Accepted Manuscript

Fetal chronic hypoxia and oxidative stress in diabetic pregnancy. Could fetal
erythropoietin improve offspring outcomes?

Kari Teramo, José David Pifieiro-Ramos

PII: S0891-5849(18)32642-X
DOI: https://doi.org/10.1016/j.freeradbiomed.2019.03.012
Reference: FRB 14197

To appearin:  Free Radical Biology and Medicine

Received Date: 28 December 2018
Revised Date: 26 February 2019
Accepted Date: 11 March 2019

Please cite this article as: K. Teramo, José.David. Pifeiro-Ramos, Fetal chronic hypoxia and oxidative
stress in diabetic pregnancy. Could fetal erythropoietin improve offspring outcomes?, Free Radical
Biology and Medicine (2019), doi: https://doi.org/10.1016/j.freeradbiomed.2019.03.012.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.

bronigeq pA Hej2wdiu Ajlobizfou qidifgg|Iuey gLKI2f0

AI6M W6[gqLs’ CIISIou suq 21wNgl bsbele gf TOI6 SC K pLondy fo Aon sz‘ COBE


https://core.ac.uk/display/288487198?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1016/j.freeradbiomed.2019.03.012
https://doi.org/10.1016/j.freeradbiomed.2019.03.012

4 N
DIABETIC PREGNANCY
MICROVASCULAR COMPLICATIONS
(HYPERTENSION, NEPHROPATHY, RETINOPATHY,
PERIPHERAL NEUROPATHY)

NS /
MATERNAL METABOLIC
COMPLICATIONS ALTERATIONS
Preeclampsia, Oxidative & Nitrosative
gestational stress
hypertensi_on, Hyper/Hypoglycemia
preterm birth Chronic hypoxia

!

(LJ‘( /)

-~

(™4

FETAL AND NEONATAL
COMPLICATIONS

Congenital malformations, intrauterine
hypoxia, stillbirth, abnormal growth,
Impaired cognitive function



Free Radical Biology & Medicine
Fetal chronic hypoxia and oxidative stressin diabetic pregnancy

Could fetal erythropoietin improve offspring outcomes?

Authors:
Kari Teramo MD, PhB, José David Pifieiro-Ramos MSc
Affiliations

‘Department of Obstetrics and Gynecology, Universify Helsinki and Helsinki University

Hospital, Helsinki, Finland.
’Neonatal Research Unit, Health Research InstitatEe, Valencia, Spain.

Corresponding Author

Professor Kari Teramo

Department of Obstetrics and Gynecology
University of Helsinki and Helsinki University Hoisgl
P.O. Box 700, Haartmanninkatu 2,

00260 Helsinki, Finland

E-mail: kari.teramo@hus.fi,

Phone: 358 50 4279519

Conflicts of interest

The authors of this manuscript declare not havimghang to disclose.

Key words

Fetus, chronic hypoxia, oxidative stress, diabeteBitus, pregnancy, erythropoietin



Abstract

Oxidative stress is responsible for microvasculamglications (hypertension, nephropathy,
retinopathy, peripheral neuropathy) of diabetedciwikuring pregnancy increase both maternal and
fetal complications. Chronic hypoxia and hypergiype result in increased oxidative stress and
decreased antioxidant enzyme activity. Howeverdatwe stress induces also anti-oxidative
reactions both in pregnant diabetes patients atitkin fetuses. Not all type 1 diabetes patientd wi
long-lasting disease develop microvascular comiiing, which suggests that some of these
patients have protective mechanisms against th@sgplications. Fetal erythropoietin (EPO) is the
main regulator of red cell production in the mothed in the fetus, but it has also protective ¢$fec
in various maternal and fetal tissues. This dutdctfof EPO is based on EPO receptor (EPO-R)
isoforms, which differ structurally and functionalfrom the hematopoietic EPO-R isoform. The
tissue protective effects of EPO are based onnitisapoptotic, anti-oxidative, anti-inflammatory,
cell proliferative and angiogenic properties. Reéaexperimental and clinical studies have shown
that EPO has also positive metabolic effects orelglgcemia and diabetes, although these have
not yet been fully delineated. Whether the tisptmective and metabolic effects of EPO could

have clinical benefits, are important topics fdufe research in diabetic pregnancies.

I ntroduction

Diabetes during pregnancy increases complicatioise mother, the fetus and the newborn infant.
Pregnancies in women with type 1 or type 2 diabdtage the most frequent and serious
complications, but similar complications, althoulgiss frequent and less serious, occur also in
women with gestational diabetes. Typical maternainglications in diabetic pregnancies are
preeclampsia, gestational hypertension and preterth while congenital malformations (MF),

intrauterine hypoxia, stillbirth and abnormal grovare common fetal complications. It is not quite
clear whether these complications have a commokgpagnd in diabetic pregnancies. In this

review we discuss the possible roles of chronicoligo and oxidative stress in the pathogenesis of

maternal and fetal complications in diabetic prewmness.

Oxidative stressin diabetic pregnancy

Perinatal morbidities and mortality in type 1 diabepregnancies have remained relatively

unchanged over the past 20 years. This bears edaththat the precise mechanisms that cause the



type 1 diabetes related conditions have not yet lotsarly established nor taken into account in the
clinical practice [1]. Nevertheless, the influerafehe oxidative stress, understood as an imbalance
in the redox steady states, have proved to be errdeting factor in type 1 diabetes related
metabolic pathways. Hyperglycemia results in inseelaproduction of reactive oxygen species
(ROS) through different abnormal metabolic pathwfjs The most common ROS in human
biology consist of superoxide free radicals, hy@mgyeroxide, singlet oxygen, nitric oxide and
proxy nitrite. While on the one hand both chrongpdéixia and high glucose levels result in
increased oxidative stress, on the other handdteases antioxidant enzyme activity and impairs
the endogenous antioxidant defense system [3]. tliggers a range of reactive molecules that can
produce cellular damage by free radicals and iredugbid peroxidation and nitration, protein-thiol
depletion, nucleic acid hydroxylation and nitratioBNA strand breakage and DNA adduct
formation [4] and formation of ROS [5,6]. Furthemaphyperglycemia causes an overproduction of
advanced glycation end-products (AGE) and activdtegsosamine biosynthesis [7]. Oxidant
overproduction can ensue from either enhanced emngagt of Nicotinamide adenine dinucleotide
phosphate (NAPH) oxidase through an Angiotensitype 1 receptor (AT1R)-mediated event or
excessive mitochondrial oxidant production duerteaergy surplus [8]. Consequently, both NAD
synthesis and rebuilding of glutathione (GSH) byHa®ductase are reduced. The oxidants can be
activated, at least in part, through various mdtahmathways such as polyol pathway, protein
kinase C pathway and p38-MAPK pathway and otheesstactivate kinases dependent mechanism
(including JUNK, GSK-B and potentially IKKB) [9-11]. Finally under a pro-oxidant status, a
series of redox-sensitive transcription factorshsas fetal NkB, activator protein-1 (AP-1), HIF-

lo and insulin signaling factors that regulate GLUTrdnslocation become activated ultimately
reducing the capacity for insulin-dependent gludesesport activity [12].

Erythropoietin (EPO), in addition to its regulatiaf erythropoiesis, has also anti-oxidative
properties by acting anti-apoptotic and by beimgptent scavenger of the hydroxyl, 2,2-diphenyl-1-
picrylhnydrazyl and peroxyl radicals [13]. EPO alstimulates vasculogenesis by increasing the
number of endothelial cells [13]. Angiogenesis tisnalated by low oxygen tissue content and
regulates expression of EPO, vascular endothel@ktly factor (VEGF), placental growth factor
(PGF), and angiopoietins 1 and 2 [14]. Prolonggpokia is known to be the major stimulus of
EPO production in the fetus [15]. In a study by d&sr et al, biomarkers of oxidative and
nitrosative stress in amniotic fluid (AF) clearlgreelated with AF concentration of EPO in type 1
diabetic or insulin-treated gestational diabeteegpant women [16]. Since EPO is not stored and

does not cross the placenta, elevated concentrafi@PO in fetal plasma and AF reflect EPO



synthesis and elimination, and significantly caatelwith the intensity and duration of hypoxia
[15,17]. Hence, under maternal metabolic stresssést experience prolonged hypoxia with the
subsequent inherent risks [18].

Metabolic roles of erythropoietin

In addition to the regulation of erythropoiesis atsdtissue protective properties [19], EPO effects
also glucose metabolism. ERf@creases blood glucose levels both in non-diabetican subjects
and in rodents with diabetes [20,21]. Recombinamidn EPO (rHUEPO) prevents diabetes in mice
by promoting anti-apoptosis, anti-inflammation,| gbliferation and angiogenesis in pancreftic
cells [22,23]. EPO-receptors (EPO-R) are preseth oo human and rat pancreatic islets [24],
which suggests that EPO can profecells from apoptosis and possibly even preveriieatzs [25].
Experimental studies in rodents have shown that E&RiDces insulin resistance via regulation of
EPO-R-mediated signaling pathways [20,26]. EPO-Rroopiomelanocortin (POMC) neurons in
the hypothalamus regulate food intake and energyemditure both in rodents and in humans
[22,27]. During hypoxia glucose metabolism is redged via POMC neurons [28]. EPO-Rs are
highly expressed in these neurons, which suggésts EPO has several favorable effects on
hyperglycemia [22,27]. EPO also decreases inflanomain white adipose tissue in animal models

and normalizes insulin sensitivity in humans [22].

Mater nal complications

The pathogenesis of diabetic microvascular comiiiina is extremely complicated involving
several different pathways resulting in oxidativeess and ROS formation [2]. Hypertension,
diabetic nephropathy and/or retinopathy are esfyeamportant complications in pregnant diabetic

women, because of potential serious complicatioribd fetus and the newborn infant.

Diabetic hypertension

Maternal and fetal endothelial dysfunction haverbeeidenced in type 1 and in type 2 diabetes,
and also in gestational diabetes [29,30]. One ef ost common disorders associated with
hypertensive state during pregnancy is preeclampsponsible for severe perinatal morbidity. The

production of various mediators implying the cawdiscular and renal systems such as



inflammatory factors (e.g. TNE; IL-6), AT1IR and ROS perturb the vascular homesstand
mediate endothelial dysfunction in pregnant wom&h|.[ Furthermore, nitrosative stress increase
nitration of proteins in pregnant women with gdstal diabetes, leading to endothelial and
vascular dysfunction both in placental vesselsiartie umbilical vasculature [32]. These changes
together with maternal metabolic alterations incgke, fatty acid, amino acid and placental ion
transport mechanisms contribute to enhancing Fstabxia and acidosis and may lead the fetus into
a catabolic state with deleterious postnatal camseces.

Diabetic nephropathy

Hyperglycemia, duration of diabetes and hypertansice risk factors for diabetic nephropathy.
Several studies have shown that improvement ofogleicontrol will decrease the development of
diabetic nephropathy [33,34] but presently theeeray known methods that could cure or prevent
diabetic nephropathy. Both experimental and huntadies suggest that hyperglycemia and renal
hypoxia are the leading causes of diabetic neplingd85]. Mechanisms by which hyperglycemia
can cause renal damage have recently been desdB6&dBriefly, hyperglycemia can cause
activation of vasoactive, inflammatory and fibratigtokines, increase formation of ROS and AGE,
which all can decrease renal function, cause retmattural damage and finally lead to end-stage

renal disease.

Antioxidants prevent or ameliorate hyperglycemidaworable effects in the kidneys and vascular
endothelium in experimental diabetes [37,38]. kdé@ngly, not all diabetics with a long-lasting
duration of the disease develop microvascular cmaipbns [39]. The Joslin Medalist Study has
revealed that occurrence of diabetic nephropathyetnopathy did not correlate with glycemic
control in some diabetic patients over a long peobtime in contrast to the majority of diabetics
with a much shorter duration of the disease [4BjsTsuggests that some of the type 1 diabetics
have protective mechanisms against developmentbétic nephropathy [36]. Both vitro andin

vivo experimental studies have shown that high gluceselts in ROS generation in renal tubular
cells and that EPO can prevent this ROS generddith A more recent study has shown that
exogenous EPO has protective renal effects in gpdiabetes mellitus patients with diabetic
nephropathy [42]. However, the authors of a reacsgtia-analysis concluded that exogenous EPO or

other erythropoiesis stimulating agents did noagéhe progression of nephropathy [43].



Diabetic retinopathy

Hypoxia induces EPO expression in the retina [44] axogenous EPO administration protects
retinal neurons from acute ischemia-reperfusionrinj45]. High concentration of EPO has been
observed in the vitreous fluid of patients withlzkéic retinopathy [46]. This has led to controversy
whether high levels of EPO in the eye of diabetaepts with proliferative retinopathy is a
pathogenic cause of diabetic retinopathy [47] oretubr these high levels of EPO is a
compensatory neuroprotective mechanism of the aef@#8]. Importantly, both preclinical and
clinical studies suggest that EPO may actually hlbeeeficial effects on diabetic proliferative

retinopathy [49].

The placentain diabetic pregnancies

Previous studies have suggested that fetal contiplisain type 1 diabetic pregnancies are mainly a
result of placental structural abnormalities andction [50,51]. However, a recent study using
more sophisticated methods, found only minimalcitmal differences between placentas of type 1
diabetic and healthy non-diabetic pregnancies [H2portantly, villous surface area, placental
capillary surface area and villous membrane thisknaere not altered in type 1 diabetic
pregnancies. It is very unlikely that the increadedjuency of fetal chronic hypoxia in diabetic
pregnancies is caused by placental structural @sawgh the exception of fetal intrauterine growth

restriction caused by diabetic nephropathy andypetension.

Fetal and neonatal complications
Congenital malformations

Congenital malformations are 3-4 times more fretjuetype 1 diabetic pregnancies than in normal
pregnancies [53,54]. Although poor glycemic contfogh HbA. levels) during the first trimester
of pregnancy is associated with an increased risketal MF [54], the exact pathogenetic
mechanism of fetal MF is not well understood. Mdékely the pathogenesis of fetal MF is
multifactorial, including hyperglycemia, hypoxic caendoplasmic stress, which induce oxidative

stress and increased production of ROS (for regesvEriksson and Wentzel 2015) [55].

Abnormal fetal growth



Fetal overgrowth is the most common fetal compiicain type 1 diabetic pregnancies with high
frequencies of birth weights over 2 SD-units abthee mean of the background population [1,56].
Chronic fetal hyperinsulinemia in euglycemic Rhesosnkeys results in fetal overgrowth and
organomegaly [57]. Fetal birth weight z-scores elate directly with fetal insulin levels [58] and
with fetal EPO levels [59], which indicates thataleovergrowth is often associated with chronic
fetal hypoxia. Small-for-gestational age fetusesuodess frequently in pregestational diabetic
pregnancies compared with the general populatiecalse relative birth weights are shifted to the
right also among growth restricted fetuses [60]wigeer, amniotic fluid EPO levels correlate with
birth weight z-score in a U-shaped fashion in t§pdiabetic pregnancies [59]. Amniotic fluid EPO
correlates negatively with birth weight z-score dvel-0.6 SD-units, which implies that these
newborn infants are actually growth restricted anhdsk of chronic hypoxia.

Perinatal mortality

Perinatal mortality is presently 4-5 times higheboth type 1 and type 2 diabetic pregnancies than
in the general populations [61,62]. Pregestatiahabetes is an independent risk factor for late
stillbirths [63]. Before fetal electronic surveilee methods were available, stillbirths increased
linearly during the last weeks of type 1 diabetiegnancies reaching 20% at 40 weeks of gestation
[64]. It can be assumed that the basic factorgHertendency of increasing stillbirths towards the
end of type 1 diabetic pregnancies, although poarhderstood, have not disappeared.
Approximately half of the stillbirths in these greancies occur before 30 weeks of pregnancy [18].
These stillbirth fetuses are in most cases growttricted due to maternal hypertension and/or
diabetic nephropathy, which suggests placentafficg@ncy (decreased nutrients and oxygen to the
fetus) as the etiologic factor. In contrast, atérweeks of gestation stillbirth fetuses are uguall
overgrowth, but unexpected stillbirths occur alsmoag normal weight fetuses [18]. The etiology
of late stillbirths in diabetic pregnancies is miistly chronic intrauterine hypoxia caused by feta
hyperglycemia and hyperinsulinemia as indicatedhlgh amniotic fluid and fetal plasma EPO
levels [59,65].

Chronic fetal hypoxia

Chronic hypoxia is associated with oxidative androsative stress. The fetus can adapt to
reductions in oxygen delivery without life-threatesn damage but with reduced somatic growth

[66]. Interestingly enough, fetal oxygen delivesytihe same but the glucose transfer to the fetus is
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decreased resulting in fetal hypoinsulinemia arndeased fetal lactate levels [67]. Nonetheless,
under these circumstances the fetus becomes ingBakypoxic and acidotic due to the increased
anaerobic metabolism of glucose, and the fetusesdar into a catabolic state with long-term

postnatal consequences [68].

Hyperinsulinemia during constant glucose conceiotmaincreases glucose oxidation and a fall in
the arterial oxygen content both in adult human argerimental fetal sheep studies [69,70].
Moreover, hyperinsulinemia in the fetal sheep iases blood flow to the carcass but decreases
blood flow to the placenta, which further enhaniegal hypoxia [71]. Hyperglycemia in fetal sheep
results also in increased oxygen consumption, de@ease in arterial oxygen content and in an
exponential increase in fetal EPO concentratior}. [A2similar exponential increase in fetal EPO
concentration at birth was observed in type 1 dedberegnancies when umbilical artery,déll
below 2.0 kPa [59].

Increased fetal plasma and amniotic fluid level&BD are observed in approximately 14% of type
1 diabetic pregnancies [59], which gives furthelidemce that fetal chronic hypoxia often
complicates these pregnancies. There are multiptemmal and fetal factors that can cause alone or
in combination fetal hypoxia, and ultimately fed¢mise in diabetic pregnancies. High HbA
concentration shifts the maternal oxyhemoglobirsatisation curve to the left, which hampers
oxygen delivery to the fetus. During maternal ketdasis the oxygen delivery to the fetus is even
further reduced, especially during the recoveryigoerexplaining the high stillbirth rate during
maternal ketoacidosis [73]. Ante- and intrapartwatalf heart rate changes, cord blood acidosis at
birth and low Apgar scores, all associated withalfétypoxia, occur more frequently in type 1
diabetic pregnancies, especially in women with pgbrcemic control, than in non-diabetic
pregnancies [56,74—76]. It is possible that plamleabruption is more common among diabetic

pregnancies, at least in pregnancies with largeyéstational fetuses [77].

The fetus adapts to chronic hypoxia by redistrifitits cardiac output in order to maintain
adequate blood flow to the brain and heart andhbgelsing its EPO synthesis in order to increase
its red cell production and oxygen-carrying capacftblood.

Prolonged hypoxia triggers the activation of traipgmon factor HIFs in several fetal tissues. This
master regulator of hypoxia response is a heterdintranscription factor comprising of Hlé&l
and HIF-3 subunits. In the presence of oxygen, the enzymolglghydroxylase modifies HIFd in
proline sites within two oxygen-dependent degrastatdomains. This modification in Hlkl

facilitates the ubiquitination for its degradatidtny the proteasome [78]. Under conditions of



hypoxia, the enzyme proline hydroxylase is unablenbdify HIFlo, which is translocated to the
nucleus where it binds to the hypoxia response atsn(HRES) in the regulatory region of a
number of genes, and stimulates the transcriptidhedvefg gene andpo genes and other hypoxia

response genes [79].

In addition to regulating erythropoiesis, EPO hasue-protective properties and repairing effects
[19,80]. The tissue-protective effect of EPO iault of EPO-R isoforms, which differ structurally

and functionally from the erythropoietic EPO-R mwh. EPO levels needed for tissue-protection
are 100-1000 times greater than EPO levels neemtedrythropoiesis [19]. Local EPO synthesis

has also been shown to take place in the fetah j&di], which is another adaptive fetal response
against hypoxia. Exogenous rHUEPO crosses the Hlomid barrier in concentrations known to

cause tissue protection in the fetal sheep [82hdphyxiated newborn infants high EPO levels in
the cerebrospinal fluid correlate with simultandgusbtained neonatal plasma EPO levels [83].
Exponential increases in amniotic fluid EPO conidns have been shown in pregnancies
complicated by hypertension or type 1 diabetes 8#9, Over 10,000 mU/ml EPO plasma

concentrations have been measured in the cord lbbdth of asphyxiated newborn infants [84].

Although the exact reason for these high fetal E€dDcentrations are unknown, we have
hypothesized that the fetus increases its EPO ssgistldluring chronic hypoxia in order to protect its
brain and other vital organs against deleterioteces of hypoxia [85].

Fetal iron deficiency

Iron is mandatory to fetal metabolism, energy pwtigden, and brain function. Newborn infants of
diabetic mothers have often low ferritin levels aimhormal iron distribution at birth as a result of
chronic intrauterine hypoxia [86,87]. Iron storesthe liver, heart and brain are almost totally
depleted in fetuses who die utero after 35 weeks in diabetic pregnancies [88]. Thiidates that
fetal death has been preceded by a prolonged pefidetal hypoxia, which results in increased
production of red cells, for which iron stores preferentially used for hemoglobin synthesis. Fetal
and neonatal iron deficiency has long-term negagifects on cognitive and behavioral scores later
in life [86,89].

Necrotizing enterocolitis of the newborn infant



Fetal hypoxia and birth asphyxia are associatet gitt injury, impaired intestinal motility and
necrotizing enterocolitis (NEC), especially in theeterm newborn infant [90,91]. In neonatal rat
models, exogeneous EPO stimulates vasculogenesigaivascular endothelial intestine cells and
protects intestinal cells from NEC [92,93]. Theueswallows up to 700 ml of amniotic fluid each
day towards the end of pregnancy [94], althoughr#sson for this is not well understood. One
possibility could be that EPO and other cytokimethie amniotic fluid could exert protective effects
locally in the fetal and neonatal intestine anddeeimprove neonatal feeding tolerance and prevent
NEC [85,95].

Adolescent cognitive function after intrauterine exposure to diabetes

Maternal pre-conceptional and gestational contfdiyperglycemia have relevant implications on
short- and long-term offspring neurodevelopmeni.[8Bain maturation is characterized by a pre-
established sequence of complex biological prosetis® encompass from the early embryonic
period to late adolescent and young adulthood [Hdjvever, there is a large number of potential
adverse factors during pregnancy that may inewitalier brain maturation pattern. Among others,
maternal obesity [98], prenatal famine [99], ma&tinfections [100], or insulin dependent diabetes
[89] have been associated in epidemiological studigh neurocognitive impairment. Moreover,
hyperglycemic intrauterine environment, hypoglycanor ketoacidosis may directly exert a
harmful effect upon the fetal brain. Finally, negatconditions associated with diabetic pregnancy
such as prematurity or preeclampsia, also putehesfat high risk of severe complications [101].
Recent studies have shown that infants born toetimbmothers exhibited significantly higher
mortality, hospital admissions and use of medicetito the age of 15 [102]. In addition, intelle¢tua
assessment scales for the outcomes such as coenposiligence, verbal and nonverbal
intelligence, composite memory, reading and writiliifjculties, and attendance to classes showed
a significant lower scoring for normalized and skanlized intelligence indices among offspring of
diabetic mothers as compared with controls [97, 108, However, no correlation with mothers’
glycated hemoglobin was found suggesting that matediabetes despite being adequately
controlled has a negative impact on the neurodewedmt of the offspring [96]. But it can also be
argued that "adequately controlled" was not adeqestough to prevent intrauterine negative

effects.

The pathophysiological explanation of impaired dgtga functions has not been fully clarified.

During fetal life, the predominant source of braimergy is glucose, which crosses the placenta by
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facilitated diffusion [105]. Maternal diabetesaissociated with continuous fluctuationsimitero
blood glucose levels but also with disturbancegity acid metabolism with a decreased transfer of
docosahexaenoic acid to the fetus [106]. Docosamia acid accumulates in the brain especially
in the third trimester and is essential for neunmges, neurotransmission, and protection from
oxidative stress. Reduced bioavailability of theykmetabolite has been suggested as a putative
mechanism for programming altered neurodeveloprited,107]. In addition, induced oxidative
stress by hyperglycemic environment causes danmageetblood-brain barrier contributing to the
infiltration of macrophages and pro-inflammatorytalynes. Altogether, these processes cause
neuroinflammation, brain damage and contribute ¢émronal cell death and long-term brain
dysfunction [108].

Conclusions

Oxidative stress is the likely common etiologictéacof microvascular complications of diabetes.
Both pregestational and gestational diabetes isereamplications in the mother, the fetus and the
newborn infant, which can have long-lasting negag¥ects in the offspring later in life. Maternal
hyperglycemia results in fetal hyperglycemia, whiieads together with fetal hypoxia to increased
oxidative stress and decreased antioxidant acti@yidative stress induces also anti-oxidative
reactions both in pregnant diabetes patients agid fistuses. In this review we discuss the possible
roles of chronic hypoxia and oxidative stress ire thathogenesis of maternal and fetal
complications in diabetic pregnancies. Fetal EP€3jdes regulating hematopoiesis, has also fetal
tissue protective effects, which are based on EP&is-apoptotic, anti-oxidative, anti-
inflammatory, cell proliferative and angiogenic peoties. More recent studies have shown that
EPO has also positive metabolic effects in diabgttients and in non-diabetic individuals.
Whether the tissue protective and metabolic effe€t&8PO could be used clinically to prevent or
delay the occurrence of diabetic complications botthe mother and her offspring, are important

topics for future research on diabetic pregnancies.
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L egend to Figure:

Microvascular complications of diabetes during piatcy (hypertension, nephropathy, retinopathy,
peripheral neuropathy) are associated with matecaahplications (preeclampsia, gestational
hypertension, preterm birth) as well as with fewd neonatal complications (congenital

malformations, intrauterine hypoxia, stillbirth,redymal growth, impaired cognitive function later
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in life). Oxidative and nitrosative stress, hypgcgmia, hypoglycemia and chronic hypoxia can

further modulate maternal and fetal complicationsrdy diabetic pregnancy.
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Highligths

e Maternal hyperglycemia and fetal hypoxia result in increased oxidative stress

¢ Increased oxidative stress triggers cellular damage by free radicals in the fetus

¢ Erythropoietin has both hematopoietic and tissue protective properties in the fetus
e Studies have shown that erythropoietin has positive metabolic effects on diabetes

* Weather erythropoietin has clinical benefits for the offspring needs more studies



