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Fetal growth restriction (FGR) presents with an increased risk of stillbirth and childhood
and adulthood morbidity. Melatonin, a neurohormone and antioxidant, has been
suggested as having therapeutic benefit in FGR. We tested the hypothesis that
melatonin would increase fetal growth in two mouse models of FGR which together
represent a spectrum of the placental phenotypes in this complication: namely the
endothelial nitric oxide synthase knockout mouse (eNOS−/−) which presents with
abnormal uteroplacental blood flow, and the placental specific Igf2 knockout mouse
(P0+/−) which demonstrates aberrant placental morphology akin to human FGR.
Melatonin (5 µg/ml) was administered via drinking water from embryonic day (E)12.5
in C57Bl/6J wild-type (WT), eNOS−/−, and P0+/− mice. Melatonin supplementation
significantly increased fetal weight in WT, but not eNOS−/− or P0+/− mice at E18.5.
Melatonin did, however, significantly increase abdominal circumference in P0+/− mice.
Melatonin had no effect on placental weight in any group. Uterine arteries from eNOS−/−

mice demonstrated aberrant function compared with WT but melatonin treatment did
not affect uterine artery vascular reactivity in either of these genotypes. Umbilical arteries
from melatonin treated P0+/− mice demonstrated increased relaxation in response to
the nitric oxide donor SNP compared with control. The increased fetal weight in WT
mice and abdominal circumference in P0+/−, together with the lack of any effect in
eNOS−/−, suggest that the presence of eNOS is required for the growth promoting
effects of melatonin. This study supports further work on the possibility of melatonin as
a treatment for FGR.

Keywords: FGR, IUGR, melatonin, pregnancy, mouse models, eNOS

INTRODUCTION

Fetal growth restriction (FGR), the inability of a fetus to achieve its genetic growth potential, affects
between 5 and 10% of pregnancies and is a major risk factor for stillbirth (Miller et al., 2008). In
addition, FGR infants that survive are at higher risk of childhood morbidities such as cerebral palsy
(Jarvis et al., 2003). There are also well-established correlations between being born small and an
increased risk of a host of adulthood diseases including hypertension, diabetes, and stroke (Barker
and Osmond, 1988; Barker et al., 1990; Osmond et al., 2007). Whilst there are many pathologies
underlying FGR, the majority of cases are due to placental dysfunction (Baschat et al., 2007).
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Despite these significant antenatal and postnatal consequences
of FGR, there is no treatment. Current clinical management
results in early delivery of the baby which is itself associated with
poor fetal and neonatal outcomes (Bernstein et al., 2000; Resnik,
2002). Thus, the need for an effective treatment for FGR remains
paramount. This lack of therapies for FGR is compounded by
the fact that there is a reluctance to design drugs specifically for
obstetric conditions (Fisk and Atun, 2008). Thus, there has been
a drive for the re-purposing of therapeutics, licensed for use in
other clinical diseases, which may be of translational benefit to
obstetric medicine.

In order for potential treatments for FGR to progress toward
clinical trials there is a need for well-characterized in vivo models
of FGR in which to carry out pre-clinical efficacy testing. Two
such models of FGR are the endothelial nitric oxide synthase
knockout (eNOS−/−) mouse and the placental specific insulin-
like growth factor 2 knockout mouse (P0+/−), which have
been extensively characterized by ourselves and others (Shesely
et al., 1996; Constancia et al., 2002; Dilworth et al., 2010, 2011;
Kusinski et al., 2011, 2012; Kulandavelu et al., 2012, 2013;
Stanley et al., 2012a). eNOS catalyses the conversion of L-
arginine to nitric oxide (NO), a potent vasodilator that acts via
smooth muscle cells (Moncada et al., 1991). Deletion of eNOS
in mice (eNOS−/−) results in hypertension, also maintained
during pregnancy (Shesely et al., 1996; Kusinski et al., 2012),
and growth restricted fetuses that are 10–15% smaller than wild-
type (WT) fetuses near term. In common with some cases of
human FGR, uterine and umbilical artery blood flow velocity is
reduced in eNOS−/− mice compared with WT (Toal et al., 2008;
Ghosh and Gudmundsson, 2009; McCowan et al., 2010) whilst
uterine arteries of eNOS−/− demonstrate reduced endothelium-
dependent vasodilatation compared with WT (Kusinski et al.,
2012; Stanley et al., 2012a). Placentas from eNOS−/− mice
exhibit oxidative stress (Stanley et al., 2012a) and reduced system
A amino acid transport (Kusinski et al., 2012), akin to human
FGR (Glazier et al., 1996; Biri et al., 2007; Shibata et al., 2008;
Mert et al., 2012).

The P0+/− mouse, in which a placental specific promoter
of Igf2 is deleted, is a model of late-onset FGR, with fetuses
approximately 20% smaller than WT near term (Constancia
et al., 2002; Dilworth et al., 2010, 2011). Placentas of P0+/−

mice also demonstrate a reduction in weight versus WT and this
reduction precedes the onset of FGR (Constancia et al., 2002).
P0+/− placentas demonstrate aberrant placental morphology,
in common with human FGR, with reduced surface area
and increased thickness of the interhemal membrane, both of
which contribute to a reduction in permeability to hydrophilic
solutes (Mayhew et al., 2003; Sibley et al., 2004). Placental
nutrient transfer is also aberrant in P0+/− mice (Constancia
et al., 2002, 2005; Dilworth et al., 2010). We have previously
demonstrated that uterine and umbilical artery blood flow
velocity in P0 mice+/− is indistinguishable from WT mice
(Dilworth et al., 2013). Together, eNOS−/− and P0+/− mice
represent abnormal blood flow and defective placental transport
phenotypes, respectively, that underlie placental dysfunction in
FGR, thus providing suitable models in which to test potential
therapeutics.

One such candidate therapeutic is melatonin, a naturally
synthesized neurohormone primarily produced by the pineal
gland and important in the establishment of circadian rhythms.
Melatonin is a powerful antioxidant and in a rat model of
FGR, in which dams were undernourished, maternal melatonin
treatment normalized birth weights of growth restricted pups
(Richter et al., 2009) with associated increases in the level
of antioxidant enzymes including catalase and manganese-
superoxide dismutase (SOD2) within the placenta. In a separate
study, where FGR was induced by lipopolysaccharide (LPS)
administration in mice, melatonin normalized fetal weights via
reductions in placental oxidative stress and hypoxia (Chen et al.,
2006). In pregnant sheep, intravenous infusion of melatonin
increased umbilical artery blood flow via NO dependent
mechanisms (Thakor et al., 2010).

eNOS−/− and P0+/− knockout mice provide two models
that map onto differing phenotypes of placental dysfunction.
The use of eNOS−/− mice is akin to those FGR cases that
present with abnormal uterine artery blood flow and endothelial
dysfunction. The choice of this model also allows a discrete
assessment of the importance of eNOS, via its deletion, in the
effectiveness of melatonin in increasing fetal growth. The use
of the P0+/− mouse enables an assessment of melatonin in a
model of late-onset FGR akin to women that do not present
with abnormalities in uteroplacental blood flow but demonstrate
placental pathology as evidenced by abnormal morphology and
nutrient transfer. We thus tested the hypothesis that antenatal
melatonin supplementation would increase fetal growth in the
eNOS−/− and P0+/− mouse models of FGR, each representing a
different placental pathology associated with FGR.

MATERIALS AND METHODS

Animals
This study was carried out in accordance with the
recommendations of the UK Animals (Scientific Procedures)
Act of 1986 under Home Office licenses PPL 40/3385 and
P9755892D. The protocols were approved by the Local Animal
Welfare and Ethical Review Board (AWERB) of the University of
Manchester.

Endothelial NO synthase knockout mice (eNOS−/−), stock
number 002684, were purchased from Jackson Laboratories
(Bar Harbor, ME, United States). C57Bl/6J mice (Envigo,
United Kingdom), the background strain for eNOS−/−, were
used as control mice (wild-type, WT) for the eNOS−/− studies.
Placental specific insulin-like growth factor 2 knockout mice
(P0+/−) were a kind gift from Wolf Reik and Miguel Constancia
(University of Cambridge) (Constancia et al., 2000). eNOS−/−

female mice were mated with eNOS−/− male mice. WT female
mice were mated with WT males. For P0 matings, P0+/− male
mice were mated with C57Bl/6J female mice which resulted in
mixed litters of P0+/− and WT (P0+/+, control) fetuses. All
female mice were 10–16 weeks old at time of mating; male mice
were 12–26 weeks old. Embryonic day 0.5 of gestation (E0.5) was
determined by the discovery of a copulation plug (term = E19.5).
All animals were provided with nesting material and housed in
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individually ventilated cages maintained under a constant 12 h
light/dark cycle at 21–23◦C with free access to food (BK001 diet,
Special Dietary Services, United Kingdom) and water (Hydropac,
Lab products Inc, Seaford, DE, United States).

On E12.5, animals were randomly assigned, using an online
blocked randomization tool, into either control or treated
groups. Researchers were not blinded to treatment group. Both
treated and control groups were assessed concurrently. Those
mice in the treated group were given 5 µg/ml melatonin
(Sigma-Aldrich, United Kingdom) via drinking water. This
dose was chosen according to another rodent study showing
beneficial effects on fetal/birth weight (Richter et al., 2009).
This study resulted in plasma concentrations of melatonin
equivalent to those following the use of melatonin for jet lag
(Herxheimer and Petrie, 2002) and similar to the proposed dose
for the phase 1 pilot clinical trial in an FGR cohort (Alers
et al., 2013). Due to poor solubility in water, melatonin was
initially dissolved in 100% ethanol. The final concentration of
ethanol in the drinking water was 0.05%. Mice were dosed
until E18.5 with a fresh bottle made up at E15.5. Control
animals had access to 0.05% ethanol in standard drinking water
(vehicle). All dosing, including bottle changes, and harvesting
of tissue took place in the morning between 8 am and
12 pm.

In total, 21 WT and 18 eNOS−/− mice were placed on
vehicle, and 21 WT and 20 eNOS−/− mice were placed on
melatonin treatment. For P0+/− studies, 13 mice were placed
on vehicle and 14 mice placed on melatonin. P0+/− mice
produce mixed litters of P0+/− and WT pups (referred to as
P0+/+ to distinguish from WT controls used as a comparison
for eNOS−/− mice). All mice were humanely euthanased at
E18.5. Fetal and placental weights were recorded from all
litters following weighing on a Mettler AC100 analytical balance
(Mettler-Toledo, Leicester, United Kingdom). Fetal biometric
measurements (crown:rump length, abdominal circumference
and head circumference) were taken as previously described
from 18 WT and 13 eNOS−/− mice placed on vehicle, and
20 WT and 17 eNOS−/− mice placed on melatonin treatment.
For P0+/− studies, 10 litters on vehicle and 11 litters on
melatonin had biometric measurements taken (Kusinski et al.,
2012).

Fetal Weight Frequency Distribution
Curves
Fetal weight histograms were constructed as previously described
(Dilworth et al., 2011) and a non-linear regression performed
(Gaussian distribution). The 5th and 10th percentile weights of
the WT vehicle group were calculated as:

(−Z critical value× SD)+mean
where Z critical value = 1.645 (5th centile) or 1.2816 (10th centile)
and SD = standard deviation.

Wire Myography
Uterine Arteries
Main loop uterine arteries were dissected, at E18.5, from
eNOS−/− (five vehicle and five melatonin treated) and

WT mice (eight vehicle and eight melatonin treated). For
P0+/− studies there were only two groups (nine vehicle and
seven melatonin treated) since P0+/+ and P0+/− fetuses
are littermates and thus ultimately supplied by the same
main uterine artery loop in utero. Wire myography was
performed as described previously (Kusinski et al., 2009). Uterine
artery diameters were estimated following normalization to
an internal diameter of 0.9 of L13.3 kPa (where L = internal
circumference the vessel would have if unmounted and subjected
to a transmural pressure of 100 mm Hg). Constriction was
measured using phenylephrine (PE; 10−5 M) and expressed
as a percentage of the maximum constriction to a high
potassium salt solution (KPSS, 120 mM). In uterine arteries
pre-constricted with PE, endothelium-dependent relaxation was
assessed by exposure to acetylcholine (ACh; 10−10 M to
10−5 M).

Umbilical Arteries
Umbilical arteries were dissected at E18.5 from WT and
eNOS−/− mice (from five litters placed on vehicle and
five litters treated with melatonin) and from P0+/+ and
P0+/− mice (seven litters placed on vehicle and seven litters
treated with melatonin). Pups, from which corresponding
umbilical arteries were dissected, were selected at random. Wire
myography was performed as described previously (Kusinski
et al., 2009). Umbilical artery diameters were estimated
following normalization to an internal diameter of 0.9 of L5.1
kPa. Dose-dependent constriction to 10−10 to 2 × 10−6 M
U46619 was assessed and expressed as a percentage of the
maximum constriction to KPSS (120 mM). Dose dependent
relaxation to 10−10 to 10−5 M sodium nitroprusside (SNP)
was assessed and calculated as a percentage of EC80 U46619
constriction.

Data and Statistical Analyses
Sample sizes were determined using Altman’s nomogram
based upon a 5% significance level and 80% statistical
power, with the unit of analysis being number of litters.
Fetal weight was the primary outcome and studies were
powered according to data from similar studies by our group
(Dilworth et al., 2013). All data were normally distributed
following a D’Agostino and Pearson normality test and are
shown as mean ± SEM. A Generalized Linear Mixed Models
approach, with each litter (dam) used as a random effect,
was used to assess whether there was a significant effect
of genotype and/or treatment for fetal/placental weights and
biometric measures. A Sequential Sidak multiple comparisons
test was then used to test for differences between groups.
For uterine and umbilical artery wire myography, a two-
way ANOVA was used to assess the effects of genotype
and treatment, followed by Bonferroni’s post-test to compare
differences between individual groups. P < 0.05 was deemed
statistically significant. Statistical analyses were performed
using either IBM SPSS Statistics v21.0 (IBM, New York, NY,
United States) or Graphpad prism v6.0 (Graphpad, La Jolla, CA,
United States).
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RESULTS

Fluid Consumption
Following commencement of melatonin supplementation,
amount of water drunk (with either melatonin or vehicle added)
was measured until E18.5. There was no difference in amount of
fluid drunk (ml/day) according to either genotype or treatment
in eNOS−/− and WT mice (WT vehicle 7.6± 0.4, WT melatonin
6.6 ± 0.2, eNOS−/− vehicle 7.2 ± 0.5, eNOS−/− melatonin
6.8± 0.4, two-way ANOVA). There was no difference in amount
of fluid drunk between treatment groups in dams carrying
P0+/+ and P0+/− (6.7 ± 0.3 vehicle group versus 7.1 ± 0.5 in
the melatonin treated group, Mann–Whitney test).

Fetal and Placental Weights and Fetal
Biometric Measurements
eNOS−/− Mice
Litter sizes (mean± SEM) were as follows; WT vehicle 7.1± 0.4,
WT melatonin 7.0 ± 0.4, eNOS−/− vehicle 6.9 ± 0.4, eNOS−/−

melatonin 7.0 ± 0.4. Litter size was not significantly affected
by either genotype or melatonin treatment. Fetal and placental
weights are shown in Figure 1. Fetal weight (Figure 1A) was
significantly lower in eNOS−/− versus WT, independent of
treatment (P < 0.001). Additionally, melatonin significantly
increased fetal weight in WT mice (mean fetal weight 1.15± 0.02
g in WT vehicle group versus 1.20 ± 0.01 g in WT melatonin,
P < 0.05) but not in eNOS−/− mice (0.99 ± 0.02 g in eNOS−/−

versus 1.01 ± 0.01 g in eNOS−/− melatonin). To explore this
effect on fetal weight in further detail, fetal weight distribution
curves (Figure 1B) were constructed. The curves for eNOS−/−

mice treated with vehicle and melatonin were similar, but the
curve for WT mice treated with melatonin was shifted to the
right of the curve for WT mice receiving vehicle. In this WT
vehicle treated group, 0.968 g and 1.007 g were representative
of the 5th and 10th fetal weight centiles, respectively. When
assessing the percentage of fetuses with weights falling below the
5th centile of WT vehicle treated mice, it was observed that 2%
of WT melatonin treated, 30% of eNOS−/− vehicle and 30% of
eNOS−/− melatonin treated fetuses fell below this 5th weight
centile. When assessing the percentage of fetuses weighing below
the 10th centile of WT mice treated with vehicle, typically defined
as the small for gestational age threshold in humans, there was a
statistically significant reduction in the percentage of melatonin
treated fetuses (3%) below this 10th centile value compared with
WT vehicle (P < 0.01, chi-squared test). There was no difference
in the percentage of fetuses weighing below the 10th centile
of the WT vehicle treated population between eNOS−/− mice
receiving melatonin versus eNOS−/− treated with vehicle (45%
versus 47%, respectively). Placental weights (Figure 1C) were
significantly elevated in eNOS−/− versus WT mice, independent
of treatment (P < 0.01). Melatonin treatment had no significant
effect on placental weight in either eNOS−/− or WT mice.
The fetal:placental weight ratio (Figure 1D) was significantly
reduced in eNOS−/− mice independent of treatment and was
unaffected by melatonin treatment in both WT and eNOS−/−

mice. Fetal biometric measurements are shown in Table 1.

Fetal crown:rump length, abdominal circumference and head
circumference were all significantly reduced in eNOS−/− versus
WT mice, independent of treatment (P < 0.001); melatonin
treatment did not alter crown:rump length or abdominal
circumference in either WT or eNOS−/− fetuses but head
circumference was increased following melatonin treatment in
WT fetuses only (P < 0.01).

P0+/− Mice
Litter size (mean ± SEM) was comparable between vehicle
(8.0 ± 0.3) and melatonin treated (8.0 ± 0.4) mice. Fetal and
placental weights are presented in Figure 2. Fetal weight was
significantly reduced in P0+/− mice compared with P0+/+

controls (P < 0.0001) with this effect being independent of
treatment group (Figure 2A). Melatonin supplementation had no
significant effect on fetal weight in either genotype. Fetal weight
distribution curves appeared comparable between P0+/− treated
and untreated groups (Figure 2B) but there was a suggestion
that melatonin supplementation had shifted the P0+/+ curve to
the left. In order to explore this further, we assessed the number
of fetuses falling below the 5th and 10th centile of P0+/+ fetal
weights. Values for the 5th and 10th centiles were 1.02 g and
1.06 g, respectively, with 4% and 7% of the P0+/+ melatonin
population falling below these values, not significantly different
from the P0+/+ controls. Placental weights were significantly
reduced in P0+/− versus P0+/+ mice (P < 0.0001, Figure 2C)
and this effect was independent of treatment group. Melatonin
supplementation did not alter placental weight in either P0+/+

or P0+/− mice. Fetal:placental weight ratio (Figure 2D) was
significantly increased in P0+/− mice independent of treatment
group (P < 0.0001) but melatonin supplementation did not alter
F:P ratio in either P0+/+ or P0+/− mice. Crown:rump lengths,
abdominal and head circumferences are shown in Table 2.
There was no effect of melatonin treatment on crown-rump
length in P0+/+ fetuses. Crown:rump length in P0+/− fetuses
supplemented with melatonin in utero also failed to reach
statistical significance (P = 0.06). Melatonin supplementation
increased abdominal circumference in P0+/− mice (P < 0.05)
but there was no effect on P0+/+ fetuses. Genotype, independent
of treatment, had no significant effect on head circumference;
melatonin supplementation did not alter head circumference in
either P0+/+ or P0+/− fetuses.

Ex vivo Uterine Artery Function
eNOS−/− Mice
Uterine artery diameters (µM, mean ± SEM) were as follows;
WT vehicle 211 ± 17, WT melatonin 217 ± 25, eNOS−/−

vehicle 147 ± 13, eNOS−/− melatonin 182 ± 25. Diameters
were reduced in eNOS−/− versus WT, independent of treatment
group (P < 0.05, two-way ANOVA). There was no difference
in uterine artery diameter following melatonin treatment in
either WT or eNOS−/− mice. Maximal constriction to 10−5

M PE was greater in uterine arteries of eNOS−/− versus
WT mice, independent of treatment group (P < 0.05).
Melatonin treatment had no effect on constriction in either
WT or eNOS−/− mice (Figure 3A). ACh caused significant
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FIGURE 1 | Fetal and placental weights and fetal:placental weight ratio in WT and eNOS-/- mice at embryonic day 18.5. In (A,C,D), mean + SEM is shown. (B) is a
% frequency distribution plot of individual fetal weights with vertical dotted lines denoting the 5th centile (0.96 g, line on left) and 10th centile (1.06 g, line on right) of
WT vehicle weights and n = number of fetuses. Number of litters are as follows; WT vehicle N = 21, WT melatonin N = 21, eNOS-/- vehicle N = 18, eNOS-/-

melatonin N = 20. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗∗P < 0.0001. Generalized linear mixed models analysis with sequential Sidak post-test.

relaxation of uterine arteries from WT mice following pre-
constriction with PE; this relaxation was significantly blunted
in arteries of eNOS−/− mice independent of treatment
(P < 0.0001). Melatonin had no significant effect on uterine
artery relaxation to Ach in either WT or eNOS−/− mice
(Figure 3B).

P0+/− Mice
Uterine artery diameters (µM, mean ± SEM) were not
significantly different between vehicle (253 ± 19) and melatonin
treated dams (238± 11). Uterine arteries from melatonin treated
mice demonstrated greater maximal constriction to PE compared
with the vehicle group (P < 0.05, Figure 3C). There was no

TABLE 1 | Fetal biometric measures at E18.5 in WT and eNOS−/− mice.

WT vehicle WT melatonin eNOS−/− vehicle eNOS−/− melatonin

Crown:rump length (mm) 28.2 ± 0.5 28.4 ± 0.5 26.6 ± 0.7a,b 26.6 ± 0.6a,b

Abdominal circumference (mm) 25.8 ± 0.3 26.0 ± 0.3 24.0 ± 0.5a,b 23.9 ± 0.3a,b

Head circumference (mm) 25.0 ± 0.2 24.7 ± 0.3 24.4 ± 0.4a,b 24.2 ± 0.3a,b

Number of litters as follows; WT vehicle N = 18, WT melatonin N = 20, eNOS−/− vehicle N = 13, eNOS−/− melatonin N = 17. aP < 0.001 compared with WT vehicle,
bP < 0.001 compared with WT melatonin, generalized linear mixed models with sequential Sidak post-test.
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FIGURE 2 | Fetal and placental weights in P0+/+ and P0+/- mice at embryonic day 18.5. In (A,C,D), mean + SEM is shown. (B) is a % frequency distribution plot of
individual fetal weights with vertical dotted lines denoting the 5th centile (1.02 g, left hand line) and 10th centile (1.06 g, right hand line) of P0+/+ vehicle weights and
n = number of fetuses. Number of litters are as follows; P0+/+ vehicle N = 13, P0+/+ melatonin N = 14, P0+/- vehicle N = 13, P0+/- melatonin N = 14.
∗∗∗P < 0.001 Generalized linear mixed models analysis with sequential Sidak post-test.

significant difference in relaxation of uterine arteries to Ach (as
% of constriction to PE) between vehicle and melatonin treated
mice (Figure 3D).

Ex vivo Umbilical Artery Function
eNOS−/− Mice
Umbilical artery diameters (µM, mean ± SEM) were as follows;
WT vehicle 474 ± 26, WT melatonin 455 ± 38, eNOS−/−

vehicle 468 ± 25, eNOS−/− melatonin 416 ± 17. There was
no significant effect of genotype or treatment on umbilical
artery diameter. There was no effect of genotype or treatment

on constriction of umbilical arteries to U46619 (Figure 4A).
Relaxation of umbilical arteries to SNP (as % EC80 U46619
preconstriction) was genotype-dependent with eNOS−/− mice,
independent of treatment group, showing increased relaxation to
SNP versus WT (P < 0.05). Melatonin treatment had no effect on
umbilical artery relaxation to SNP (Figure 4B).

P0+/− Mice
Umbilical artery diameters (µM, mean ± SEM) were as follows;
P0+/+ vehicle 499 ± 31, P0+/+ melatonin 492 ± 36, P0+/−

vehicle 499 ± 21, P0+/− melatonin 470 ± 32. There was
no significant effect of genotype or treatment on umbilical

TABLE 2 | Fetal biometric measures at E18.5 in P0+/+ and P0+/− mice.

P0+/+ vehicle P0+/+ melatonin P0+/− vehicle P0+/− melatonin

Crown:rump length (mm) 28.8 ± 0.3 28.6 ± 0.2 27.4 ± 0.3a,b 26.7 ± 0.3a,b

Abdominal circumference (mm) 26.4 ± 0.5 26.9 ± 0.4 23.6 ± 0.4a,b 24.6 ± 0.3a,b,c

Head circumference (mm) 25.1 ± 0.4 25.1 ± 0.1 24.8 ± 0.3 24.9 ± 0.2

Number of litters as follows; P0+/+ vehicle N = 10, P0+/+ melatonin N = 11, P0+/− vehicle N = 10, P0+/− melatonin N = 11. aP < 0.001 compared with P0+/+ vehicle,
bP < 0.001 compared with P0+/+ melatonin, cP < 0.05 compared with P0+/− vehicle, generalized linear mixed models with sequential Sidak post-test.
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FIGURE 3 | Constriction and relaxation responses of uterine arteries from WT and eNOS-/- mice (A,B) and P0+/+ and P0+/- mice (C,D) at embryonic day 18.5.
(A,C) Constriction to 10-5 M phenylephrine shown as a percentage of the KPSS constriction; each dot represents a single animal, line denotes mean. (B,D) Dose
dependent relaxation to acetylcholine is shown as a percentage of constriction to phenylephrine. Data are presented as mean ± SEM (A,B,D) or all data points with
line denoting median (C). Number of mice were as follows; WT N = 8, eNOS-/- N = 5, for both vehicle and melatonin groups. For uterine arteries from P0 matings,
N = 9 for vehicle and N = 7 for melatonin treated. Statistical analysis in (A,B) was carried out by two-way ANOVA to assess the effect of genotype and treatment with
Bonferroni post-test to compare individual groups. In (C), a Mann–Whitney test was performed and in (D) a two-way ANOVA to assess the effect of treatment and
[Ach]. ∗P < 0.05, ∗∗∗∗P < 0.0001 for effect of genotype independent of treatment.

artery diameter. Constriction of umbilical arteries to U46619
was not significantly different between any groups (Figure 5A).
Relaxation of umbilical arteries to SNP (expressed as a % EC80
U46619 preconstriction, Figure 5B) was not significantly affected
by genotype alone but there was a treatment effect. Post hoc
tests revealed that umbilical arteries from P0+/− melatonin
mice demonstrated significantly increased relaxation to SNP
than P0+/− treated by vehicle alone. Additionally, P0+/− mice
showed greater relaxation to SNP compared with P0+/+ mice in
the vehicle and melatonin groups, though this effect was limited
to an SNP dose of 10−7 M only.

DISCUSSION

Contrary to our hypothesis, melatonin failed to increase fetal
weight in eNOS−/− or P0+/− mice, two mouse models of FGR
which demonstrate different underlying placental pathology, but

did increase fetal weight in WT mice. Melatonin supplementation
in utero did, however, result in increased fetal abdominal
circumference in P0+/− mice. Despite the lack of a vascular
phenotype in P0+/− mice, melatonin supplementation increased
relaxation of P0+/− umbilical arteries to the NO-donor sodium
nitroprusside. Although the mechanisms underpinning the
increased fetal weight in WT mice and increased abdominal
circumference in P0+/− mice remain to be fully understood;
the lack of any effect in eNOS−/− mice suggest that the effects
of melatonin are mediated, at least in part, via the presence of
eNOS, suggestive of a potential role for NO. In the case of WT
mice, melatonin has growth promoting effects even in the absence
of a uterine or umbilical blood flow abnormality. Similarly, the
data in P0+/− mice suggests that melatonin may alter fetal
growth, at least in terms of increased abdominal circumference,
in cases of FGR in which there is no detectable uterine
or umbilical blood flow abnormality. Consideration of these
mechanisms is especially important as a phase 1 pilot clinical
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FIGURE 4 | Constriction and relaxation responses of umbilical arteries from WT and eNOS-/- mice at embryonic day 18.5. (A) Dose-dependent constriction to 10-10

to 2 × 10-6 M U46619 shown as a percentage of the maximum constriction to KPSS. (B) Dose dependent relaxation to sodium nitroprusside (SNP) is shown as a
percentage of EC80 U46619 constriction. Data are presented as mean ± SEM. N’s as follows (N = litters, n = pups); WT vehicle N = 5, n = 20, WT melatonin N = 5,
n = 17 eNOS-/- vehicle N = 5, n = 12, eNOS-/- melatonin N = 5, n = 17. Statistical analysis was carried out by two-way ANOVA to assess the effect of genotype
and treatment with Bonferroni post-test to compare individual groups. ∗P < 0.05 WT vs. eNOS-/-.

FIGURE 5 | Constriction and relaxation responses of umbilical arteries from P0+/+ and P0+/- mice at embryonic day 18.5. (A) Dose-dependent constriction to
10-10 to 2 × 10-6 M U46619 shown as a percentage of the maximum constriction to KPSS. (B) Dose dependent relaxation to sodium nitroprusside (SNP) is shown
as a percentage of EC80 U46619 constriction. Data are presented as mean ± SEM. N’s as follows (N = litters, n = pups); P0+/+ vehicle N = 7, n = 12, P0+/+

melatonin N = 7, n = 12, P0+/- vehicle N = 7, n = 12, P0+/- melatonin N = 7, n = 9. Statistical analysis was carried out by two-way ANOVA to assess the effect of
genotype and treatment with Bonferroni post-test to compare individual groups. ∗P < 0.05. aP < 0.05 P0+/- melatonin vs. P0+/+ vehicle and P0+/+ melatonin at
10-7 M.

trial to assess the effectiveness of melatonin in pregnancies
complicated by severe early onset FGR has commenced (Alers
et al., 2013).

Fetal weights in untreated WT and eNOS−/− mice were
comparable with previous reports and confirmed the FGR
phenotype of eNOS−/− mice at E18.5 (Stanley et al., 2012a;
Poudel et al., 2013) whilst the reduced eNOS−/− fetal:placental
weight ratio confirmed previous observations suggesting a
reduced transport efficiency of the eNOS−/− placenta (Kusinski
et al., 2012; Stanley et al., 2012a; Poudel et al., 2013). Fetal and
placental weights in P0+/− mice were comparable to previous
reports (Constancia et al., 2002; Dilworth et al., 2010, 2011).
Previous studies have suggested that melatonin increased fetal
weight in a mouse model of LPS-induced FGR (Chen et al.,

2006) and FGR following single umbilical artery ligation in
sheep (Tare et al., 2014). Additionally, in an undernourished
rat model of FGR (Richter et al., 2009), melatonin increased
birth weight but this effect was not apparent prior to delivery.
In these studies, the effect of increased fetal/birth weight
was observed in the FGR groups only, as opposed to the
present study where the effect was limited to WT mice. As
noted above, this may be explained by a requirement for the
presence of eNOS in the mechanism underpinning this increased
fetal growth. This is supported by studies showing that the
production of NO via NOS enzymes is important in terms
of melatonin’s actions of increasing umbilical blood flow in a
sheep model of FGR (Thakor et al., 2010). It has also been
demonstrated that, following single umbilical artery ligation
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in sheep, melatonin treatment in utero rescued endothelial-
dependent coronary artery function in neonatal FGR lambs by
increasing NO bioavailability (Tare et al., 2014). Additionally,
melatonin alters fetal cardiometabolic responses in fetal lambs
exposed to acute hypoxia in utero, including reductions in
fetal arterial blood pressure. These effects were prevented via
a NO blockade, providing further evidence of melatonin’s
effects in terms of increasing NO bioavailability (Thakor et al.,
2015).

The increased fetal growth seen here in appropriately grown
WT fetuses following maternal melatonin supplementation has
been observed before. In sheep, melatonin administered in
utero increased fetal ponderal index and abdominal girth, with
a trend toward increased fetal weight (Lemley et al., 2012),
in lambs that were appropriately grown, with no effect on
nutrient-restricted FGR lambs. This increased abdominal girth,
or circumference, was noted in the present study in P0+/− pups
treated with melatonin but crown:rump length was unaffected
(P = 0.06). Whilst umbilical blood flow velocity was not
measured in the current study, the greater relaxation of umbilical
arteries in melatonin treated P0+/− mice is consistent with the
increased abdominal circumference (Scorza et al., 1991; Stanley
et al., 2012b). Studies investigating other potential therapies
for FGR, including sildenafil citrate, have previously reported
an increased fetal abdominal circumference growth velocity
following treatment (von Dadelszen et al., 2011) and outlined
the importance of serial abdominal circumference measures, via
ultrasound, as a means of assessing growth velocity before and
after treatment. Interestingly, given the increased fetal weight
in WT mice following administration of melatonin, one may
expect a similar increase in P0+/+ mice, the WT equivalent
in a mixed P0 knockout mouse litter. However, melatonin
did not alter P0+/+ fetal weight. Whilst the reasons for this
can only be speculated upon at this time, it is apparent that
P0+/+ mice treated with vehicle had a higher mean fetal weight
(1.20 ± 0.02 g) than WT vehicle treated mice (1.15 ± 0.02 g)
and a weight comparable to WT mice treated with melatonin
(1.20 ± 0.02 g). This is presumably because on average, P0
knockout litters consist of 50% growth restricted P0+/− fetuses
and there will likely be a relative surplus of maternal nutrients
available to enable maximal growth of P0+/+ pups. This
phenomenon is similar to the inverse relationship described
between litter size and fetal weight in late gestation in the
mouse (Ishikawa et al., 2006) which demonstrates that maternal
nutrient availability is a limiting factor for fetal growth. It has
been reported that melatonin alters uteroplacental amino acid
flux and increases fetal uptake of branched chain amino acids
in a sheep model of FGR following maternal undernutrition
(Lemley et al., 2013). Thus, future studies examining maternofetal
amino acid transfer in melatonin treated WT mice may hint
toward a potential mechanism for the increased fetal growth
observed.

Melatonin treatment in utero increased relaxation of umbilical
arteries of P0+/− mice in response to SNP, a NO donor,
demonstrating an increased sensitivity that is endothelial-
independent. This gives further credence to the notion that
NO is important in the actions of melatonin. A recent

study in sheep fed a nutrient restricted diet, demonstrated
that cotyledonary arteries (described as secondary branches
of the umbilical artery) from those sheep on the restricted
diet demonstrated increased sensitivity to SNP which was
subsequently reversed by melatonin supplementation (Shukla
et al., 2014). In the same study, ewes on a normal diet
demonstrated that the opposite was true, i.e.; melatonin
increased sensitivity to SNP in cotyledonary arteries. These
latter data appear to fit with the P0 umbilical data presented
here.

In a number of studies, there is direct evidence of
melatonin’s antioxidant properties. In a study by Chen et al.
(2006), melatonin supplementation reduced fetal mortality
and increased fetal weight in a model of intrauterine death
following LPS administration. This was suggested to be due
to a significant reduction in LPS-induced lipid peroxidation
and normalization of the LPS-induced decrease in placental
glutathione (Chen et al., 2006; Wang et al., 2011). Richter
et al. (2009) demonstrated that, in a rat model of induced
FGR following maternal undernutrition, melatonin increased
fetal weight with an accompanying increase in levels of
placental catalase and manganese-superoxide dismutase (Mn-
SOD, also known as SOD2). In the current study, only
WT mice demonstrated an increase in fetal weight following
melatonin supplementation. WT mice, and thus WT placentas,
will not be subject to excess levels of oxidative stress and
thus it is unlikely that the effect of melatonin on WT fetal
growth is via antioxidant mechanisms. Thus, the mechanism
underpinning this increased WT fetal weight remains elusive
and future studies examining this present a logical next
step.

Whilst the studies discussed above relate to a number of
different species, with melatonin administered by a variety of
routes (via drinking water, subcutaneous, i.v. infusion), there is a
body of evidence that supports the fact that melatonin treatment
in utero is able to increase fetal growth (Chen et al., 2006; Richter
et al., 2009; Lemley et al., 2012; Tare et al., 2014). However, in
the current study, melatonin failed to increase fetal weight in
either of two mouse models of FGR each of which demonstrates
different placental pathologies observed in cases of human FGR
(McCowan et al., 1988; Mayhew et al., 2003; Toal et al., 2008;
Ghosh and Gudmundsson, 2009). It is important to note that
whilst melatonin did increase fetal weight in WT mice, this is
not representative of the severe FGR cases that would be targeted
clinically for intervention. The current study does, however, add
weight to the importance of NO bioavailability in the actions of
melatonin on fetal growth by targeting a mouse model with a
specific deletion of eNOS. Delineating the pathways by which
melatonin does act to increase fetal growth will be paramount,
particularly as the ability to stratify cases of FGR improves
(Audette and Kingdom, 2017; Gaccioli et al., 2017).

AUTHOR CONTRIBUTIONS

LR, HLM, HM, DC, SF-S, TT, and EC performed the research.
SG and CS contributed to the conception and design of the

Frontiers in Physiology | www.frontiersin.org 9 August 2018 | Volume 9 | Article 1141

https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01141 August 13, 2018 Time: 19:59 # 10

Renshall et al. Melatonin Treatment in FGR

work. MW and MD contributed to the conception and design of
the work and performed the research. All authors were involved
in drafting the paper.

FUNDING

This study was supported by The Medical Research Council
(Program Grant No. G0802770). MD is supported by a Medical

Research Council Career Development Fellowship award (Grant
No. MR/K024442/1).

ACKNOWLEDGMENTS

We would like to thank the staff of the Biological Services Facility
at the University of Manchester for their assistance with this
project.

REFERENCES
Alers, N. O., Jenkin, G., Miller, S. L., and Wallace, E. M. (2013). Antenatal

melatonin as an antioxidant in human pregnancies complicated by fetal growth
restriction–a phase I pilot clinical trial: study protocol. BMJ Open 3:e004141.
doi: 10.1136/bmjopen-2013-004141.

Audette, M. C., and Kingdom, J. C. (2017). Screening for fetal growth
restriction and placental insufficiency. Semin. Fetal Neonatal Med. 23, 119–125.
doi: 10.1016/j.siny.2017.11.004.

Barker, D. J., Bull, A. R., Osmond, C., and Simmonds, S. J. (1990). Fetal and
placental size and risk of hypertension in adult life. BMJ 301, 259–262.
doi: 10.1136/bmj.301.6746.259

Barker, D. J., and Osmond, C. (1988). Low birth weight and hypertension. Br. Med.
J. 297, 134–135. doi: 10.1136/bmj.297.6641.134-b

Baschat, A. A., Galan, H. L., Ross, M. G., and Gabbe, S. G. (2007). “Intrauterine
growth restriction,” in Obstetrics Normal and Problem Pregnancies, eds S. G.
Gabbe, J. R. Niebyl & J. L. Simpson (Philadelphia: Churchill Livingstone
Elsevier), 771–814. doi: 10.1016/B978-0-443-06930-7.50031-1

Bernstein, I. M., Horbar, J. D., Badger, G. J., Ohlsson, A., and Golan, A.
(2000). Morbidity and mortality among very-low-birth-weight neonates with
intrauterine growth restriction. The Vermont Oxford Network. Am. J. Obstet.
Gynecol. 182(1 Pt 1), 198–206. doi: 10.1016/S0002-9378(00)70513-8

Biri, A., Bozkurt, N., Turp, A., Kavutcu, M., Himmetoglu, O., and Durak, I. (2007).
Role of oxidative stress in intrauterine growth restriction. Gynecol. Obstet.
Invest. 64, 187–192. doi: 10.1159/000106488.

Chen, Y. H., Xu, D. X., Wang, J. P., Wang, H., Wei, L. Z., Sun, M. F., et al. (2006).
Melatonin protects against lipopolysaccharide-induced intra-uterine fetal death
and growth retardation in mice. J. Pineal Res. 40, 40–47. doi: 10.1111/j.1600-
079X.2005.00274.x.

Constancia, M., Angiolini, E., Sandovici, I., Smith, P., Smith, R., Kelsey, G., et al.
(2005). Adaptation of nutrient supply to fetal demand in the mouse involves
interaction between the Igf2 gene and placental transporter systems. Proc. Natl.
Acad. Sci. U.S.A. 102, 19219–19224. doi: 10.1073/pnas.0504468103

Constancia, M., Dean, W., Lopes, S., Moore, T., Kelsey, G., and Reik, W. (2000).
Deletion of a silencer element in Igf2 results in loss of imprinting independent
of H19. Nat. Genet. 26, 203–206. doi: 10.1038/79930

Constancia, M., Hemberger, M., Hughes, J., Dean, W., Ferguson-Smith, A.,
Fundele, R., et al. (2002). Placental-specific IGF-II is a major modulator of
placental and fetal growth. Nature 417, 945–948. doi: 10.1038/nature00819

Dilworth, M. R., Andersson, I., Renshall, L. J., Cowley, E., Baker, P., Greenwood, S.,
et al. (2013). Sildenafil citrate increases fetal weight in a mouse model of
fetal growth restriction with a normal vascular phenotype. PLoS One 8:e77748.
doi: 10.1371/journal.pone.0077748.

Dilworth, M. R., Kusinski, L. C., Baker, B. C., Renshall, L. J., Greenwood,
S. L., Sibley, C. P., et al. (2011). Defining fetal growth restriction in
mice: a standardized and clinically relevant approach. Placenta 32, 914–916.
doi: 10.1016/j.placenta.2011.08.007

Dilworth, M. R., Kusinski, L. C., Cowley, E., Ward, B. S., Husain, S. M.,
Constancia, M., et al. (2010). Placental-specific Igf2 knockout mice exhibit
hypocalcemia and adaptive changes in placental calcium transport. Proc. Natl.
Acad. Sci. U.S.A. 107, 3894–3899. doi: 10.1073/pnas.0911710107

Fisk, N. M., and Atun, R. (2008). Market failure and the poverty of new drugs in
maternal health. PLoS Med. 5:e22. doi: 10.1371/journal.pmed.0050022

Gaccioli, F., Aye, I., Sovio, U., Charnock-Jones, D. S., and Smith, G. C. S. (2017).
Screening for fetal growth restriction using fetal biometry combined with

maternal biomarkers. Am. J. Obstet. Gynecol. 218, S725–S737. doi: 10.1016/j.
ajog.2017.12.002

Ghosh, G. S., and Gudmundsson, S. (2009). Uterine and umbilical artery Doppler
are comparable in predicting perinatal outcome of growth-restricted fetuses.
BJOG 116, 424–430. doi: 10.1111/j.1471-0528.2008.02057.x

Glazier, J. D., Sibley, C. P., and Carter, A. M. (1996). Effect of fetal growth restriction
on system A amino acid transporter activity in the maternal facing plasma
membrane of rat syncytiotrophoblast. Pediatr. Res. 40, 325–329. doi: 10.1203/
00006450-199608000-00022

Herxheimer, A., and Petrie, K. J. (2002). Melatonin for the prevention and
treatment of jet lag. Cochrane Database Syst. Rev. CD001520. doi: 10.1002/
14651858.CD001520

Ishikawa, H., Seki, R., Yokonishi, S., Yamauchi, T., and Yokoyama, K. (2006).
Relationship between fetal weight, placental growth and litter size in mice from
mid- to late-gestation. Reprod. Toxicol. 21, 267–270. doi: 10.1016/j.reprotox.
2005.08.002.

Jarvis, S., Glinianaia, S. V., Torrioli, M. G., Platt, M. J., Miceli, M., Jouk,
P. S., et al. (2003). Cerebral palsy and intrauterine growth in single births:
European collaborative study. Lancet 362, 1106–1111. doi: 10.1016/S0140-
6736(03)14466-2.

Kulandavelu, S., Whiteley, K. J., Bainbridge, S. A., Qu, D., and Adamson,
S. L. (2013). Endothelial NO synthase augments fetoplacental blood flow,
placental vascularization, and fetal growth in mice. Hypertension 61, 259–266.
doi: 10.1161/HYPERTENSIONAHA.112.201996.

Kulandavelu, S., Whiteley, K. J., Qu, D., Mu, J., Bainbridge, S. A., and Adamson,
S. L. (2012). Endothelial nitric oxide synthase deficiency reduces uterine blood
flow, spiral artery elongation, and placental oxygenation in pregnant mice.
Hypertension 60, 231–238. doi: 10.1161/HYPERTENSIONAHA.111.187559

Kusinski, L. C., Dilworth, M. R., Baker, P. N., Sibley, C. P., Wareing, M., and
Glazier, J. D. (2011). System A activity and vascular function in the placental-
specific Igf2 knockout mouse. Placenta 32, 871–876. doi: 10.1016/j.placenta.
2011.07.086

Kusinski, L. C., Stanley, J. L., Dilworth, M. R., Hirt, C. J., Andersson, I. J., Renshall,
L. J., et al. (2012). eNOS knockout mouse as a model of fetal growth restriction
with an impaired uterine artery function and placental transport phenotype.
Am. J. Physiol. Regul. Integr. Comp. Physiol. 303, R86–R93. doi: 10.1152/ajpregu.
00600.2011

Kusinski, L. C., Baker, P. N., Sibley, C. P., and Wareing, M. (2009). In vitro
assessment of mouse uterine and fetoplacental vascular function. Reprod. Sci.
16, 740–748. doi: 10.1177/1933719109336613.

Lemley, C. O., Camacho, L. E., Meyer, A. M., Kapphahn, M., Caton, J. S.,
and Vonnahme, K. A. (2013). Dietary melatonin supplementation alters
uteroplacental amino acid flux during intrauterine growth restriction in ewes.
Animal 7, 1500–1507. doi: 10.1017/S1751731113001006.

Lemley, C. O., Meyer, A. M., Camacho, L. E., Neville, T. L., Newman, D. J.,
Caton, J. S., et al. (2012). Melatonin supplementation alters uteroplacental
hemodynamics and fetal development in an ovine model of intrauterine growth
restriction. Am. J. Physiol. Regul. Integr. Comp. Physiol. 302, R454–R467.
doi: 10.1152/ajpregu.00407.2011.

Mayhew, T. M., Ohadike, C., Baker, P. N., Crocker, I. P., Mitchell, C., and Ong,
S. S. (2003). Stereological investigation of placental morphology in pregnancies
complicated by pre-eclampsia with and without intrauterine growth restriction.
Placenta 24, 219–226. doi: 10.1053/plac.2002.0900

McCowan, L. M., Ritchie, K., Mo, L. Y., Bascom, P. A., and Sherret, H.
(1988). Uterine artery flow velocity waveforms in normal and growth-retarded

Frontiers in Physiology | www.frontiersin.org 10 August 2018 | Volume 9 | Article 1141

https://doi.org/10.1136/bmjopen-2013-004141.
https://doi.org/10.1016/j.siny.2017.11.004.
https://doi.org/10.1136/bmj.301.6746.259
https://doi.org/10.1136/bmj.297.6641.134-b
https://doi.org/10.1016/B978-0-443-06930-7.50031-1
https://doi.org/10.1016/S0002-9378(00)70513-8
https://doi.org/10.1159/000106488.
https://doi.org/10.1111/j.1600-079X.2005.00274.x.
https://doi.org/10.1111/j.1600-079X.2005.00274.x.
https://doi.org/10.1073/pnas.0504468103
https://doi.org/10.1038/79930
https://doi.org/10.1038/nature00819
https://doi.org/10.1371/journal.pone.0077748.
https://doi.org/10.1016/j.placenta.2011.08.007
https://doi.org/10.1073/pnas.0911710107
https://doi.org/10.1371/journal.pmed.0050022
https://doi.org/10.1016/j.ajog.2017.12.002
https://doi.org/10.1016/j.ajog.2017.12.002
https://doi.org/10.1111/j.1471-0528.2008.02057.x
https://doi.org/10.1203/00006450-199608000-00022
https://doi.org/10.1203/00006450-199608000-00022
https://doi.org/10.1002/14651858.CD001520
https://doi.org/10.1002/14651858.CD001520
https://doi.org/10.1016/j.reprotox.2005.08.002.
https://doi.org/10.1016/j.reprotox.2005.08.002.
https://doi.org/10.1016/S0140-6736(03)14466-2.
https://doi.org/10.1016/S0140-6736(03)14466-2.
https://doi.org/10.1161/HYPERTENSIONAHA.112.201996.
https://doi.org/10.1161/HYPERTENSIONAHA.111.187559
https://doi.org/10.1016/j.placenta.2011.07.086
https://doi.org/10.1016/j.placenta.2011.07.086
https://doi.org/10.1152/ajpregu.00600.2011
https://doi.org/10.1152/ajpregu.00600.2011
https://doi.org/10.1177/1933719109336613.
https://doi.org/10.1017/S1751731113001006.
https://doi.org/10.1152/ajpregu.00407.2011.
https://doi.org/10.1053/plac.2002.0900
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01141 August 13, 2018 Time: 19:59 # 11

Renshall et al. Melatonin Treatment in FGR

pregnancies. Am. J. Obstet. Gynecol. 158(3 Pt 1), 499–504. doi: 10.1016/0002-
9378(88)90013-0

McCowan, L. M., Roberts, C. T., Dekker, G. A., Taylor, R. S., Chan, E. H.,
Kenny, L. C., et al. (2010). Risk factors for small-for-gestational-age infants by
customised birthweight centiles: data from an international prospective cohort
study. BJOG 117, 1599–1607. doi: 10.1111/j.1471-0528.2010.02737.x.

Mert, I., Oruc, A. S., Yuksel, S., Cakar, E. S., Buyukkagnici, U., Karaer, A.,
et al. (2012). Role of oxidative stress in preeclampsia and intrauterine growth
restriction. J. Obstet. Gynaecol. Res. 38, 658–664. doi: 10.1111/j.1447-0756.2011.
01771.x.

Miller, J., Turan, S., and Baschat, A. A. (2008). Fetal growth restriction. Semin.
Perinatol. 32, 274–280. doi: 10.1053/j.semperi.2008.04.010.

Moncada, S., Palmer, R. M., and Higgs, E. A. (1991). Nitric oxide: physiology,
pathophysiology, and pharmacology. Pharmacol. Rev. 43, 109–142.

Osmond, C., Kajantie, E., Forsen, T. J., Eriksson, J. G., and Barker, D. J. (2007).
Infant growth and stroke in adult life: the Helsinki birth cohort study. Stroke
38, 264–270. doi: 10.1161/01.STR.0000254471.72186.03

Poudel, R., Stanley, J. L., Rueda-Clausen, C. F., Andersson, I. J., Sibley, C. P.,
Davidge, S. T., et al. (2013). Effects of resveratrol in pregnancy using
murine models with reduced blood supply to the uterus. PLoS One 8:e64401.
doi: 10.1371/journal.pone.0064401.

Resnik, R. (2002). Intrauterine growth restriction. Obstet. Gynecol. 99, 490–496.
Richter, H. G., Hansell, J. A., Raut, S., and Giussani, D. A. (2009). Melatonin

improves placental efficiency and birth weight and increases the placental
expression of antioxidant enzymes in undernourished pregnancy. J. Pineal Res.
46, 357–364. doi: 10.1111/j.1600-079X.2009.00671.x

Scorza, W. E., Nardi, D., Vintzileos, A. M., Fleming, A. D., Rodis, J. F., and
Campbell, W. A. (1991). The relationship between umbilical artery Doppler
velocimetry and fetal biometry. Am. J. Obstet. Gynecol. 165(4 Pt 1), 1013–1019.
doi: 10.1016/0002-9378(91)90461-Y

Shesely, E. G., Maeda, N., Kim, H. S., Desai, K. M., Krege, J. H., Laubach, V. E.,
et al. (1996). Elevated blood pressures in mice lacking endothelial nitric oxide
synthase. Proc. Natl. Acad. Sci. U.S.A. 93, 13176–13181. doi: 10.1073/pnas.93.
23.13176

Shibata, E., Hubel, C. A., Powers, R. W., von Versen-Hoeynck, F., Gammill, H.,
Rajakumar, A., et al. (2008). Placental system A amino acid transport is
reduced in pregnancies with small for gestational age (SGA) infants but not in
preeclampsia with SGA infants. Placenta 29, 879–882. doi: 10.1016/j.placenta.
2008.07.001

Shukla, P., Lemley, C. O., Dubey, N., Meyer, A. M., O’Rourke, S. T., and
Vonnahme, K. A. (2014). Effect of maternal nutrient restriction and melatonin
supplementation from mid to late gestation on vascular reactivity of maternal
and fetal placental arteries. Placenta 35, 461–466. doi: 10.1016/j.placenta.2014.
04.007.

Sibley, C. P., Coan, P. M., Ferguson-Smith, A. C., Dean, W., Hughes, J., Smith, P.,
et al. (2004). Placental-specific insulin-like growth factor 2 (Igf2) regulates the

diffusional exchange characteristics of the mouse placenta. Proc. Natl. Acad. Sci.
U.S.A. 101, 8204–8208. doi: 10.1073/pnas.0402508101

Stanley, J. L., Andersson, I. J., Hirt, C. J., Moore, L., Dilworth, M. R., Chade, A. R.,
et al. (2012a). Effect of the anti-oxidant tempol on fetal growth in a mouse
model of fetal growth restriction. Biol. Reprod. 87:25. doi: 10.1095/biolreprod.
111.096198

Stanley, J. L., Andersson, I. J., Poudel, R., Rueda-Clausen, C. F., Sibley, C. P.,
Davidge, S. T., et al. (2012b). Sildenafil citrate rescues fetal growth in
the catechol-o-methyl transferase knockout mouse model. Hypertension 59,
1021–1028. doi: 10.1161/HYPERTENSIONAHA.111.186270

Tare, M., Parkington, H. C., Wallace, E. M., Sutherland, A. E., Lim, R., Yawno, T.,
et al. (2014). Maternal melatonin administration mitigates coronary stiffness
and endothelial dysfunction, and improves heart resilience to insult in growth
restricted lambs. J. Physiol. 592(Pt 12), 2695-2709. doi: 10.1113/jphysiol.2014.
270934.

Thakor, A. S., Allison, B. J., Niu, Y., Botting, K. J., Seron-Ferre, M., Herrera, E. A.,
et al. (2015). Melatonin modulates the fetal cardiovascular defense response to
acute hypoxia. J. Pineal Res. 59, 80–90. doi: 10.1111/jpi.12242.

Thakor, A. S., Herrera, E. A., Seron-Ferre, M., and Giussani, D. A. (2010).
Melatonin and vitamin C increase umbilical blood flow via nitric oxide-
dependent mechanisms. J. Pineal Res. 49, 399–406. doi: 10.1111/j.1600-079X.
2010.00813.x.

Toal, M., Keating, S., Machin, G., Dodd, J., Adamson, S. L., Windrim, R. C.,
et al. (2008). Determinants of adverse perinatal outcome in high-risk women
with abnormal uterine artery Doppler images. Am. J. Obstet. Gynecol. 198,
330.e1–330.e7. doi: 10.1016/j.ajog.2007.09.031

von Dadelszen, P., Dwinnell, S., Magee, L. A., Carleton, B. C., Gruslin, A.,
Lee, B., et al. (2011). Sildenafil citrate therapy for severe early-onset intrauterine
growth restriction. BJOG 118, 624–628. doi: 10.1111/j.1471-0528.2010.02
879.x.

Wang, H., Li, L., Zhao, M., Chen, Y. H., Zhang, Z. H., Zhang, C., et al.
(2011). Melatonin alleviates lipopolysaccharide-induced placental cellular stress
response in mice. J. Pineal Res. 50, 418–426. doi: 10.1111/j.1600-079X.2011.
00860.x.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Renshall, Morgan, Moens, Cansfield, Finn-Sell, Tropea, Cottrell,
Greenwood, Sibley, Wareing and Dilworth. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 11 August 2018 | Volume 9 | Article 1141

https://doi.org/10.1016/0002-9378(88)90013-0
https://doi.org/10.1016/0002-9378(88)90013-0
https://doi.org/10.1111/j.1471-0528.2010.02737.x.
https://doi.org/10.1111/j.1447-0756.2011.01771.x.
https://doi.org/10.1111/j.1447-0756.2011.01771.x.
https://doi.org/10.1053/j.semperi.2008.04.010.
https://doi.org/10.1161/01.STR.0000254471.72186.03
https://doi.org/10.1371/journal.pone.0064401.
https://doi.org/10.1111/j.1600-079X.2009.00671.x
https://doi.org/10.1016/0002-9378(91)90461-Y
https://doi.org/10.1073/pnas.93.23.13176
https://doi.org/10.1073/pnas.93.23.13176
https://doi.org/10.1016/j.placenta.2008.07.001
https://doi.org/10.1016/j.placenta.2008.07.001
https://doi.org/10.1016/j.placenta.2014.04.007.
https://doi.org/10.1016/j.placenta.2014.04.007.
https://doi.org/10.1073/pnas.0402508101
https://doi.org/10.1095/biolreprod.111.096198
https://doi.org/10.1095/biolreprod.111.096198
https://doi.org/10.1161/HYPERTENSIONAHA.111.186270
https://doi.org/10.1113/jphysiol.2014.270934.
https://doi.org/10.1113/jphysiol.2014.270934.
https://doi.org/10.1111/jpi.12242.
https://doi.org/10.1111/j.1600-079X.2010.00813.x.
https://doi.org/10.1111/j.1600-079X.2010.00813.x.
https://doi.org/10.1016/j.ajog.2007.09.031
https://doi.org/10.1111/j.1471-0528.2010.02879.x.
https://doi.org/10.1111/j.1471-0528.2010.02879.x.
https://doi.org/10.1111/j.1600-079X.2011.00860.x.
https://doi.org/10.1111/j.1600-079X.2011.00860.x.
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles

	Melatonin Increases Fetal Weight in Wild-Type Mice but Not in Mouse Models of Fetal Growth Restriction
	Introduction
	Materials and Methods
	Animals
	Fetal Weight Frequency Distribution Curves
	Wire Myography
	Uterine Arteries
	Umbilical Arteries

	Data and Statistical Analyses

	Results
	Fluid Consumption
	Fetal and Placental Weights and Fetal Biometric Measurements
	eNOS-/- Mice
	P0+/- Mice

	Ex vivo Uterine Artery Function
	eNOS-/- Mice
	P0+/- Mice

	Ex vivo Umbilical Artery Function
	eNOS-/- Mice
	P0+/- Mice


	Discussion
	Author Contributions
	Funding
	Acknowledgments
	References


