT5 Is Up-Regulated by Hypoxia: Possible Implications in Preeclampsia and Intrauterine
Growth Restriction. Biol. Reprod. 2015, 93, 14. [CrossRef]

Bassan, H.; Trejo, L.L.; Kariv, N.; Bassan, M.; Berger, E.; Fattal, A.; Gozes, I.; Harel, S. Experimental intrauterine growth retardation
alters renal development. Pediatr. Nephrol. 2000, 15, 192-195. [CrossRef]

Basilious, A. Neurological outcomes of animal models of uterine artery ligation and relevance to human intrauterine growth
restriction: A systematic review. Dev. Med. Child. Neurol. 2014, 57, 420-430. [CrossRef]

Valenzuela, I.; Zapletalova, K.; Greyling, M.; Regin, Y.; Gie, A.; Basurto, D.; Deprest, J.; van der Merwe, J. Fetal Growth Restriction
Impairs Lung Function and Neurodevelopment in an Early Preterm Rabbit Model. Biomedicines 2023, 11, 139. [CrossRef]
Melchiorre, K.; Giorgione, V.; Thilaganathan, B. The placenta and preeclampsia: Villain or victim? Am. J. Obstet. Gynecol. 2022,
226, 5954-5962. [CrossRef] [PubMed]

Fox, K.A.; Longo, M.; Tamayo, E.; Kechichian, T.; Bytautiene, E.; Hankins, G.D.; Saade, G.R.; Costantine, M.M. Effects of
pravastatin on mediators of vascular function in a mouse model of soluble Fms-like tyrosine kinase-1-induced preeclampsia. Am.
J. Obstet. Gynecol. 2011, 205, 366.e1-366.e5. [CrossRef] [PubMed]

de Alwis, N.; Beard, S.; Mangwiro, Y.T.; Binder, N.K,; Kaitu'u-Lino, T.J.; Brownfoot, EC.; Tong, S.; Hannan, N.J. Pravastatin as the
statin of choice for reducing pre-eclampsia-associated endothelial dysfunction. Pregnancy Hypertens. 2020, 20, 83-91. [CrossRef]
[PubMed]

Vahedian-Azimi, A.; Karimi, L.; Reiner, Z.; Makvandi, S.; Sahebkar, A. Effects of statins on preeclampsia: A systematic review.
Pregnancy Hypertens. 2021, 23, 123-130. [CrossRef]


https://doi.org/10.1136/bmj.f108
https://www.ncbi.nlm.nih.gov/pubmed/23349424
https://doi.org/10.1111/j.1651-2227.2002.tb01713.x
https://www.ncbi.nlm.nih.gov/pubmed/12022297
https://doi.org/10.1038/jp.2011.201
https://www.ncbi.nlm.nih.gov/pubmed/22301525
https://doi.org/10.1016/j.placenta.2022.06.007
https://doi.org/10.1002/mrd.23271
https://doi.org/10.1038/s41598-019-39922-8
https://doi.org/10.1159/000264063
https://doi.org/10.1095/biolreprod.114.124644
https://doi.org/10.1007/s004670000457
https://doi.org/10.1111/dmcn.12599
https://doi.org/10.3390/biomedicines11010139
https://doi.org/10.1016/j.ajog.2020.10.024
https://www.ncbi.nlm.nih.gov/pubmed/33771361
https://doi.org/10.1016/j.ajog.2011.06.083
https://www.ncbi.nlm.nih.gov/pubmed/22083058
https://doi.org/10.1016/j.preghy.2020.03.004
https://www.ncbi.nlm.nih.gov/pubmed/32199147
https://doi.org/10.1016/j.preghy.2020.11.014

Biomedicines 2023, 11, 2685 13 of 14

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

Wyrwoll, C.S.; Noble, J.; Thomson, A.; Tesic, D.; Miller, M.R.; Rog-Zielinska, E.A.; Moran, C.M.; Seck], ].R.; Chapman, K.E,;
Holmes, M.C. Pravastatin ameliorates placental vascular defects, fetal growth, and cardiac function in a model of glucocorticoid
excess. Proc. Natl. Acad. Sci. USA 2016, 113, 6265-6270. [CrossRef]

Kumasawa, K.; Ikawa, M.; Kidoya, H.; Hasuwa, H.; Saito-Fujita, T.; Morioka, Y.; Takakura, N.; Kimura, T.; Okabe, M. Pravastatin
induces placental growth factor (PGF) and ameliorates preeclampsia in a mouse model. Proc. Natl. Acad. Sci. USA 2011, 108,
1451-1455. [CrossRef]

Redecha, P; van Rooijen, N.; Torry, D.; Girardi, G. Pravastatin prevents miscarriages in mice: Role of tissue factor in placental and
fetal injury. Blood 2009, 113, 4101-4109. [CrossRef]

Mendoza, M.; Ferrer-Oliveras, R.; Bonacina, E.; Garcia-Manau, P; Rodo, C.; Carreras, E.; Alijotas-Reig, J. Evaluating the Effect of
Pravastatin in Early-Onset Fetal Growth Restriction: A Nonrandomized and Historically Controlled Pilot Study. Am. J. Perinatol.
2021, 38, 1472-1479.

Dobert, M.; Varouxaki, A.N.; Mu, A.C.; Syngelaki, A.; Ciobanu, A.; Akolekar, R.; De Paco Matallana, C.; Cicero, S.; Greco, E.;
Singh, M.; et al. Pravastatin Versus Placebo in Pregnancies at High Risk of Term Preeclampsia. Circulation 2021, 144, 670-679.
[CrossRef]

Valenzuela, I.; Basurto, D.; Regin, Y.; Gie, A.; van der Veeken, L.; Vergote, S.; Munoz-Moreno, E.; Leszczynski, B.; Tielemans, B.;
Velde, G.V,; et al. Placental vascular alterations are associated with early neurodevelopmental and pulmonary impairment in the
rabbit fetal growth restriction model. Sci. Rep. 2022, 12, 19720. [CrossRef] [PubMed]

Kamal, S.M. Effects of single-dose morning and evening administration of pravastatin on antioxidant markers in cholesterol-fed
rabbits. J. Exp. Pharmacol. 2011, 3, 51-58. [CrossRef] [PubMed]

Bankhead, P.; Loughrey, M.B.; Fernandez, J.A.; Dombrowski, Y.; McArt, D.G.; Dunne, P.D.; McQuaid, S.; Gray, R.T.; Murray, L.J.;
Coleman, H.G; et al. QuPath: Open source software for digital pathology image analysis. Sci. Rep. 2017, 7, 16878. [CrossRef]
[PubMed]

Richter, J.; Toelen, J.; Vanoirbeek, J.; Kakigano, A.; Dekoninck, P.; Verbeken, E.; Deprest, J. Functional assessment of hyperoxia-
induced lung injury after preterm birth in the rabbit. Am. J. Physiol. Lung Cell. Mol. Physiol. 2014, 306, L277-1283. [CrossRef]
[PubMed]

Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676—682. [CrossRef]

Salaets, T.; Tack, B.; Gie, A.; Pavie, B.; Sindhwani, N.; Jimenez, J.; Regin, Y.; Allegaert, K.; Deprest, ].; Toelen, J. A semi-automated
method for unbiased alveolar morphometry: Validation in a bronchopulmonary dysplasia model. PLoS ONE 2020, 15, e0239562.
[CrossRef]

Derrick, M.; Luo, N.L.; Bregman, J.C; Jilling, T.; Ji, X.; Fisher, K.; Gladson, C.L.; Beardsley, D.J.; Murdoch, G.; Back, S.A.; et al.
Preterm fetal hypoxia-ischemia causes hypertonia and motor deficits in the neonatal rabbit: A model for human cerebral palsy? J.
Neurosci. 2004, 24, 24-34. [CrossRef]

Forstermann, U.; Miinzel, T. Endothelial Nitric Oxide Synthase in Vascular Disease. Circulation 2006, 113, 1708-1714. [CrossRef]
Sladek, S.M.; Magness, R.R.; Conrad, K.P. Nitric oxide and pregnancy. Am. J. Physiol. 1997, 272 Pt 2, R441-R463. [CrossRef]
George, H.; Steeves, K.L.; Mercer, G.V.; Aghaei, Z.; Schneider, C.M.; Cahill, L.S. Endothelial nitric oxide deficiency results in
abnormal placental metabolism. Placenta 2022, 128, 36-38. [CrossRef]

Shaheen, G.; Jahan, S.; Ain, Q.U.; Ullah, A.; Afsar, T.; Almajwal, A.; Alam, I.; Razak, S. Placental endothelial nitric oxide synthase
expression and role of oxidative stress in susceptibility to preeclampsia in Pakistani women. Mol. Genet. Genom. Med. 2020, 8,
€1019. [CrossRef] [PubMed]

Schiessl, B.; Mylonas, I.; Hantschmann, P.; Kuhn, C.; Schulze, S.; Kunze, S.; Friese, K.; Jeschke, U. Expression of Endothelial NO
Synthase, Inducible NO Synthase, and Estrogen Receptors Alpha and Beta in Placental Tissue of Normal, Preeclamptic, and
Intrauterine Growth-restricted Pregnancies. J. Histochem. Cytochem. 2005, 53, 1441-1449. [CrossRef]

Buhimschi, I.; Yallampalli, C.; Chwalisz, K.; Garfield, R.E. Pre-eclampsia-like conditions produced by nitric oxide inhibition:
Effects of L-arginine, D-arginine and steroid hormones. Hum. Reprod. 1995, 10, 2723-2730. [CrossRef] [PubMed]

Thaete, L.; Kushner, D.; Dewey, E.; Neerhof, M. Endothelin and the regulation of uteroplacental perfusion in nitric oxide synthase
inhibition-induced fetal growth restriction. Placenta 2005, 26, 242-250. [CrossRef] [PubMed]

Renshall, L.J.; Morgan, H.L.; Moens, H.; Cansfield, D.; Finn-Sell, S.L.; Tropea, T.; Cottrell, E.C.; Greenwood, S.; Sibley, C.P;
Wareing, M.; et al. Melatonin Increases Fetal Weight in Wild-Type Mice but Not in Mouse Models of Fetal Growth Restriction.
Front. Physiol. 2018, 9, 1141. [CrossRef]

Gorabi, A.M.; Kiaie, N.; Hajighasemi, S.; Banach, M.; Penson, P.E.; Jamialahmadi, T.; Sahebkar, A. Statin-Induced Nitric Oxide
Signaling: Mechanisms and Therapeutic Implications. J. Clin. Med. 2019, 8, 2051. [CrossRef]

Meyer, N.; Brodowski, L.; Richter, K.; von Kaisenberg, C.S.; Schroder-Heurich, B.; von Versen-Hoynck, E. Pravastatin Promotes
Endothelial Colony-Forming Cell Function, Angiogenic Signaling and Protein Expression In Vitro. J. Clin. Med. 2021, 10, 183.
[CrossRef]

Herraiz, I.; Quezada, M.S.; Rodriguez-Calvo, J.; Gomez-Montes, E.; Villalain, C.; Galindo, A. Longitudinal change of sFlt-1/PIGF
ratio in singleton pregnancy with early-onset fetal growth restriction. Ultrasound Obstet. Gynecol. 2018, 52, 631-638. [CrossRef]


https://doi.org/10.1073/pnas.1520356113
https://doi.org/10.1073/pnas.1011293108
https://doi.org/10.1182/blood-2008-12-194258
https://doi.org/10.1161/CIRCULATIONAHA.121.053963
https://doi.org/10.1038/s41598-022-22895-6
https://www.ncbi.nlm.nih.gov/pubmed/36385147
https://doi.org/10.2147/JEP.S19449
https://www.ncbi.nlm.nih.gov/pubmed/27186110
https://doi.org/10.1038/s41598-017-17204-5
https://www.ncbi.nlm.nih.gov/pubmed/29203879
https://doi.org/10.1152/ajplung.00315.2013
https://www.ncbi.nlm.nih.gov/pubmed/24375793
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1371/journal.pone.0239562
https://doi.org/10.1523/JNEUROSCI.2816-03.2004
https://doi.org/10.1161/CIRCULATIONAHA.105.602532
https://doi.org/10.1152/ajpregu.1997.272.2.R441
https://doi.org/10.1016/j.placenta.2022.08.013
https://doi.org/10.1002/mgg3.1019
https://www.ncbi.nlm.nih.gov/pubmed/31701677
https://doi.org/10.1369/jhc.4A6480.2005
https://doi.org/10.1093/oxfordjournals.humrep.a135775
https://www.ncbi.nlm.nih.gov/pubmed/8567800
https://doi.org/10.1016/j.placenta.2004.06.003
https://www.ncbi.nlm.nih.gov/pubmed/15708126
https://doi.org/10.3389/fphys.2018.01141
https://doi.org/10.3390/jcm8122051
https://doi.org/10.3390/jcm10020183
https://doi.org/10.1002/uog.18894

Biomedicines 2023, 11, 2685 14 of 14

39.

40.

41.

42.

43.

44.

45.

46.

47.

Shinohara, S.; Uchida, Y.; Kasai, M.; Sunami, R. Association between the high soluble fms-like tyrosine kinase-1 to placental
growth factor ratio and adverse outcomes in asymptomatic women with early-onset fetal growth restriction. Hypertens. Pregnancy
2017, 36, 269-275. [CrossRef]

Gaccioli, F; Sovio, U.; Cook, E.; Hund, M.; Charnock-Jones, D.S.; Smith, G.C.S. Screening for fetal growth restriction using
ultrasound and the sFLT1/PIGF ratio in nulliparous women: A prospective cohort study. Lancet Child. Adolesc. Health 2018, 2,
569-581. [CrossRef]

Sharp, A.; Jackson, R.; Cornforth, C.; Harrold, J.; Turner, M.A.; Kenny, L.; Baker, P.N.; Johnstone, E.D.; Khalil, A.; von Dadelszen,
P; et al. A prediction model for short-term neonatal outcomes in severe early-onset fetal growth restriction. Eur. J. Obstet. Gynecol.
Reprod. Biol. 2019, 241, 109-118. [CrossRef] [PubMed]

Helske, S.; Vuorela, P.; Carpén, O.; Hornig, C.; Weich, H.; Halmesméki, E. Expression of vascular endothelial growth factor
receptors 1, 2 and 3 in placentas from normal and complicated pregnancies. Mol. Hum. Reprod. 2001, 7, 205-210. [CrossRef]
[PubMed]

Nanovskaya, T.N.; Patrikeeva, S.L.; Paul, J.; Costantine, M.M.; Hankins, G.D.; Ahmed, M.S. Transplacental transfer and
distribution of pravastatin. Am. J. Obstet. Gynecol. 2013, 209, 373.e1-373.e5. [CrossRef] [PubMed]

Zarek, ].; DeGorter, M.K,; Lubetsky, A.; Kim, R.B.; Laskin, C.A.; Berger, H.; Koren, G. The transfer of pravastatin in the dually
perfused human placenta. Placenta 2013, 34, 719-721. [CrossRef] [PubMed]

Percie du Sert, N.; Hurst, V.; Ahluwalia, A.; Alam, S.; Avey, M.T.; Baker, M.; Browne, W.J.; Clark, A.; Cuthill, .C,; Dirnagl, U.; et al.
The ARRIVE guidelines 2.0: Updated guidelines for reporting animal research. BVIC Vet. Res. 2020, 16, 242. [CrossRef] [PubMed]
Georgiadis, P; Xu, H.; Chua, C.; Hu, E; Collins, L.; Huynh, C.; Lagamma, E.F; Ballabh, P. Characterization of acute brain injuries
and neurobehavioral profiles in a rabbit model of germinal matrix hemorrhage. Stroke 2008, 39, 3378-3388. [CrossRef]

Kannan, S.; Dai, H.; Navath, R.S.; Balakrishnan, B.; Jyoti, A.; Janisse, J.; Romero, R.; Kannan, R.M. Dendrimer-based postnatal
therapy for neuroinflammation and cerebral palsy in a rabbit model. Sci. Transl. Med. 2012, 4, 130ra146. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1080/10641955.2017.1334800
https://doi.org/10.1016/S2352-4642(18)30129-9
https://doi.org/10.1016/j.ejogrb.2019.08.007
https://www.ncbi.nlm.nih.gov/pubmed/31499415
https://doi.org/10.1093/molehr/7.2.205
https://www.ncbi.nlm.nih.gov/pubmed/11160848
https://doi.org/10.1016/j.ajog.2013.05.038
https://www.ncbi.nlm.nih.gov/pubmed/24070396
https://doi.org/10.1016/j.placenta.2013.05.002
https://www.ncbi.nlm.nih.gov/pubmed/23746925
https://doi.org/10.1186/s12917-020-02451-y
https://www.ncbi.nlm.nih.gov/pubmed/32660541
https://doi.org/10.1161/STROKEAHA.107.510883
https://doi.org/10.1126/scitranslmed.3003162

	Introduction 
	Materials and Methods 
	Animal Model 
	UPVL Creation 
	Placental Gene Expression 
	Placental Histology 
	Pulmonary Function Testing (PFT) 
	Histological Lung Assessment 
	Neurobehavioral Assessment (NBA) 
	Brain Harvesting 
	Brain Histology 
	Statistical Analysis 

	Results 
	Survival and Biometrics 
	Placental Histology and Gene Expression 
	Pulmonary Function and Structure 
	Neurobehavioral and Neuropathological Findings 

	Discussion 
	Conclusions 
	Appendix A
	Neurobehavioral Assessment 
	Sample Size Calculation 

	References

