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Objective To investigate the role of the hypoxia-inducible factor

(HIF) pathway in fetal growth restriction (FGR).

Design A case–control study.

Setting Research laboratory and gynaecology clinic.

Sample Twenty placentas from normal pregnancies and 20 from

FGR pregnancies.

Methods RNA extraction, cDNA synthesis, quantitative real-time

polymerase chain reaction (qRT-PCR) assay, statistical analysis.

Main outcome measures mRNA expression of HIF-1a, HIF-2a
and HIF-b (ARNT), along with prolyl hydroxylase domain 3

(PHD3), which leads to proteasomal degradation of HIF-a
subunits.

Results No statistically significant differences in the transcription

levels of ARNT and HIF-2a were found between FGR and normal

placentas. By contrast, PHD3 and HIF-1a mRNA were

downregulated in FGR placentas. PHD3 mRNA expression was

associated with gestational age at delivery (P = 0.008), birthweight

centile (P = 0.029) and abnormal umbilical artery (UA) Doppler

measurements (P = 0.034).

Conclusions As PHD3 regulates the HIF-mediated hypoxic

response in FGR, we deduce that fetal adaptation to hypoxia

ranges from impaired to adequate, as observed by the gradient of

PHD3 downregulation in relation to the severity of FGR.

Keywords ARNT, HIF-1a, HIF-2a, hypoxia, intrauterine growth

restriction.
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Introduction

Fetal growth restriction (FGR) is a complex obstetric com-

plication with an incidence of 4–7% of births. It is associ-

ated with a between six- and ten-fold increased risk of

perinatal morbidity and mortality.1,2 FGR is not a disease

entity with a unique pathophysiology.3 A variety of factors

are involved, including congenital abnormalities, drug

abuse, infectious diseases, and immunological and anatomi-

cal disorders. However, abnormal placentation (placental

development) is observed in most cases.4

A successful pregnancy outcome depends on the appro-

priate development of the fetoplacental vasculature in the

villous core, which follows the infiltration of cytotropho-

blast in the decidua, and is completed in conjunction with

the spiral arteries.5,6 It is widely accepted that shallow

trophoblast invasion can lead to fetal hypoxia and impaired

growth.7 Adequate proliferation and differentiation of vil-

lous cytotrophoblast into invasive extravillous trophoblast,

a process that is controlled by hypoxia, is critical for suc-

cessful placentation.8,9 Thus, the entire repertoire of

hypoxia-associated growth factors is remarkably active dur-

ing placental development.

A prerequisite for many hypoxia-mediated responses are

the basic helix-loop-helix (bHLH) Per–ARNT–Sim (PAS)

family member transcription factors hypoxia inducible fac-

tor-1a (HIF-1a) and HIF-2a.10,11 After stabilisation, these

two molecules heterodimerise into the nucleus with

aryl hydrocarbon nuclear translocator protein (ARNT or

HIF-b),12 and then bind to the hypoxia response element

(HRE) in responsive genes that play a pivotal role in angio-

genesis, glucose transport, glycolysis and erythropoiesis.

HIFs are critical in mouse development, as all homozygous

knock-out mice manifest embryonic lethality.13 Degradation
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of HIF-a protein is triggered by oxygen, which activates the

prolyl hydroxylase domain enzymes (PHDs) that, in turn,

hydroxylate proline residues 402 and 564 in HIF-a. These

hydroxylated proline residues are required for the recogni-

tion and binding of the chaperone von Hippel Lindau

(vHL) protein, which is part of a larger complex of proteins

that ubiquitinates HIF-a, thereby targeting it for proteoso-

mal degradation.14,15 As the regulation of HIF activity is

mainly mediated by protein stabilisation, vHL, PHD1, 2

and 3 are constitutively expressed in order to achieve

complete proteasomal degradation of HIFs (Figure 1).16

In the present study, we investigated the possible

involvement of the HIF/PHD pathway in extracted villi

of pregnancies complicated by FGR, evaluating HIF-1a,

HIF-2a, ARNT and PHD3 placental mRNA expression lev-

els by quantitative real-time polymerase chain reaction

(qRT-PCR). We focussed on PHD3, and not on PHD1 or

PHD2, because it is strongly upregulated by hypoxia, pre-

sumably to rapidly cope with elevated HIF-1a protein

abundance upon oxygenation.17

Methods

Placental collection and processing
Placentas were obtained from women with normal

(n = 20) and FGR (n = 20) pregnancies, immediately after

delivery. Six basal plate biopsy specimens of the medial

part of the maternal–fetal interface were obtained from

each placenta, in such a way that each sample contained

the decidua basalis and villous placenta, but not the chori-

onic plate.18,19 Tissue biopsies were snap-frozen in liquid

nitrogen and stored at )80�C. Three of the above six

biopsy specimens were randomly chosen for our measure-

ments. The Ethics Committee of the University Hospital of

Heraklion approved the study, and written informed con-

sent was obtained from all participants.

Clinical definitions
Clinical details for the study groups are shown in Table 1.

FGR was established by fetal weight and size below the

tenth centile, along with an asymmetrical pattern of growth

Figure 1. Graphical representation of the HIF pathway during

normoxic and hypoxic conditions. In normoxia (grey arrows) PHD

hydroxylates HIF-a, which then binds to vHL, leading to its proteosomal

degradation. In hypoxia (black arrows) HIF-a enters the nucleus, forms

a dimer with ARNT, which then binds to DNA, leading to gene

transcription activation.

Table 1. Clinical characteristics of the study groups

FGR

pregnancies

Normal

pregnancies

P

Cases, n 20 20

Maternal age

(mean ± SD, years)

28.3 ± 5.6 28.1 ± 5.4 0.91*

BMI (mean ± SD) 23.0 ± 4.0 25.0 ± 6.8 0.28*

Maternal weight

gain (mean ± SD, kg)

11 ± 5 15 ± 6 0.056*

Gestational age

at delivery

(mean ± SD, weeks)

36.6 ± 3.8 38.4 ± 1.7 0.058*

Birthweight

(mean ± SD, g)

2022 ± 613 3123 ± 430 <0.001*

Mode of delivery

Vaginal (%) 7 (35.0) 11 (55.0) 0.20**

Caesarean section (%) 13 (65.0) 9 (45.0)

Parity

Nulliparous (%) 12 (60.0) 9 (45.0) 0.34**

Multiparous (%) 8 (40.0) 11 (55.0)

Child gender

Male (%) 9 (45.0) 8 (40.0) 0.75**

Female (%) 11 (55.0) 12 (60.0)

Smoking

Yes (%) 11 (55.0) 5 (25.0) 0.053**

No (%) 9 (45.0) 15 (75.0)

Abnormal UA Doppler

Yes (%) 8 (40.0) 1 (5.0) 0.02**

No (%) 12 (60.0) 19 (95.0)

*Student’s t test (two-tailed).

**Chi-square or Fisher’s exact test (two-tailed).

P-values in bold indicate statistically significant differences between

the two study groups.
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and abnormal measurements in the second trimester

ultrasonography. Based on the above criteria, the fetuses

examined in our study were considered to be growth

restricted rather than constitutionally small babies. Interest-

ingly, all of them had sizes below the third centile. Preg-

nant women with pre-eclampsia, pre-existing medical

disorders, TORCH [toxoplasmosis, other (congenital syphi-

lis and viruses), rubella, cytomegalovirus and herpes sim-

plex virus] infections and substance abuse were excluded

from the study. Additionally, no recognised chromosomal

or genetic defects were observed in the neonates, and amni-

otic fluid index (AFI) values were within the normal range.

Finally, pregnancies with a birthweight above the tenth cen-

tile, no recognised defect or pathology, and delivery after

37 completed weeks of gestation were classified as normal

pregnancies, irrespective of the mode of delivery.

The umbilical artery (UA) Doppler flow velocity wave-

form was also measured, and it was considered to be

abnormal if the systolic-to-diastolic ratio was >95%, or if

the diastolic flow was absent or reversed.20 However,

abnormal UA Doppler measurements alone were not suffi-

cient to categorise a baby as being growth restricted: only

in combination with other clinical findings can FGR be

diagnosed,21 as FGR babies can have normal UA Doppler

measurements.22

RNA extraction and cDNA preparation
A 100-mg sample of each tissue specimen was homogenised

in 1 ml of TRIzol
� reagent (Invitrogen, Carlsband, CA,

USA) using a power homogeniser, followed by the addition

of chloroform and centrifugation. Total RNA was precipi-

tated from the supernatant with isopropanol, washed with

75% ethanol and resuspended in 30 ll of diethylpyro-

carbonate (DEPC)-treated water. RNA concentration and

purity were calculated after measuring the 260-nm absor-

bance and 260/280-nm absorbance ratio, respectively, on a

UV spectrophotometer.

cDNA was synthesised by reverse transcription (RT) with

the Thermoscript� RT kit (Invitrogen), using random

hexamers as amplification primers. In detail, 2.5 lg of total

RNA, 50 ng of random hexamers and 1 mmol/l deoxynu-

cleotide triphosphates (dNTPs) were heated at 65�C for

5 minutes, in order to remove RNA secondary structures,

and placed on ice until the addition of cDNA synthesis

mix, which contained 1· cDNA synthesis buffer (50 mmol/

l Tris-acetate, pH 8.4, 75 mmol/l potassium acetate and

8 mmol/l magnesium acetate), 5 mmol/l dithiothreitol

(DTT), 40 units RNaseOut� and 15 units Thermoscript�
reverse transcriptase. The final mix (volume 20 ll) was

incubated for 10 minutes at 25�C for primer extension,

and cDNA synthesis was conducted at 55�C for 50 minutes.

The reaction was terminated by heating at 85�C for 5 min-

utes. In order to remove the RNA template, cDNA was

incubated at 37�C for 20 minutes with 2 units of Escheri-

chia coli RNaseH, and stored at )20�C until use.

Quantitative real-time polymerase chain reaction
assay
The expression of HIF-1a, HIF-2a, PHD3 and ARNT

mRNA was measured using a qRT-PCR assay with SYBR�

Green I dye. A housekeeping gene, b-actin, was used as an

internal control, in order to normalise HIF-1a, HIF-2a,

PHD3 and ARNT mRNA expression levels. The mRNA-

specific primers, which were designed with Lasergene
�

(DNASTAR, Madison, WI, USA), and span at least one

intron with an average length >800 bp, are listed in

Table 2. Their specificity was verified with the BLAST

program (www.ncbi.nlm.nih.gov/BLAST). After initial

experiments, in order to optimise the concentration and

annealing temperature of the primers, 1 ll of cDNA from

FGR or control samples was amplified in a PCR reaction

containing 2· Brilliant SYBR� Green QPCR Master Mix

(Stratagene, La Jolla, CA, USA), 300 nmol/l of each primer

and 30 lmol/l Rox passive reference dye, in a final volume

of 20 ll. To ensure the accuracy of the quantification mea-

surements, a representative pool of all the samples was

diluted in a series of five 2· dilutions, and was run on the

same plate, in order to construct a standard curve for the

quantification process. After initial denaturation at 95�C

for 10 minutes, samples were subjected to 40 cycles of

amplification, comprised of denaturation at 95�C for

20 seconds, annealing at 60�C for 30 seconds and elonga-

tion at 72�C for 30 seconds, followed by a melt-curve anal-

ysis (in order to verify the presence of only one PCR

product and the absence of dimers), in which the tempera-

ture was increased from 60 to 95�C at a linear rate of

0.2�C/second. Data collection was performed during both

annealing and extension, with two measurements at each

step, and at all times during the melt-curve analysis. PCR

Table 2. Primer sequences used for qRT-PCR

Primer pair Sequence (5¢ fi 3¢) Amplicon size (bp)

HIF-1a CGGCGCGAACGACAAGAA 126

GGAAGTGGCAACTGATGAGCAAG

HIF-2a ATGACAGCTGACAAGGAGAAGAA 116

TGGGCCAGCTCATAGAACAC

PHD3 CCGGCTGGGCAAATACTAC 91

GTCCACGTGGCGAACATAAC

ARNT GCCATTGCCTCTGGAAACTCT 113

CTGTTCCCTTCTCCATCATCATC

b-actin CGGCATCGTCACCAACTG 70

GGCACACGCAGCTCATTG

PHD3 downregulation in FGR placentas
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experiments were conducted on an Mx3000P real-time

PCR thermal cycler using software v4.01, build 369, schema

80 (Stratagene). PCR products were electrophoresed on 2%

(w/v) agarose gels and stained with ethidium bromide, in

order to verify that the corresponding product band (as

visualised with the help of a UV transilluminator) had the

correct size. Representative bands of all PCR products anal-

ysed were extracted from the agarose gels, purified and

sequenced, as a final confirmation step that the appropriate

gene was amplified at each PCR reaction. After amplifica-

tion, standard curves were constructed from the samples

used in the series of consecutive dilutions. Subsequently,

using these standard curves and the cycle threshold (Ct)

value of the samples, we calculated the mRNA expression

of the genes studied. Samples with no amplification plots

or with dissociation curves that exhibited signs of primer–

dimer formation or by-products were excluded. To nor-

malise the mRNA expression of each gene, the expression

value was divided by the b-actin mRNA value. The norma-

lised values of FGR samples were divided by the average

normalised values of normal samples. The result of this

division provided the relative expression of an FGR speci-

men in relation to the control group. This mathematical

process is summarised in the following formula:

Normalised sample/control

¼ ð1þ EgeneÞ�DCtgene=ð1þ Eb�actinÞ�DCtb�actin

A two-fold increased (i.e. a value ‡2) or decreased (i.e. a

value £0.5) expression was considered biologically signifi-

cant (for overexpression or downregulation, respectively).

In each PCR reaction two negative controls were included,

one with no cDNA template and one with no reverse tran-

scription treatment. All qRT-PCR measurements were con-

ducted in triplicate.

Statistical analysis
The mRNA levels of HIF-1a, HIF-2a, PHD3 and ARNT

were first evaluated by the one-sample Kolmogorov–Smir-

nov goodness-of-fit test, in order to determine whether

they followed a normal distribution pattern. Depending on

the results, Pearson’s or the non-parametric Spearman’s

rank test was used to examine their relationship pairwise,

and their association with continuous variables [maternal

age, body mass index (BMI), weight gain, gestational age at

delivery and birthweight centile]. Moreover, their associa-

tion with categorical data (smoking habits, mode of deliv-

ery, child gender, parity and UA Doppler measurements)

was examined using a Student’s t test (after an assessment

of the equality of variances using Levene’s test), or its non-

parametric equivalents Mann–Whitney U- and Kruskal–

Wallis H-tests. Additionally, the chi-square (v2) test,

replaced by Fisher’s exact test when indicated by the analy-

sis, was used to examine the expression status of the four

genes with the various clinicopathological parameters after

stratification. Statistical analyses were two-sided, and were

performed with spss 11.5 (SPSS, Chicago, IL, USA). Statis-

tical significance was set at the 95% level (P < 0.05).

Power and sample size calculations
Power and sample size calculations were performed with

ps power and sample size calculations v3.0.14 (biostat.

mc.vanderbilt.edu/wiki/Main/PowerSampleSize). For sample

size calculations, the power (type-II error, or b) was set to

80% and the statistical significance (type-I error, or a) was

set to 0.05. For power calculations, the size was set to 20 (the

specimen and control groups size in our study), and the

type-I error was set to 0.05. For both calculations, the mini-

mum difference in the mean value (0.88) of PHD3 or HIF-

1a mRNA expression between FGR samples and controls in

the clinical parameters that yielded statistically significant

results (gestational age, birthweight centile, UA Doppler and

mode of delivery), and the maximum standard deviation

(0.92) within the two study groups in each of the above

parameters, were used.

Results

The results of our qRT-PCR analysis are shown in Table 3.

Compared with controls, mRNA expression levels of HIF-

1a and PHD3 exhibited downregulation in 45% (9/20) and

65% (13/20) of FGR samples, respectively. On the contrary,

HIF-2a and ARNT transcription levels were similar in the

majority of FGR women when compared with controls.

Further analysis revealed statistically significant associa-

tions between placental mRNA levels and particular patho-

logical parameters in FGR cases (Figure 2). PHD3 mRNA

expression was higher in FGR specimens with a gestational

age of <37 weeks (8/20 samples) compared with those with

gestational age of >37 weeks (12/20 samples) (2.08 ± 0.92

versus 0.50 ± 0.24, Mann–Whitney U test, P = 0.008).

Table 3 mRNA expression analysis of HIF-1a, HIF-2a, PHD3 and

ARNT in FGR women

Gene Relative mRNA expression

›› (%) — (%) flfl (%)

HIF-1a 5/20 (25.0) 6/20 (30.0) 9/20 (45.0)

HIF-2a 3/20 (15.0) 11/20 (55.0) 6/20 (30.0)

PHD3 3/20 (15.0) 4/20 (20.0) 13/20 (65.0)

ARNT 3/20 (15.0) 11/20 (55.0) 6/20 (30.0)

›, overexpression; —, normal expression; fl, reduced expression.
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Moreover, FGR cases with birthweights lower than the

0.5 centile (11/20 samples) had higher PHD3 mRNA levels

compared with FGR pregnancies with birthweights higher

than the 0.5 centile (9/20 samples) (1.97 ± 0.77 versus

0.30 ± 0.08, Mann–Whitney U test, P = 0.029). Addition-

ally, FGR pregnancies with abnormal UA Doppler (8/20

samples) exhibited increased PHD3 mRNA expression lev-

els compared with FGR cases with normal UA Doppler

(12/20 samples) (2.28 ± 0.92 versus 0.37 ± 0.13, Mann–

Whitney U test, P = 0.034). Finally, HIF-1a mRNA levels

were decreased in FGR specimens with birthweights lower

than the 0.5 centile (11/20 samples) compared with FGR

pregnancies with birthweights higher than the 0.5 centile

(9/20 samples) (0.99 ± 0.29 versus 1.87 ± 0.73, Mann–

Whitney U test, P = 0.039).

There was no statistically significant association between

HIF-1a placental mRNA levels and gestational age at

delivery or UA Doppler measurements. Additionally, no

statistically significant associations were observed regarding

HIF-1a or PHD3 placental mRNA levels and maternal age,

BMI, smoking habits, weight gain, gender of the child and

parity. Finally, the transcription levels of the other two

genes studied (HIF-2a and ARNT), did not exhibit any sta-

tistically significant associations with the pathological

parameters.

Using Spearman’s rank test, we tested the co-expression

pattern of the four examined genes in a pairwise manner

in the FGR samples (after normalisation). This test exam-

ines whether two molecules are upregulated or downregu-

lated together (positive association), or whether when one

is overexpressed the other has reduced expression (negative

association). The results indicated that HIF-1a is positively

associated with PHD3 and ARNT [correlation coefficient

(CC) = 0.58, P = 0.007; CC = 0.83, P < 0.001, respec-

A B

C D

Figure 2. Box and whisker plots depicting statistically significant associations of PHD3 placental mRNA expression with various clinical parameters in

FGR-affected pregnancies. (A) PHD3 expression is decreased as gestational duration is elongated [1.32 (2.64) versus 0.28 (0.45), P = 0.008]. (B) PHD3

mRNA levels are lower in FGR specimens with birthweights in higher centiles [1.32 (2.90) versus 0.28 (0.42), P = 0.029]. (C) PHD3 is downregulated

in FGR samples with normal umbilical artery (UA) Doppler measurements [1.32 (3.14) versus 0.27 (0.38), P = 0.034]. (D) PHD3 mRNA levels are

decreased in FGR samples with vaginal delivery [0.72 (1.33) versus 0.09 (0.22), P = 0.024]. All values are presented as medians [interquartile range

(IQR) = Q3–Q1]. The thick line near the centre of each rectangular box represents the median value, the bottom and top edges of the box indicate

the first (Q1) and third (Q3) quartiles, and the ends of the whiskers depict the tenth (P10) and 90th (P90) percentiles. Statistical analysis was conducted

with a two-tailed Mann–Whitney U test.

PHD3 downregulation in FGR placentas
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tively], PHD3 is positively associated with ARNT

(CC = 0.47, P = 0.038), whereas HIF-2a mRNA expression

is not associated with HIF-1a, PHD3 and ARNT transcrip-

tion levels (CC = 0.02, P = 0.94; CC = 0.06, P = 0.82; and

CC = 0.10, P = 0.66, respectively).

In FGR-affected pregnancies for which a caesarean sec-

tion (13/20 samples) was performed, increased PHD3

mRNA levels were observed compared with FGR pregnan-

cies with a vaginal delivery (7/20 samples) (1.64 ± 0.61 ver-

sus 0.19 ± 0.07, Mann–Whitney U test, P = 0.024).

Finally, according to power and sample size calculations,

our study had 83.8% power to find the statistically signifi-

cant associations that were observed. Interestingly, only 18

samples and controls were needed in order for our study

to have 80% power.

Discussion

In the present study, we found PHD3 expression in FGR

placentas to be downregulated, a finding that differs from

the reported PHD3 mRNA levels in pre-eclamptic pla-

centas.23 It has already been established that increased oxi-

dative stress in the pre-eclamptic placenta is associated

with altered proteosomal activity and protein patterns.24–26

A similar stress, although of different severity, has been

reported in FGR placentas.27 We suggest that reduced

PHD3 expression is an impaired hypoxic response of pla-

cental cells that occurs in order to activate HIFs. It is also

known that vaginal delivery is associated with higher stress

to the fetus.28,29 The impact of this stress on PHD3 expres-

sion is additionally revealed by our findings, as among

FGR cases that exhibited PHD3 downregulation, those with

a vaginal delivery exhibited decreased PHD3 expression

compared with those delivered by caesarean section.

This study also demonstrated a less profound downregu-

lation of HIF-1a compared with PHD3, whereas HIF-2a
and ARNT mRNA levels showed no significant differences

compared with controls. According to the literature,

HIF-1a and -2a mRNA expression is not altered in

FGR-affected pregnancies,30 although an increase in protein

levels, especially for HIF-2a, has been observed as a result

of post-translational modifications.31 In contrast, in pre-

eclampsia, both HIF-1a and HIF-2a are overexpressed.32–34

There is also evidence to suggest that the impairment of

protein degradation rather than increased synthesis causes

the inadequate oxygen-dependent reduction of HIF-1a pro-

tein in pre-eclamptic placentas.25

Based on the above data, we assume that the regulation

of HIFs in the placentas of FGR-affected pregnancies is

mainly achieved through protein stabilisation (post-transla-

tional modification),17 which could explain why we did not

observe large-scale variations in the expression levels of

HIFs. Although HIF-1a mRNA appeared to be slightly

downregulated, we considered HIF-1a to be more active

through minimal proteosomal activity, implying a decrease

in HIF-a degradation. HIF-1a downregulation could proba-

bly be explained as a result of co-expression with PHD3,

because these two molecules share a positive internal feed-

back mechanism.35 Regarding ARNT, it is well documented

that it is constitutively expressed.36,37 Consequently, we did

not expect to observe alterations in its mRNA expression.

From the above we deduce that, although our mRNA data

should have been accompanied by experimental work con-

ducted at the protein level, in order to verify and

strengthen our observations, our results still indicate that

the HIF/PHD pathway is deregulated in the placenta of

FGR-affected women.

Notable statistical associations between PHD3 mRNA

expression and some of the pathological characteristics of

our FGR specimens were also observed. PHD3 expression

was inversely related to the gestational age at delivery.

Moreover, FGR-affected pregnancies with a birthweight

centile higher than 0.5 had decreased PHD3 expression

compared with FGR-affected pregnancies with birth weights

lower than the 0.5 centile. Additionally, PHD3 mRNA lev-

els were reduced in FGR samples with normal UA Doppler

measurements compared with FGR samples with abnormal

UA Doppler measurements. A growth-restricted fetus can

have a placenta with positive end-diastolic flow, suggesting

an adaptive pathway for the placenta in the face of utero-

placental ischemia.22 Thus, it was observed that FGR-

affected pregnancies with a less adverse outcome displayed

increased PHD3 downregulation. The severity of FGR

appears to be related to differences in the adaptation model

to hypoxia, ranging from adequate to impaired or absent

adaptation. This approach has already been suggested in

FGR cases associated with pre-eclampsia.38

It is believed that pre-eclampsia and FGR share common

components in their pathogenesis, although some disparate

findings have been described.7,39 Furthermore, it has been

suggested that FGR in pre-eclampsia represents the

response to a fetal signal stimulated by reduced placental

nutrient availability that is inadequate to overcome the

subsequent malnutrition stress. Conversely, FGR without

pre-eclampsia occurs as a result of the absence of this sig-

nal.38,40 We suggest that this model could be applied to the

FGR cases of this study. Based on our results, it can be

hypothesised that FGR babies with less severe disease pro-

duce a signal stimulated by the reduced placental nutrient

and oxygen availability, in contrast to FGR babies with a

more adverse outcome that fail to produce this signal.

Conclusion

This pilot study has demonstrated that PHD3 may play an

important role in the molecular adaptation that occurs
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during oxidative stress in FGR pathophysiology. Further

studies are needed in order to verify these results and to

investigate whether PHD3 could be used as a prognostic

marker of FGR severity.
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