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Abstract. Idiopathic pregnancy complications pose a major
threat to both maternal and fetal health worldwide. Numerous
studies have implicated the role of the renin-angiotensin
system (RAS) in the development of obstetric syndromes, since
it is crucial for the uteroplacental function. A major RAS
component is the angiotensin-converting enzyme (ACE), which
hydrolyses angiotensin I to angiotensin II, and not only
regulates arterial pressure, but also fibrinolytic activity,
indirectly, through the expression of plasminogen activator
inhibitor-1. A key functional polymorphism of the ACE gene
is the insertion/deletion (I/D) polymorphism, which affects
gene expression and product levels, and can therefore lead to
high blood pressure and/or reduced fibrinolytic activity. These
can cause major pregnancy complications, such as
preeclampsia, recurrent pregnancy loss and preterm birth.
This review discusses how the ACE I/D is associated with
susceptibility towards pregnancy complications, on its own or
in combination with other functional gene polymorphisms
such, as the angiotensin II receptor type 1 (ATIR) Al1166CC,
angiotensin Il receptor type 2 (AT2R) G1332A, plasminogen
activator inhibitor-1 (PAI-1) 4G/5G, matrix metallopeptidase-
9 (MMP-9) C1562T, angiotensinogen (AGT) M235T, renin
(REN) 83A/G, factor XIII (F13) Val34Leu and endothelial
nitric oxide synthase (eNOS) 4a/b.
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Most  pregnancies worldwide reportedly progress
uneventfully, however, up to 10-15% of pregnant women
may experience pregnancy complications, which may
threaten both their own as well their fetus’ health or even life
(1, 2). Major obstetrical complications can be triggered by
health problems women face before pregnancy or conditions
that arise during gestation. There are several factors that
cause pregnancy complications, including some that are
idiopathic or genetic, therefore, their prior knowledge may
alert the obstetrician-gynecologist to adopt preventive
measures (1, 2).

Mounting evidence in recent years has revealed a key role
of the Renin-Angiotensin System (RAS) in normal
gestational development as well in major obstetric
complications, in addition to its classical role in regulating
blood pressure and electrolyte balance (3, 4). While most
RAS components increase during a typical normal pregnancy
due to hormonal changes contributing to the regulation of the
uteroplacental blood flow, embryo implantation and
placentation (3-5), the angiotensin-converting enzyme (ACE)
is the only major RAS component that declines naturally (4).

In addition to its indirect role in blood pressure by
converting angiotensin I to angiotensin II, ACE is also
responsible for the balanced cooperation between the
processes of coagulation and fibrinolysis during gestation in
uncomplicated pregnancies (6, 7). In cases of abnormally
high expression due to certain genetic variants, the balance
between coagulation and fibrinolysis becomes disturbed and
the pregnancy may enter a high-risk territory for the
development of some major obstetrical complications (3-9).
Recent evidence suggests that most of these high-risk
pregnancies may be anticipated and managed using
prophylactic measures, especially if there is involvement of
ACE, the central player of the RAS system.
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The most common and well-studied polymorphism in the
ACE gene is the insertion/deletion (I/D) polymorphism,
which may result, respectively, in lower or higher
concentrations of the circulating ACE and, thus, in different
levels of enzymic activity (10, 11). Increased ACE activity
results in reduced fibrinolysis and increased risk of
thrombosis, alongside with elevated blood pressure. All these
can negatively affect the uteroplacental health status and thus
the outcome of the pregnancy itself (5-7, 10, 12).

In order to receive proper medical attention at an early
stage, it is important that the genetic predisposition of a
woman towards obstetric syndromes is estimated by the
usage of established molecular markers. The current review
will discuss findings regarding the role of the ACE I/D
polymorphism in major obstetrical syndromes, including
preeclampsia, recurrent pregnancy loss, preterm birth and its
influence in the health status of premature neonates.
Furthermore, this study will shed some light on how the ACE
I/D may affect the susceptibility towards the above
complications when combined with other well-studied
polymorphisms of other genes.

The Renin — Angiotensin System (RAS)

One of the most significant systems controlling homeostasis
and function in the human body is RAS, a signaling cascade
that plays a key role in the regulation of arterial pressure,
electrolyte balance, extracellular fluid volume, tissue perfusion,
inflammation and fibrosis (4, 12). RAS responds independently
in many organs, but it can function locally either in an
autonomous manner or in cooperation with the circulating RAS
in order to regulate cell growth, differentiation and function, as
well as to participate in inflammatory responses (5, 13, 14).

The activation of the RAS, which may raise blood
pressure by almost 30 mmHg, is triggered by loss of blood
volume, a sudden drop in blood pressure in cases of
haemorrhage or dehydration, or decreased filtration flow rate
(15). All those cases stimulate the macula densa, a region of
specialized epithelial cells that are tightly packed in the
kidney and are included in the juxtaglomerular apparatus
(16). That stimulation results in the signal transduction
towards the juxtaglomerular epithelioid cells, which are
located in the medial layer of renal afferent arterioles and
synthesize, store and release renin (Figure 1). Renin is an
enzyme consisting of 340 amino acids (aa) in its active form.
Once it is released into the bloodstream, renin cleaves
angiotensinogen (AGT), a 453 aa a-2-globulin of the serpin
family that is naturally produced by the liver and released
into the circulatory system (14, 17). Renin hydrolyses AGT
into angiotensin I (Ang I), which is then converted into
angiotensin II (Ang II) by ACE, a zinc metallopeptidase
bound to the plasma membrane of vascular endothelial cells
mostly in lungs and kidneys (14, 18).
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Ang II is a multifunctional octapeptide hormone that
stimulates events, such as narrowing of blood vessels,
contraction of smooth muscle cells, renal retention of sodium
and water, sympathetic nervous system activity, and
aldosterone secretion by the adrenal glands (15). Ang II exerts
its effects by binding to angiotensin II type 1 receptor (AT1R)
and angiotensin II type 2 receptor (AT2R). Both receptors
belong to the G protein-coupled superfamily of receptors
(GPCRs) (19). ATIR is the paramount angiotensin receptor,
accounting for most of Ang II signalling and hemodynamic
effects (4, 20), while AT2R is mainly expressed in fetal tissues
and in the reproductive tract of adults (5).

At a later stage, angiotensin II is degraded into the
heptapeptide angiotensin (1-7) by the angiotensin converting
enzyme 2 (ACE2), another transmembrane zinc metallopeptidase
similar to the ACE but with a different substrate specificity (21).
ACE2 combats the effects of Ang II through the activation of
the G protein-coupled MAS receptor by its product Ang (1-7),
which may be found both in the plasma and tissues (21, 22).

The Role of RAS in Pregnancy

RAS is altered in gestation due to endocrine secretions from
the ovary, placenta, and decidua (3, 4). More specifically,
during early stages of pregnancy estrogen-induced rise in
AGT levels directly leads to an increase in the levels of
released angiotensin II (3). Expression of RAS components
takes place in the uteroplacental unit, indicating the
importance of its local function. The uteroplacental RAS
contributes highly to the regeneration of the endometrium
after shedding, to decidualization, implantation and
placentation (5). In addition, local RAS is also involved in
the synthesis of prostaglandin, the secretion of oestradiol and
the blood flow regulation of the uterus and the placenta (5).

The Angiotensin-converting Enzyme (ACE) and its
gene

ACE is a type I transmembrane monomeric glycoprotein that
acts as a zinc metallopeptidase to catalyze the conversion of
Ang I to Ang II as a major component of RAS (14, 21). In
addition, it degrades bradykinin and substance P, two local
inflammatory mediators (14, 21). The gene encoding
angiotensin-converting enzyme ACE, consists of 25 introns
and 26 exons, it is 21 kb long and is located in the long arm
of chromosome 17 (locus 17q23.3) (23). ACE derives from a
tandem duplication of an ancestral gene; therefore, exons 4-
11 and 17-24 encode a two-domain protein with an N-domain
and a C-domain (23, 24). There is a signal peptide at the N-
terminus of the enzyme, which is essential to break through
the endoplasmic reticulum, while the C-terminal domain
contains a hydrophobic transmembrane anchor. The catalytic
activity of the membrane-anchored ectoenzyme ACE is
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Figure 1. The various functions of the renin-angiotensin-system (RAS). Released into the bloodstream by the kidney, renin cleaves angiotensinogen,
which is produced in the liver, and converts it to angiotensin I. The angiotensin-converting enzyme (ACE), which is mostly present in the lungs and
kidneys, converts angiotensin I into angiotensin I1. After binding to its receptors ATIR and AT2R in several tissues, angiotensin Il stimulates various
events, such as smooth muscle cell vasoconstriction and narrowing of blood vessels, increased sympathetic nervous system activity, and stimulation
of the adrenal cortex, to secrete the hormone aldosterone that promotes renal retention of salt and water.

determined by the M2-type zinc metallopeptidase motif
HisGluXXHis, with a glutamate approaching the C-terminus
by 23-24 residues. The histidine residues and the glutamate
are the ligands for the zinc cofactor (Zn*z), which is
mandatory for the catalytic capacity of ACE (24).

The Insertion/Deletion (I/D) Polymorphism
in the ACE Gene

The most common and significant DNA polymorphism
detected in the ACE gene is the I/D polymorphism
(rs4646994) (10, 25). The I/D polymorphism is an insertion
or deletion of a 287 bp fragment in intron 16 (10, 25). The D
allele is associated with elevated plasma ACE levels and,
thus, with enhanced ACE activity (11) More specifically, the
homozygotes for the D allele (D/D) tend to have twice higher
levels of the encoded enzyme circulating in blood plasma in
comparison with individuals homozygous for the I allele (I/T),
which is linked to the lowest ACE levels (26). Finally, the
heterozygotes (I/D) have been shown to have intermediate
concentrations of the ACE in plasma and tissues (27).

Effects of Elevated ACE Levels During Pregnancy

It is well known that after the coagulation system senses an
outbreak of bleeding due to vascular damage, the fibrinolytic
system clears the vascular obstructions (28). Thus, abnormal
changes in fibrinolytic activity and imbalance between the
fibrinolysis and coagulation pathways are very likely to
disrupt the pregnancy’s normal development, especially since

hypercoagulability occurs naturally during pregnancy,
increasing the possibility of fibrin generation (6, 7, 28). ACE,
in particular, plays a fundamental role in in the fibrinolysis
pathway (Figure 2) by influencing the levels of plasminogen
activator inhibitor-1 (PAI-1), which is the main controller of
the fibrinolytic process, in addition to PAI-2, which is
expressed in the placenta (9). Since the ACE I/D and D/D
genotypes lead to elevated ACE concentrations in blood and
tissue (27), their influence results in higher expression of PAI-
1. Consequently, levels of fibrinolysis are decreased, leading
to the conclusion that ACE may act as a hypofibrinolytic
factor if its expression is not normally low (6, 7). Quite the
reverse, the overexpression of PAI-1, due to elevated ACE
concentration, may lead to thrombotic incidents (10).
Uteroplacental RAS is responsible for local vascular
resistance and blood flow, since plasma renin concentration
is increased during pregnancy culminating during the first
trimester (5). The placental blood flow may be reduced
through angiotensin II in pregnancies that are complicated
by high blood pressure conditions, such as preeclampsia (5,
29). Thus, the delivery of nutrients and oxygen to the fetus
will be insufficient, negatively influencing its development
and increasing the mother’s risk of developing further
complications like dysfunctional bleeding, endangering the
course and outcome of the pregnancy (5, 29). Therefore, the
D allele of the ACE I/D polymorphism might influence the
uteroplacental and umbilical flows, as shown by a study of
women who had previously experienced preeclampsia during
different gestation stages (30). According to this study’s
findings, women carrying the D/D ACE genotype tended to
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Figure 2. The roles of angiotensin converting enzyme (ACE) and
plasminogen activator inhibitor-1 (PAI-1) in pregnancy through the
interaction of the RAS with the fibrinolysis pathway. ACE converts
angiotensin I to angiotensin II and indirectly regulates the expression
of PAI-1 which is the predominant inhibitor of tissue plasminogen
activator (tPA) and urokinase. Inactive plasminogen is converted to
active plasmin by t-PA and urokinase. Plasmin degrades fibrin and its
degradation products act competitively against the process of
fibrinogenesis delaying clot formation.

have significantly higher uterine artery resistance indexes
compared to those carrying the I/I genotype, while women
with I/D genotype had intermediate indexes (30). In addition,
the values of umbilical artery pulsatility in women with the
D/D genotype were indeed higher compared to women of the
I/D and I/T group (30).

The ACE 1/D Polymorphism in Pre-eclampsia

Presented as a pregnancy complication, preeclampsia (PE) is
an idiopathic multisystem condition characterized by new-
onset hypertension (=140/90 mmHg), combined with
proteinuria (=300 mg/24 h) after 20 weeks of gestation (31,
32), in addition to renal and placental morphological
anomalies (4). PE is a primary cause of fetal and maternal
morbidity, since it occurs in about 10% of pregnancies (33,
34). Depending on blood pressure levels, PE can be
classified as mild or severe and by the onset-time of clinical
symptoms as early (<34 weeks) or late (=34 weeks) (35).
Early PE includes abnormal placentation and maternal
complications, while late PE is often milder and is related to
pre-existing conditions of the mother’s health, like diabetes
mellitus (35). Having experienced PE, mothers are in a
greater risk of developing cardiovascular and renal diseases
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or diabetes during later stages of life, with the same risk
level applying to the newborns, too (32).

PE belongs to the spectrum of hypertensive disorders with
many genes contributing to its development, but the
malfunction of RAS plays a central role in its pathogenesis.
Especially, the elevated levels of the key RAS enzyme ACE
due to the D allele of the I/D polymorphism may be
devastating. Histological findings of placental villi disruption
and abnormal umbilical cord formation have been detected in
women with the D/D genotype that experienced PE (36, 37).

According to three studies involving cumulatively about
1900 women from Brazil, Mexico and China, the D allele
variant is the predominant one among preeclamptic women
compared to the normotensive groups, suggesting that the
D/D genotype may serve as a molecular marker for women
at risk for PE (34, 36, 38). Other factors that might
contribute to PE pathogenesis, when coupled with the I/D
polymorphism, are body mass index (BMI) and oxidative
damage (36). In contrast, two other studies have failed to
show the combined effect of ACE 1I/D with polymorphisms
in G protein subunit Beta 3 (GNB3) and estrogen receptor 1
(ESR1) genes in the occurrence of PE (35, 39).

Furthermore, four studies have analysed the combined
effect of ACE I/D and ATIR A1166C polymorphisms in PE
development but they only observed a strong association of
the I/D polymorphism with PE susceptibility (33, 40-42). One
of them has reported that the DD genotype is common in
preeclamptic women with severe proteinuria, renal
dysfunction and high serum uric acid (41), while another
study has found that the ID genotype is common in patients
with mild PE and a decrease of the total antioxidant capacity
(42). It seems that the combined effect of several
polymorphisms with the ACE 1/D, including ATIR A1166C,
AT2R GI1332A and matrix metalloproteinase 9 (MMP-9)
C1562T, contributes to the risk of preeclampsia pathogenesis.
Particularly, this occurs when the AT2R G allele interacts in
an epistatic way with each one of the ACE D, ATIR C, and
MMP-9 T alleles (43). The risk of PE is highly increased
when there are certain combinations of both the maternal and
fetal genotypes, as shown by a study of preeclamptic mothers
and their newborns that reported the importance of ACE 1/D,
ACE A2350G, AGT Met235Thr, ATIR A1166C and REN
83A/G polymorphisms (44).

The ACE I/D polymorphism in recurrent
pregnancy loss

Recurrent pregnancy loss (RPL), recurrent miscarriage (RM) or
habitual abortion, involves three or more consecutive pregnancy
losses before the 20™ week of gestation (45, 46). RPL is one of
the most severe pregnancy complications, affecting about 15%
of all pregnancies and representing a challenge for up to 2% of
reproductively active women (45, 46).
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The etiology of RPL is still unclear since it is a multifactorial
disorder affected by the interaction of environmental and
genetic factors, such as gene polymorphisms, chromosomal
anomalies and, in some cases, by inherited or acquired
thrombophilia (10, 47, 48). Abnormalities in fetal implantation
and development, and most importantly in placental and fetal
vasculature, may lead to gestational disturbance and eventually
miscarriage (47). In fact, pregnancy complications and up to
60% of spontaneous abortions are considered to be
thromboembolic incidents (49).

Based on the previously described biological role of RAS
in pregnancy and in the light of the close relationship
between ACE and plasminogen activator inhibitor-1 (PAI-1),
which is crucial for fibrinolysis and embryo implantation
(Figure 2), it is not surprising that the ACE 1/D
polymorphism may be a potential susceptibility factor for
RPL (7, 10,47, 50). The ID and DD genotypes are linked to
enhanced ACE levels leading to higher expression of PAI-1.
The latter causes fibrin to accumulate in spiral arteries and
within the intervillous spaces, increasing the risk for
perfusion that may lead to gestational loss (6).

When it comes to investigating the influence of the ACE
I/D polymorphism in RPL occurrence, ethnicity must be
taken into consideration since the results vary accordingly.
More specifically, a meta-analysis of 26 case-control studies
showed a strong linkage between the ACE 1I/D polymorphism
and higher RPL developing risk in Caucasian and West Asian
women but not in East Asian (10). Additionally, it has been
estimated that south-eastern Turkish women who carry the
ID and DD genotypes of the polymorphism face a 72%
elevated risk for RPL occurrence (7). The association
between the D allele and elevated risk for RPL also derives
from the results of a meta-analysis of 3,357 women, as well
as from a smaller study of 127 Chinese RPL cases, which
indicated the same strong linkage between the ID and DD
genotypes and recurrent pregnancy loss (47, 50). On the
contrary, two other studies have suggested lack of
association between the ACE I/D polymorphism and RPL
risk in Saudi and Slovenian women (6, 51).

Some studies have investigated the possible association of
RPL with the coexistence of the ACE I/D and a number of
other well-studied polymorphisms. A study in Korean
women has reported that ACE /D, ATIR A1166C and AGT
M235T polymorphisms conferred a combined increased risk
for idiopathic RPL (52). Additionally, another study has
observed a significant influence of the ACE DD genotype in
ATIR C allele carriers regarding the risk for 15 trimester
fetal loss (53). Three studies in Polish, American and Korean
women have reported that there was no association between
the coexistence of the ACE I/D and PAI-I 4G/5G
polymorphisms with the risk for RPL (54-56). Another study
of 49 unrelated Caucasian women has detected a strong
association between RPL susceptibility and the combination

of the ACE DD genotype and the PAI-1 4G and/or FI3
34Leu alleles. In fact, it is mentioned that the determination
of the latter polymorphisms is guaranteed to rank women
positive in a high-risk group for RPL (57).

The ACE 1/D Polymorphism in Preterm Birth

Preterm birth (PTB), also known as premature birth, can be
described as the birth of an alive neonate, prior to the
completion of the 37 weeks of pregnancy. Globally, newborn
mortality, morbidity, and hospitalization are predominately
adverse consequences of preterm delivery (58). It is
estimated that more than 1 million preterm neonates die each
year of various PTB complications, a figure which accounts
for about one third of neonatal deaths (59). Many PTB
survivors have visual and hearing problems and, in some
cases, learning disabilities later in life (59, 60).

PTB is caused by various factors, including abnormal
placentation, inflammatory conditions, gestational bleeding,
cervical and uterine abnormalities, as well as genetic factors
(61, 62). PTB has also been associated with blood pressure
dysregulation during pregnancy, involving RAS and ACE in
particular, while some studies have specifically suggested
involvement of the ACE I/D polymorphism (58, 61, 62).

A meta-analysis of 4 studies including 928 individuals
(369 PTB cases and 559 controls) has revealed a significant
association between ACE D allele carrier status and risk for
PTB in various populations (58). On the contrary, another
study in Korean women (111 PTB cases and 143 controls)
have not observed such an association (62).

The Effect of the ACE I/D Polymorphism
on the Health of Preterm Infants

Several studies have investigated the effects of the ACE 1/D
polymorphism in clinical outcomes of prematurely born
infants. A genotyping study of 85 prematurely born infants has
found an association between the ACE I/D polymorphism and
greater disease severity in the first 7 days after birth (63). More
specifically, the DD genotype seems to confer a higher
serum ACE activity and a more severe disease status (63).
On the other hand, there has been no significant association
between the ACE I/D polymorphism and arterial hypotension
in premature infants with early onset bacterial infections, as
infants with different variants (II, ID and DD) tend to have
similar indexes concerning hemodynamic parameters
contributing to arterial hypotension (64). There is also no
association of the ACE D allele with bronchopulmonary
dysplasia in ventilated low-weight preterm neonates, regarding
oxygen dependency, relative infant mortality or both (65).
Nevertheless, the ACE DD genotype leads to greater
ACE activity, which is linked to worse perinatal
cardiopulmonary adaptation in premature newborns of 29
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to 32 weeks, contributing to
cardiorespiratory disease (66).

Interestingly, the combined effect of the ACE I/D and the
endothelial nitric oxide synthase 3 gene (eNOS) 4a/b
polymorphisms may have a lethal outcome of underweight
preterm infants who experience intraventricular haemorrhage
(IVH). A Ukrainian study has reported that the genotype
carrier status combination of both ACE D and eNOS 4a alleles
highly increases the risk for IVH in premature newborns (67).
IVH is usually asymptomatic or slightly symptomatic and the
diagnosis requires screening cranial ultrasound (68).
Therefore, knowledge of a preterm neonate’s genotype
regarding those polymorphisms may prove to be a lifesaver in
the management of initially mild symptoms of progressive and
severe IVH, so that early treatment can be provided.

the development of

Discussion

The RAS not only plays a key role in the regulation of blood
pressure in general (12, 13, 69), but it also plays a most
significant role during gestation locally (3, 4). As a crucial
component of RAS, the ACE has a significant impact on the
uteroplacental structure and function and is, therefore, of
great importance for the deeper understanding of major
pregnancy complications.

Abnormally increased levels of ACE may be associated
with gestational complications, such as preeclampsia,
recurrent pregnancy loss, preterm birth and deteriorated
health status of prematurely born infants (10, 34, 36, 38, 47,
50, 58, 63, 66). A well-studied polymorphism of the ACE
gene, which modifies its expression and, therefore, the
quantity of the enzyme in plasma and tissue, is the I/D
polymorphism (26, 27). The D allele of the I/D
polymorphism is associated with enhanced ACE levels,
which can lead to higher blood pressure and decreased
fibrinolysis during pregnancy, exposing the uteroplacental
health at risk (5-7,11).

The investigation of the association of the ACE 1/D
polymorphism with pregnancy complications through an in-
depth study of the relevant literature has revealed that
especially the D allele is at a certain extent implicated in the
most common of complications, as discussed in this review.
The ACE DD genotype can be clearly considered as an
independent risk factor for the development of preeclampsia,
but its combination with other polymorphisms can also result
in a higher predisposition for it. Regarding preterm birth, it
has been shown that the D allele is associated with an
elevated risk for premature labour in most studied
populations (58). Preterm infants carrying the DD genotype
have higher concentrations of plasma ACE and are prone to
poor cardiopulmonary adaptation during the perinatal period
and to greater disease severity during the first days of life
(63, 66). Finally, there are conflicting reports regarding the
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possible association of the ACE I/D polymorphism with
recurrent pregnancy loss, however, these mostly describe
results from women of different ethnicity and, as such, the
matter is greatly unresolved (6, 10, 47, 50, 51).

On the other hand, the interaction between the ACE 1I/D
and the ATIR A1166C polymorphisms, and especially the
DD and CC genotypes, marks up the risk for 1st trimester
fetal loss (53). In Korean women particularly, the
coexistence of the ACE 1D, ATIR A1166C and AGT M235T
polymorphisms poses as a combinatory risk factor for
idiopathic abortion (52). Lastly, the combination of ACE
I/D, PAI-1 4G/5G and F13 Val34Leu polymorphisms, and
more specifically the ACE DD genotype with PAI-1 4G
and/or F13-34Leu alleles, is significantly associated with a
high risk for recurrent miscarriage (57). Regarding the
preterm birth spectrum, it has been observed that the
combined ACE 1/D and eNOS 4a/b polymorphisms may be
potential risk factors for neonatal mortality due to
intraventricular haemorrhage, especially in premature
underweight infants (67).

In conclusion, there is mounting evidence that the genetic
susceptibility of a woman towards major pregnancy
complications can be estimated by established genetic
markers, such as the common ACE I/D polymorphism. “It is
better to prevent than to cure” is an ageless guideline of the
father of clinical medicine Hippocrates (70). It is, therefore,
advisable that obstetricians routinely ask for prenatal
genotyping with established genetic markers associated with
major obstetrical syndromes in order to be able to provide
proper medical attention at an early stage and prevent most
of them.
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