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ARTICLE INFO ABSTRACT
Editor: Damia Barcelo Oxidative imbalance as a pathophysiological mechanism has been reported as an adverse outcome in pregnant women
who develop preeclampsia and in their newborns. Furthermore, emerging evidence suggests the same mechanism by
Kethl)TdSi which air pollutants may exert their toxic effects. Therefore, the objective of the study was to evaluate the biomarkers
Preeclampsia

of oxidative stress and their relationship with neonatal disease in premature newborns from mothers with preeclamp-
sia exposed to air pollution during pregnancy. The data of air pollutants (PM, s, PM;, and ozone) were collected at
fixed monitoring stations. Oxidative and antioxidant status markers were obtained through special techniques in
women with preeclampsia and in umbilical cord blood of their premature newborns. The oxidative stress markers
were significantly higher in women with preeclampsia and their newborns who were exposed to higher levels of am-
bient air pollutants in the first and second trimester of pregnancy. Neonatal diseases are associated with preeclampsia
in pregnancies, specifically intrauterine growth restriction (IUGR) and necrotizing enterocolitis (NEC). A significant
correlation was identified in the levels of prooxidant agents and antioxidant enzyme activity in the presence of neona-
tal diseases associated with preeclampsia. There is increased oxidative damage in both the maternal and fetal circula-
tion in women who develop preeclampsia exposed to air pollution during pregnancy. Therefore, these pregnancies
complicated by preeclampsia have a greater adverse outcome as neonatal disease in the preterm infant.
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1. Introduction

Pregnancy is a condition that requires a higher ventilation rate and tidal
volume due to the increased oxygen requirements of the developing fetus
(Soma-Pillay et al., 2016). This makes pregnant women vulnerable to the
effects of air pollution. Fine particles matter with an aerodynamic diameter
<2.5 pm and <10 pm (PM, 5 and PM; ) and ozone (O3), allow their passage
through the maternal respiratory tract and their entry into the blood circu-
lation. The mechanisms described by which exposure to air pollutants exert
their toxic effects are an inflammatory process and oxidative stress (OS) (Jia
et al., 2017; Kim et al., 2015; Pedersen et al., 2014). This leads to adverse
perinatal outcomes such as preterm delivery, low birth weight, fetal growth
restriction (Fu et al., 2019), and hypertensive disorders during pregnancy
such as preeclampsia (Dadvand et al., 2014; Pereira et al., 2013). Some
studies have reported an association between preeclampsia and maternal
exposure to gaseous components of air pollution such as ozone and partic-
ulate matter in both low and high exposed areas (Pedersen et al., 2017;
Wang et al., 2018).

Preeclampsia is a hypertensive disorder associated with pregnancy; an
incidence of 5 to 15 % of all pregnancies is reported, resulting in high
fetal or maternal morbidity and mortality (Schoots et al., 2018; The
American College of Obstetricians and Gynecologists, 2019). Pathophysiol-
ogical changes with the presence of high levels of OS as well as a general-
ized inflammatory state are characteristic of preeclampsia. Placental
oxidative stress resulting from ischemia-reperfusion injury is involved in
the pathogenesis of this prenatal syndrome (Pimentel et al., 2013;
Schoots et al., 2018). It is observed a significant increase in lipid peroxida-
tion and malondialdehyde levels in the placenta of preeclamptic women
(Duhig et al., 2016). These mechanisms could be influential variables for
the risk of damage by reactive oxygen species (ROS) in newborns from pre-
eclamptic/eclamptic pregnancies (Buonocore et al., 2017). OS has been im-
plicated in the development and pathogenesis of several diseases in
newborns and especially in premature newborn, are very susceptible to ox-
idative damage. (Gitto et al., 2013; Ozsurekci and Aykac, 2016; Perrone
et al., 2012). Numerous researches have shown that oxidative stress is im-
plicated in the pathogenesis of serious neonatal diseases, the “oxygen radi-
cal diseases in neonatology”; which translates to the fact that oxidative
stress affects a variety of organs, often simultaneously, and gives rise to dif-
ferent signs according to the most damaged organ, causing neonatal dis-
eases (Marseglia et al., 2014; Negi et al., 2014; Ozsurekci and Aykac,
2016; Perrone et al., 2012).

Therefore, particulate matter and atmospheric gases-induced oxidative
stress during pregnancy may alter placental vascular function, the develop-
ment of preeclampsia in an adverse intrauterine environment and affect
fetal development and growth. Although free radical injury is identified
in the pathogenesis of neonatal disease, it is necessary to establish a clear
definition of its degree of participation and the early identification of new-
borns at risk of oxidative stress. Therefore, the aim of the study was to eval-
uate the biomarkers of oxidative stress and their relationship with neonatal
disease in premature newborns from mothers with preeclampsia exposed to
air pollution during pregnancy.

2. Material and methods
2.1. Site sampling technique

The Metropolitan Zone of the Valley of Toluca (MZTV) is an area of
2669.6 km?. The MZTV has a vehicular fleet of 430,000 vehicles and 2.1
million inhabitants and is considered one of the largest urban areas heavily
polluted in Mexico. It is surrounded by rural and suburban municipalities.

The MZTV has a network of air quality monitoring six stations known
locally as the Red Automdtica de Monitoreo Ambiental de Toluca
(RAMAT) - To the North San Cristébal Huichochitlan (SC), East San
Mateo Atenco (SM), South Ceboruco Station (CB) and Metepec (MT),
West San Mateo Oxtotitlan (OX) and Center (CE). These monitoring stations
are classified into three zones: Center (San Mateo Oxtotitlan), North (San
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Lorenzo Tepaltitlan, San Cristébal Huichochitlan and Aeropuerto) and
South (Metepec and San Mateo Atenco) (Romero-Guzman et al., 2018)
(Fig. 1).

2.2. Exposure estimates

Air pollutant data (PM, s, PM;o and O3) were collected from February
2017 to February 2019. Measurements from the 6 fixed monitoring stations
of air pollution from the Red Automaética de Monitoreo Ambiental de To-
luca (RAMAT) were used (available in https://rama.edomex.gob.mx). The
analysis methods for contaminants have official methodologies established
as standards for measurement and analysis considered as international
criteria. Attenuation of Beta Radiation is used to quantify the concentration
of Suspended Particles of respirable fraction PM;o and PM, s. It is a fed-
eral equivalent method (FEM) for the continuous monitoring of parti-
cles, certified by the USEPA (United States Environmental Protection
Agency). Ultraviolet Absorption Spectrometry is used to measure the
ozone concentration in the air. Criteria to discern the origin of the ele-
ments was based on the main characteristics of monitoring stations sur-
roundings such as traffic, the presence of factories, population density,
location and inhabited areas nearby. The exposures were assigned
using the monitoring station nearest to the maternal residence. The air
quality report of the website included the hourly, daily and monthly
air quality levels of each air pollutant. Information on exposure to air
pollutants was collected monthly. The daily average was obtained and
the maximum daily concentration was also averaged of PM, 5, PM;,
and Oj for each of the three pregnancy trimesters, i.e., first trimester
(week 1 to 13), second trimester (week 14 to 26), and third trimester
(week 27- delivery). The date of conception was estimated on the
basis of the first day of the mother's last menstrual period.

2.3. Population

A case-control study was conducted in the Toxicology Lab of the Faculty
of Chemistry of the UAEM in collaboration with the Gyneco-Obstetrics Hos-
pital 221 (GOH 221) from the Instituto Mexicano del Seguro Social in the
Toluca city, State of Mexico. The hospital has coverage of the rural, subur-
ban and urban municipalities of the study area with a medium-low socio-
economic status. A total of 74 pregnant women and their premature
newborns were recruited. The protocol was approved by the Institutional
Research and Ethics Committee of GOH 221.

2.4. Selection of participants

A cohort of 74 pregnant women and their premature newborns was
followed up, from which 44 were healthy women and 30 were diagnosed
with preeclampsia giving written informed consent and blood samples at
the time of diagnosis at hospital admission. The diagnosis of preeclampsia
was made by a qualified Gynecologist-Obstetrician using the diagnostic
criteria of the American College of Obstetrics and Gynecology (Roberts
et al., 2013). Blood pressure (BP) was taken in the supine position of the
left arm using an automatic digital sphygmomanometer, BP measurements
were taken 4 h apart. Preeclampsia without severe features was defined
when systolic blood pressure (SBP)/diastolic blood pressure (DBP) was
140/90 mmHg or higher in both (2 times with at least 4 h of difference
after 20 weeks of gestation in a woman with a previously normal blood
pressure); while preeclampsia with severe features was defined when the
SBP/DBP was 160/110 or higher in both. The main clinical data of the
study women (severity of maternal disease, maternal age and gestational
age), anthropometric data (weight, height), and biochemical results were
collected according to routine institutional guidelines. The clinical record
and evolution of all premature newborns < 36 weeks of gestational age in-
cluded in the study were reviewed to collect the variables that were cap-
tured on a sheet designed specifically for said study (birth weight,
gestational age, sex, neonatal morbidity during hospital stay: presence or
absence of pathology (IUGR, RDS, IVH, NEC, BPD, NEC and ROP).


https://rama.edomex.gob.mx
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Fig. 1. MZTV is located between parallels 18° 59’ 07” and 19° 34’ 47” of north latitude, 99° 38’ 22” and 99° 56" 13” of west longitude with respect to the prime meridian. The
average height is 2600 with a range from 2560 to 2740 m above sea level. It is considered one of the most important metropolises in central Mexico with a highly polluted

industry zone that presents a great variety of suspended particulate matter.

Intrauterine growth restriction (IUGR) is defined as fetal growth less than
the normal growth potential. Refers to weight below the 10 percentile for
gestational age, corrected for parity and gender, as per the population
growth charts (Murki, 2014). Bronchopulmonary dysplasia (BPD) was de-
fined as the need for supplemental oxygen at 36 weeks postmenstrual
age, according to the new classification (Higgins et al., 2018). The need
for ophthalmoscopic examination was performed in all newborns <32
weeks and in all those who needed O, therapy for early diagnosis of reti-
nopathy of prematurity (ROP). Respiratory distress syndrome (RDS) was di-
agnosed on the presence of typical clinical and radiological signs:
tachypnea, grunting and cyanosis with several hours of birth required
mechanical ventilation and typical radiographic findings on the chest
X-ray. The diagnosis was established from the clinical symptoms and
needed for oxygen treatment (Negi et al., 2015). Intraventricular hem-
orrhage (IVH): bleeding in the subependymal germinal matrix. Exten-
sion is recorded by means of brain ultrasound scanning between the
first 48 h and the first week of life, classified according to Volpe
(Volpe, 1989) and Necrotizing enterocolitis (NEC): intestinal disease
secondary to a complex interaction between immaturity, mucosal lesion
secondary to various factors and a poor response of the patient to the le-
sion. Reported according to the modified Bell classification, there are 3
stages with subtypes A and B (Gregory et al., 2011). A serial identifica-
tion code was provided to each woman and newborn for biological sam-
ples and clinical information, the mothers of newborns signed an
informed consent prior to the interruption of the pregnancy. None of
the procedures caused any additional stress or risk to mothers or
newborns.

2.5. Study design

Pregnant women were divided into 2 groups. The study group: pregnant
women with a diagnosed of preeclampsia, this group was also classified ac-
cording to the severity of preeclampsia and the control group: healthy preg-
nant women. For newborns, the study group consisted of 30 premature
newborns of women with preeclampsia. The control group was composed
of 44 premature newborns of healthy women.

2.6. Exclusion criteria

Maternal history of type 1 or type 2 diabetes mellitus, gestational
diabetes, previous hypertension, chronic heart, lung or kidney disease, in-
fections, anemia, vaginal bleeding. Smoking during pregnancy (maternal
active and passive smoking status), exposure to environmental tobacco
smoke prior to the beginning of pregnancy, alcohol consumption during
pregnancy and use of firewood or charcoal to cook food. Newborns at
term, with congenital anomalies or with umbilical cord abnormalities, the
presence of meconium in the amniotic fluid and fetal distress.

2.7. Collection and storage of samples

3 mL of blood sample (in heparinized and non-heparinized tubes) were
obtained from women diagnosed with preeclampsia and healthy women's
arm veins under aseptic conditions and sterile vacutainer upon admission
to the unit. A 2 mL-blood sample was also obtained immediately after cut-
ting the umbilical cord of newborns; to ensure a good filling of the vessels, a



S.S. Juan-Reyes et al.

clamp was placed 3 cm from the newborn's skin and a second clamp 10-20
cm away from the first clamp, the umbilical cord was cut and tied off; even-
tually the corresponding sample was obtained at the excess end of the um-
bilical cord. Blood samples were centrifuged at 5000 rpm for 10 min, the
plasma/serum was separated and stored at 4 °C and subsequently frozen
at —80 °C until analysis in the laboratory. The placentas were collected
within 10 min after delivery, three main regions (central region, middle
placenta and peripheral region) were sampled and deposited in a 4 °C
heat-cooling vessel to transfer them to the research Toxicology Lab. of the
Faculty of Chemistry of the UAEM. The samples were stored at —80 °C
for later analysis. Homogenates at 10 % with 10 mM phosphate buffer at
pH 7.4 were prepared for sample processing; they were centrifuged at
2000 rpm for 5 min and 3 mL of the supernatant was extracted for analysis.

2.8. Determination of the biomarkers of the oxidant and antioxidant state

For the biochemical analysis, the samples remained encoded until the
analysis was completed. Enzymatic levels and oxidative markers
(lipoperoxides, hydroperoxides, protein carbonyl) were measured from ma-
ternal plasma and umbilical cord, as well as placental tissue using an Epoch
All-In-One Microplate reader (BioTek Instruments, Winooski, VT, USA),
Gen5 Software version 2.09. The samples were assayed in triplicate for sta-
tistical purposes.

2.9. Determination of hydroperoxides content

The determination was made following the method of (Jiang et al.,
1992). 100 pL of sample [previously deproteinized with 10 % trichloroace-
tic acid (Sigma-Aldrich)] was taken and 900 pL of the reaction mixture
[0.25 mM FeSO, (Sigma-Aldrich), 25 mM H,SO, (Sigma-Aldrich) were
added, 0.1 mM xylenol orange (Sigma-Aldrich) and 4 mM butylated hy-
droxytoluene (Sigma-Aldrich) in 90 % (v/v) methanol (Sigma-Aldrich)].
The mixture was incubated for 60 min at room temperature and the absor-
bance at 560 nm was determined against a blank one containing only the
reaction mixture. The results were extrapolated on a standard curve and
expressed in nM HPC (Sigma-Aldrich)/mg protein.

2.10. Determination of the degree of lipoperoxidation

The determination of the degree of lipid peroxidation was carried
out following (Buege and Aust, 1978) method. For 100 pL of the no-
centrifuged sample, 150 mM Tris-HCI buffer solution pH 7.4 (Sigma-Al-
drich) were added to complete 1 mL. The sample was incubated at 37 °C
for 30 min, then 2 mL of TCA-TBA [thiobarbituric acid (Sigma-Aldrich)
at 0.375 % in trichloroacetic acid (Sigma-Aldrich) at 15 %] was added,
then a thermal shock (with the help of a water bath) in boiling water for
45 min. After this time, it was centrifuged at 3000 rpm for 10 min and
the absorbance at 535 nm was determined. The results were expressed
in mM of MDA/mg of protein, using the EMC of 1.56 x 10° M/cm.

2.11. Determination of protein carbonyl

The determination was made following the methodology of (Levine
et al., 1994) modified by (Parvez and Raisuddin, 2005) and (Burcham,
2007). 150 pL of 10 mM DNPH (Sigma-Aldrich) in 2 M HCI (Sigma-Al-
drich) were added to 100 pL of the supernatant. It was incubated for
1 h in the dark at room temperature. After incubation, 500 pL of 20 %
trichloroacetic acid (Sigma-Aldrich) was added and let rest for 15 min
at 4 °C. The precipitate was centrifuged at 11,000 rpm for 5 min. The
button was washed several times with ethanol (Sigma-Aldrich) -ethyl
acetate (Sigma-Aldrich) 1: 1 and subsequently dissolved in 1 mL of a
6 M solution of guanidine (Sigma-Aldrich) pH 2.3 and incubated at 37
°C for 30 min. The absorbance was determined at 366 nm. The results
were expressed in pM of reactive carbonyls (C = O)/mg of protein,
using the EMC of 21,000 M/cm.
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2.12. Determination of superoxide dismutase activity

Superoxide dismutase activity was determined by developing (Misra
and Fridovich, 1972). 40 puL of the homogenate were placed in a quartz
cell and 260 pL of 50 mM carbonate buffer solution (50 mM sodium carbon-
ate (Sigma-Aldrich) and 0.1 mM EDTA (Vetec)) was added at pH 10.2. Af-
terwards, 200 pL of 30 mM adrenaline (Bayer) were added and the
absorbance at 480 nm was determined at 30 s and 5 min. The results
were expressed as [U/mg protein.

2.13. Determination of catalase activity

It was performed following the method of (Radi et al., 1991). 20 pL of
the supernatant were placed in a quartz cell, 1 mL of isolation buffer [su-
crose (Vetec) 0.3 M, 1 mM EDTA (Vetec), 5 mM HEPES (Sigma-Aldrich)
and KH,PO, (Vetec) were added 5 mM] and 0.2 mL of a solution of H,O,
(Vetec) 20 mM. Subsequently, absorbance readings were made at 240
nm, at 0 and 60 s. The results were obtained by substituting the absorbance
value obtained for each of the times in the formula: concentration of CAT =
[(A0-A60)/CEM], where the CEM of H,05 is 0.043 mM/cm, and they were
expressed as pM H,0,/mg protein.

2.14. Determination of glutathione peroxidase

It was determined by the method of (Gunzler and Flohe-Clairborne,
1985) modified by (Stephensen, 2000). 100 pL of the supernatant were
placed in a quartz cell and 10 pL of GR [2 U GR, (Sigma-Aldrich)] were
added, in addition to 290 pL of the 50 mM reaction buffer [K;HPO,4
(Vetec), KH,PO, (Vetec) 50 mM pH 7.0, GSH (Sigma-Aldrich) 3.5 mM,
1 mM sodium azide (Sigma-Aldrich), NADPH (Sigma-Aldrich) 0.12 mM)]
and 100 pL H202 (Vetec) 0.8 mM. Subsequently, the absorbance at
340 nm was determined at 0 and 60 s. The results were obtained using
the following equation: GPx concentration = [(A0-A60)/CEM], where
the NADPH EMC is 6.2 mM/cm. The results were expressed as mM
NADPH/mg protein.

2.15. Statistical analysis

Data description was presented as means *+ SD to describe distribution
of continuous variable and categorical data as percentages. The normality
of distributions was evaluated with the One-sample Kolmogorov—-Smirnov
test. For comparison of the groups, independent bivariate t-test was used
for values with normal distribution. The non-parametric Mann-Whitney
U test and the Wilcoxon signed rank test were used to determine the differ-
ences between the variables not showing normal distribution. Odds ratio
(OR) with corresponding 95 % confidence intervals (CI) were calculated
to explore the associations between neonatal diseases and preeclampsia.
In oxidative stress biomarkers in neonatal diseases associated with pre-
eclampsia, multiple comparisons between groups were performed by one-
way analysis of variance and the significant differences of each group
were compared using the Tukey-Kramer test and their association with pre-
eclampsia was determined with Pearson's correlation test. Values of P <
0.05 were taken as significant. Data were analyzed by statistical SPSS v10
software (SPSS, Chicago IL, USA). The Principal component analysis
(PCA) was performed using R version 3.5.1 (R Foundation for Statistical
Computing, Vienna, Australia).

3. Results
3.1. Biochemical characteristics and parameters

Tables 1 show the characteristics of pregnant women and their new-
borns. According to the anthropometric results a higher body weight was
also reported in pregnant women who developed preeclampsia (p <
0.01). Meanwhile, there were no statistically significant differences in the
maternal age, gestational age and birth weight of the newborns compared
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Table 1
Characteristics and biochemical parameters of the groups.
Variable Healthy women  PEn = 30 *P value
n =44
Demographic characteristics
Maternal age (years) 27.2 £ 8.2 31 £7.1* NS
Weight (kg) 71.4 £ 11.1 58.1 + 6.4* <0.01
Gestational Age (weeks) 325 + 24 334 + 22 NS
Birth weight (grams) 1876 = 606.8 1876.4 + 583.6 NS
Pregnancy number 22=+1 1.8 £ 0.9 NS
Blood pressure
Systolic pressure (mm Hg) 112.5 = 10.2 156.9 + 13.6* < 0.001
Diastolic pressure (mm Hg) 69 * 7.7 105.7 = 9* < 0.001
Biochemical results
Platelets (10°/pL) 300 + 96.2 175 + 79.3* < 0.001
Creatinine (mg/dL) 0.5 = 0.06 0.9 = 0.8 NS
AST (U/L) 18.1 = 8.5 146.4 + 66.6* NS
ALT (U/L) 12+75 126 * 54.1% <0.05
DHL (U/L) 132.6 + 57.6 474.1 * 145.7%  <0.05
n (%) n (%) Total n (%)
Education level
College and above 5(11.3) 3(10) 8(10.8)
Junior college/Bachelor 9(20.4) 6 (20) 15(20.2)
High school 17 (38.6) 10(33.3) 27 (36.4)
Primary school and below 13 (29.5) 11 (36.6) 23 (31)
Socioeconomic status
High 1(2.2) 2(6.6) 3(4)
Medium 22 (50) 12 (40) 34 (45.9)
Low 21 (47.7) 16 (53.3) 37 (50)

Note: Data are presented as mean * SD. 95 % confidence interval for the mean. n
(%) for categorical variable. Significant *p < 0.001, p < 0.01 and p < 0.05. NS: not
significant. PE = Women with preeclampsia.

to the control group. Both systolic and diastolic pressure were significantly
higher in the group of women with preeclampsia (p < 0.001) (Table 1).

When comparing serum and urinary biochemical markers in the study
groups (Table 1) the platelet levels decreased significantly in pregnant
women with preeclampsia and women with severe features preeclampsia
(p < 0.001). Serum levels of ALT and DHL were significantly higher in
women with preeclamptic women compared to healthy pregnant women
group (p < 0.05); however, serum creatinine levels and AST were similar
between groups.

3.2. Exposure to air pollutants

The concentration of exposed PM, 5, PM;, and Os in the first, second
and third trimesters of pregnancy was shown in Table 2. The median and
maximum concentrations of exposed PM, 5, PM;, and Os in preeclampsia
group were higher than those in control group in the first two trimesters
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Table 3
Analysis of the concentration of exposure to ambient air pollutants during the study
period.

Pollutant PM, 5 (pg/m>) PM;, (ng/m®) 05 (ppm)
Minimum concentration 16.7 36.2 0.02
Maximum concentration 227.1 389.8 0.15
Q1 34.2 54.8 0.05
Q2 44.3 74.3 0.07
Q3 61 115.4 0.09
IQR 27.1 62.3 0.05

(p < 0.05). There was no significant difference between the two groups in
the concentration of PM, 5 and PM; exposed in the third trimester (p <
0.05). While for ozone there was a significant difference in the last trimester
in the maximum exposure.

Results obtained from the analysis using exposure-specific quartiles
showed that during the study period, Table 3.

The concentration of exposed ambient air pollutants (PM, s, PM;, and
03) in the study period was stratified into three groups according to quartile
(Q1, Q2, Q3).

Fig. 2 a) and b) show the areas with the highest concentration of PM;
and PM , 5 found to the northeast of the study area - (SC and SM) of the
ZMVT. This is justified by the use of land in these areas, to the north (SC)
livestock use and to the east (SM) is an Industrial area. Likewise, Toluca
is an area of great vehicular influx, connecting the Mexican capital with
the capital of the Mexican Republic. ¢) shows the result of the interpolation
of the values obtained by O3 in the ZMVT indicating the pollution levels.
The most affected area is the one adjacent to the MT station, being an
area of housing-residential, commercial, tourist and recreational affluence.

3.3. Neonatal diseases associated with preeclampsia

Newborns born to preeclamptic women were included as cases and
newborns born to normotensive women as control group. Neonatal diseases
are highly associated with the development of preeclampsia, mainly intra-
uterine growth restriction (IUGR) and necrotizing enterocolitis (NEC)
(Table 4). Statistical analysis indicated that newborns of women with pre-
eclampsia were more likely to suffer from IUGR, NEC and BPD. There
was no significant difference in the presence of RDS, IVH and ROP in the
newborns of preeclamptic women.

3.4. Markers of oxidative stress in the study groups
Table 5 shows the levels of oxidative damage markers and total antiox-

idant activity in the different studied groups. Levels of the extent of protein
oxidation expressed by protein carbonyl, the product of lipid peroxidation —

Table 2
Concentration of exposure to air pollutants in the first to third trimester of pregnancy.
Variable Healthy women (max ¢) n = 44 PE (max c) n = 30 *P value Healthy women (median ¢) n = 44 PE (median ¢) n = 30 *P value
Pollutants
PM, 5 (ng/m®)
Trimester 1 66 + 16.6 86.7 + 30.7 <0.05 41 = 7.3 49.6 + 13.9 <0.05
Trimester 2 66.1 + 22.2 91.4 + 45.6 <0.05 44.3 + 15.4 51.3 £ 17.5 <0.01
Trimester 3 69.7 =+ 11.8 75.8 = 23.8 NS 48.4 + 13.6 46.3 = 13.8 NS
PMj, (ug/m”)
Trimester 1 119.4 + 32 155.1 + 48 <0.05 69.3 + 15.3 88.8 + 32.3 <0.05
Trimester 2 111.1 + 40.2 160.3 + 76.9 <0.05 74.6 = 34.6 91.7 + 39.4 <0.05
Trimester 3 135.5 + 34.9 130.9 + 35 NS 85.1 + 23.3 84.7 + 31.8 NS
O3 (ppm)
Trimester 1 0.101 * 0.006 0.108 * 0.008 <0.05 0.072 = 0.007 0.078 * 0.007 <0.01
Trimester 2 0.101 * 0.008 0.109 * 0.015 <0.05 0.072 *= 0.006 0.075 = 0.006 <0.05
Trimester 3 0.104 = 0.004 0.111 = 0.013 <0.05 0.075 = 0.008 0.074 = 0.007 NS

Note: The maximum concentration as median (interquartile ranges) of exposure to air pollutants were presented. Data are presented as mean =+ SD. 95 % confidence interval
for the mean. Significant *p < 0.05. NS: not significant. Max c¢. = maximum concentration, median ¢ = median concentration, PE = Women with preeclampsia. Trimester
1 = the first trimester of pregnancy, Trimester 2 = the second trimester of pregnancy, Trimester 3 = the third trimester of pregnancy, ppm = units of measure are in parts

per million.
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Fig. 2. Dispersion analysis of ambient air pollutants during the study period. The analysis and interpretation of the parameters of the ambient air pollutants, their behavior
and their relationship with the wind reported by the RAMA-ZMVT are shown. These maps were made based on the measurements made by the RAMA-ZMVT in the years

2017-2018 through IDW interpolation.

Malondialdehyde (MDA), and hydroperoxides were significantly increased
in placental tissue and serum from women with preeclampsia compared to
normal pregnancies. Meanwhile, the levels of these markers of oxidative
damage increased significantly in newborns of preeclamptic pregnant
women compared to control group, protein carbonyl (p < 0.01), MDA (p
< 0.05) and hydroperoxides (p < 0.05). Whereas, the activity of catalase
(CAT) and superoxide dismutase (SOD) decreased significantly in umbilical
cord blood (p < 0.01) and (p < 0.05) respectively. In placenta and serum
from women who developed preeclampsia, CAT (p < 0.01) and SOD (p <
0.05) levels decreased significantly. Glutathione peroxidase (GPx) activity
decreased in the preeclampsia group in placental tissue (p < 0.05) and

serum (p < 0.01); meanwhile, the enzyme activity was significantly in-
creased in newborns of women with preeclampsia (p < 0.05) compared
with the control group.

3.5. Oxidative stress biomarkers in neonatal diseases associated with preeclamp-
sia

Oxidative stress markers in IUGR and NEC as diseases associated with
preeclampsia are shown in Figs. 3 and 4. In newborns of pregnant women
with preeclampsia who developed IUGR, increased levels of MDA
(p < 0.05), protein carbonyl (p < 0.001) and hydroperoxides (p < 0.05)

Table 4

Neonatal diseases associated with preeclampsia.
Disease Newborns of healthy women Control n = 44 (%) Newborns — PEn = 30 (%) * P value OR (95 % CI)
IUGR 10 (22.7) 20 (66.7) <0.001 6.8 (2.4-19.1)*
RDS 20 (45.4) 10 (33.3) NS 0.6 (0.2-1.5)
NEC 9(20.4) 16 (53.3) <0.001 4.4 (1.5-12.3)*
IVH 12 (27.3) 10 (33.3) NS 1.3 (0.4-3.6)
BPD 4(9.1) 8(26.7) <0.001 3.6 (1.5-13.4)*
ROP 6(13.6) 6 (20) NS 1.5(0.4-5.4)

Note: Data are presented as n (%) for categorical variable. 95 % confidence interval for the mean. PE = Women with preeclampsia, [IUGR = Intrauterine growth restriction,
RDS = Respiratory distress syndrome, NEC = Necrotizing Enterocolitis, IVH = Intraventricular hemorrhage, BPD = Bronchopulmonary dysplasia, ROP = Retinopathy of

prematurity. Significant *p < 0.001. NS: not significant.

Table 5

Comparison of oxidative stress markers in women with preeclampsia (maternal serum/placenta) and newborn infants.

Biomarkers placental tissue oxidative stress  Biomarkers serum oxidative stress

Biomarkers umbilical cord

Control groupn = 44  PEn = 30 Control groupn = 44  PEn = 30 Control group n = 44 Newborns - PEn = 30
Protein carbonyl (M reactive carbonyls/mg protein) 1.4 *+ 0.3 2.6 = 0.27 0.7 + 0.04 1.09 * 0.1°¢ 0.7 + 0.06 1.1 = 0.1°
Lipid peroxidation (mM MDA/mg protein) 58.09 = 2.2 76.9 = 7.1° 45.7 £ 2.3 54.3 + 2.4° 33.4 £ 38 50.5 + 3.3%
Hydroperoxide content (nM CHP/mg protein) 4.2+ 0.6 7.7 = 0.8¢ 4.8 £ 0.2 5.7 = 0.2¢ 3.7 £ 0.3 5.4 = 0.6%
CAT activity (1M H,0,/mg protein) 2324.2 + 882.3 1521.7 + 276.6° 1042.1 + 189.3 768.9 + 196.5% 1178.8 = 201.7 651.6 + 130.8"
GPx activity (WM NADPH/mg protein) 0.87 = 0.2 0.4 + 0.09° 1.1+0.3 0.6 = 0.1° 1.6 = 0.4 2.3 £ 0.4°
SOD activity (IU SOD/mg protein) 7.5 = 1.03 49 + 1.3 4.01 = 0.89 2.7 £ 0.1° 4.6 = 0.5 3.4 = 0.6°

Note: Data are presented as mean * SD. 95 % confidence interval for the mean. n (%) for categorical variable. Significant *p < 0.001, p < 0.01 and p < 0.05. NS: not
significant. PE = Women with preeclampsia. Significant <0.05 (a), p < 0.01 (b), p < 0.001(c).
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Fig. 3. Oxidative stress biomarkers in neonatal diseases. Concentrations of oxidative damage markers: protein carbonyl, hydroperoxides and MDA a) - ¢) in umbilical cord
serum in preterm infants who presented diseases related to preeclampsia (IUGR, NEC and IUGR + NEC). Data are presented as mean *+ SD. Indicates significant change

compared to control group (*p < 0.05, **p < 0.001).

were observed compared to controls, while levels SOD (p < 0.05) and CAT
(p < 0.05) decreased significantly. Levels of MDA (p < 0.05), protein car-
bonyl (p < 0.05) and hydroperoxides (p < 0.05) in the umbilical cord
blood of newborns of preeclamptic women were significantly increased
who developed NEC and the association of both diseases (IUGR + NEC),
while the activity of CAT (p < 0.05) and SOD (p < 0.05) decreased in
these diseases with respect to control group. Statistically higher significant
difference in the levels of GPx in umbilical cord serum were found in new-
borns with preeclampsia-related diseases (IUGR (p < 0.001), NEC (p < 0.05)
and IUGR + NEC (p < 0.05) compared with the control group.

3.6. Correlation of oxidative stress biomarkers and neonatal diseases associated
with preeclampsia

Pearson's correlation analysis was performed to determine the relation-
ship between oxidative damage markers and antioxidant enzymes in neo-
natal diseases associated with preeclampsia. A significant positive
association was observed in the levels of protein carbonyl (r = 0.71, p <
0.05), MDA (r = 0.38, p < 0.05), hydroperoxides (r = 0.69, p < 0.05) and
GPx activity (r = 0.32, p < 0.05) with IUGR. An inverse correlation was
identified between CAT activity with the risk of IUGR and NEC (r =
—0.61,p < 0.05) and (r = —0.43, p < 0.05), respectively. There was no sta-
tistically significant correlation of protein carbonyl, MDA, hydroperoxides,
GPx activity, and SOD when NEC was present. When IUGR and NEC were
associated, a positive correlation was found with MDA levels (r = 0.96, p
< 0.05) in umbilical cord blood, while a negative correlation was found
with SOD activity (r = —0.32, p < 0.05). No statistically significant

correlation was found between the association of IUGR and NEC with the
levels of protein carbonyl, hydroperoxides and GPx activity.

3.7. Principal component analysis (PCA) and cluster analysis

Principal components analysis was carried out to identify the correla-
tion of standardized biomarker levels and neonatal diseases associated
with preeclampsia. The components were responsible for 56.1 % of the
total variance. Cluster analysis using principal components grouped new-
borns of preeclamptic women into three study groups and one control
group. The PCA loading plots (Fig. 5), showing the relationships between
oxidative stress biomarkers in PC1 and PC2, we find a strong positive corre-
lation between increased levels of MDA, hydroperoxides, protein carbonyl
and GPx activity; in addition, to a negative association on SOD and CAT ac-
tivity in the group of newborns who presented IUGR. While, in the NEC
group, a negative correlation was observed in the enzymatic activity of
CAT. When the presence of IUGR and NEC in newborns is related, a positive
correlation was obtained in the levels of MDA and a negative correlation in
the enzymatic activity of SOD.

4. Discussion
4.1. Air pollution exposure and preeclampsia

Air pollution exposure can affect both mother and the developing foe-
tus. The etiopathogenesis of preeclampsia is considered multifactorial.

Therefore, potential factors such as increased ambient air pollutants may
account this condition (Sun et al., 2020). Our study found that the
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Fig. 4. Antioxidant enzyme activity. Concentration of antioxidants a) - ¢) in umbilical cord blood of preterm infants with neonatal diseases associated with preeclampsia. Data
are presented as mean + SD. * Indicates significant change compared to control group (*p < 0.05, **p < 0.001).

concentrations of exposed PM, 5, PM;o and O in preeclampsia patients
were higher than those in women without preeclampsia in the first and sec-
ond trimesters, the same reported by (Jia et al., 2020). (Mandakh et al.,
2020) reported a risk for the development of preeclampsia associated
with exposure to ambient air pollutants during entire pregnancy in a low-
exposure area in southern Sweden, and further risk of pregnancies with
small-for-gestational age complications. While in Barcelona, Spain
(Dadvand et al., 2013) found positive associations for the presence of pre-
eclampsia associated with exposure to fine particulate pollutants in the
first and third trimesters of pregnancy. Subsequently, (Dadvand et al.,
2014) observed an increased risk of preeclampsia associated with exposure
to fine particulate pollutants during entire pregnancy. Recently
(Dastoorpoor et al., 2021) observed that levels of environmental air pollut-
ants showed direct and significant associations with preeclampsia in Ahvaz,
Iran. In contrast, (Nobles et al., 2019) published that higher levels of envi-
ronmental pollutants in the first trimester were associated with lower pre-
eclampsia risk, while higher levels in the second trimester were
associated with greater gestational hypertension risk, a study in Utah,
USA. In New York, (Assibey-Mensah et al., 2020) reported that an increase
in fine particle concentration was associated with an increased early-onset
preeclampsia risk during the first trimester of pregnancy. However, (Savitz
et al., 2015) did not find evidence of an association between exposure to
PM, 5 and NO, during the first and second trimesters of pregnancy and
any risk of mild or severe preeclampsia and Rudra et al. showed no signifi-
cant association between PM,, 5 exposure and preeclampsia in a prospective
study (Rudra et al., 2011). In Rhode Island, (Choe et al., 2018) observed no
risk of preeclampsia associated with PM, 5 exposure during each trimester
of pregnancy. Meanwhile, in our study the exposure level of Os in pre-
eclampsia women was higher than that in control group in the third

trimester. A study in the Florida and one more in Japan, reported a higher
exposure to O3 and its relationship with hypertensive disorders of preg-
nancy (Hu et al., 2017; Michikawa et al., 2015). Patients with preeclampsia
had higher concentration of O3 exposure during pregnancy, according to
what was observed by (Jia et al., 2020). Mean concentration of PM, 5 expo-
sure over the entire pregnancy was 44.31 pg/m?> between 2017 and 2018,
concentrations similar to a study in China conducted by (Yuan et al.,
2020). It is important to mention that the maximum concentrations re-
ported for PM, s, PM;, and Os in the study period were higher than the
EU reference values, European Union Air Quality Directive and WHO Air
Quality Guidelines (Hoffmann et al., 2020).

The women in our study are population of medium-low socioeconomic
status and education level. According to some studies, younger subjects,
less educated, exposed to passive smoking, low to middle household in-
come, overweight, without ventilation system at home or office, and do
not possess private vehicles, are more susceptible to ambient air pollutants
(Liang et al., 2019).

4.2. Oxidative stress in preeclampsia and air pollution exposure

Pregnant women are more susceptible to oxidative stress due to physio-
logical changes and increased energy expenditure. Adverse pregnancy and
birth outcomes have been associated with exposure to ambient air pollution
and oxidative stress as a mechanism (Feng et al., 2016; Nagiah et al., 2015).
There is evidence has suggested that elevated malondialdehyde levels are
linked to exposure to ambient air pollution (Li et al., 2020). In Scania,
Sweden (Mandakh et al., 2021) observed an association between prenatal
exposure to ambient nitrogen oxides and the presence of preeclampsia
through oxidative damage in the 1st trimester. In our study show that
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Fig. 5. Principal component analysis of neonatal diseases. Principal component analysis Biplot (PCA Biplot) combines the score plots and the loading plots showing the values
of the linear combinations and the loads. Variable distribution plots assayed between the measured oxidative stress biomarkers. POX- protein carbonyl; LPX- lipid
peroxidation (MDA); HPX- hydroperoxides. NEC-Necrotizing Enterocolitis (pink circle); IUGR-Intrauterine growth restriction (blue square); NEC + IUGR (green triangle);
Healthy (purple cross). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

oxidative stress markers were significantly higher in women with pre-
eclampsia and their newborns who were exposed to higher levels of ambi-
ent air pollutants compared to the control group, similar results to what was
reported by (Grevendonk et al., 2016; Nagiah et al., 2015). While in the
same study a significant elevation in the levels of the SOD2 enzyme is re-
ported in the women from heavy industrial areas. We observed a decrease
in SOD activity in women with preeclampsia and in their newborns, as
well as in GPx and CAT activity. This indicates that exposure to air pollution
during pregnancy does increase the susceptibility to oxidative stress and the
development of adverse outcomes.

4.3. Oxidative stress and preeclampsia

Maternal and perinatal morbidity and mortality due to preeclampsia
has been drastically reduced in developed countries, in contrast to what
was reported in third world countries. The imbalance between the genera-
tion of reactive oxygen species (ROS) or reactive nitrogen species (RNS)
and antioxidant capacity defines oxidative stress (Sinha and Dabla, 2015).
When oxidative stress overcomes antioxidant defense in the placenta, free
radicals released from the poorly perfused fetoplacental unit cause disrup-
tion of the placental endothelial function and oxidative damage that
spreads to distal tissues, as seen in preeclampsia (Aouache et al., 2018;
Hansson et al., 2015; Phaniendra et al., 2015). The main cause of oxidative
stress in preeclampsia is hypoxia-reperfusion events, are the source of ROS
and are associated with oxidative damage, inflammatory response and an-
tioxidant defense depletion (Guerby et al., 2021; Sanchez-Aranguren
et al., 2014; Schoots et al., 2018; Tenorio et al., 2019). The uteroplacental
hypoperfusion during preeclampsia increases oxidative stress in both the
mother and the fetus. Increased reactive oxygen species can lead to irrevers-
ible cellular damage, necrosis, and apoptosis from lipid peroxidation, pro-
tein damage and DNA oxidation. This results in cell damage and potential
tissue injury (Burton and Jauniaux, 2011; Hansson et al., 2015; Zha et al.,
2017).

Oxidative stress generates the peroxidation of polyunsaturated fatty
acids, which originates a huge amount of lipoperoxides, hydroperoxides

and aldehydes, which cause cell dysfunction, apoptosis and inflammation
(Halliwell, 2007). The syncytiotrophoblast (STB) has a low concentration
of antioxidant defense and their plasma membranes have abundant unsatu-
rated fatty acids. Therefore, STB is more vulnerable to ROS injury. Placenta-
derived lipid peroxides damage low-density lipoproteins in the circulating
blood, causing their peroxidation and subsequent systemic lipid peroxida-
tion, leading to maternal vascular dysfunction (Chiarello et al., 2020;
Dash, 2003; Lorentzen and Henriksen, 1998). MDA is a product and bio-
marker of lipid peroxidation found to be elevated in the plasma of pre-
eclamptic women (Hubel et al., 1989). Our study found higher
concentration of product of lipid peroxidation - MDA and hydroperoxides
in the preeclampsia group compared to normotensive women. High levels
of ROS and MDA in women with severe preeclampsia have been reported
(Liu et al., 2020). While, D'Souza et al., demonstrates an increase in MDA
levels in preeclamptic women in the first and second trimesters (D'Souza
et al., 2016). A meta-analysis concludes that lipid peroxidation is an impor-
tant factor in the pathogenesis of preeclampsia, since a higher level of MDA
was observed in preeclampsia women (Taravati and Tohidi, 2018). In new-
borns of women with preeclampsia we found elevated levels of MDA and
hydroperoxides in the umbilical cord blood when compared to newborns
of healthy women. Bharadwaj et al., Reported that of lipid peroxidation,
malondialdehyde levels and protein carbonyl levels were significantly
higher in the cord blood of neonates born to preeclamptic women (S.
Bharadwaj et al., 2018a).

Lipid oxidation products lead to the oxidation of different amino acid
residues of proteins and oxidative cleavage of proteins, generating protein
carbonyl (useful and sensitive biomarker for oxidative stress-induced pro-
tein damage) (Chiarello et al., 2020; Phaniendra et al., 2015; Taravati
and Tohidi, 2018). We found that protein carbonyl levels were higher in
women who developed preeclampsia compared to control group. In addi-
tion, we found higher concentration of protein carbonyl in the umbilical
cord blood of preeclamptic women compared to controls. Significant eleva-
tions of protein carbonyl levels in cord blood and preeclamptic women
have been reported (S. K. Bharadwaj et al., 2018b; Negi et al., 2014;
Taravati and Tohidi, 2018). Furthermore, a significant correlation was
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reported between protein carbonyl levels in women with preeclampsia and
cord blood, and consequently an adverse early neonatal outcome (S.
Bharadwaj et al., 2018a).

Antioxidant enzymes (SOD, CAT and GPx) constitute the first line of de-
fense against ROS (Birben et al., 2012). The hypothesis that oxidative de-
fenses could increase at the beginning PE pregnancy has been raised
(Taravati and Tohidi, 2018). However, not enough to counter oxidative
damage in preeclampsia and neonatal outcome. Some studies have found
significantly lower total antioxidant capacity in preeclamptic women (S.
K. Bharadwaj et al., 2018b), whereas others studies report higher total an-
tioxidant capacities (Shaarawy et al., 1998). Antioxidant defense probably
is reduced in preeclampsia by due to a diminution activity of the antioxi-
dant enzymes (Chiarello et al., 2020). We observed a low antioxidant en-
zymes CAT, SOD and GPx concentrations in the maternal circulation and
in the placenta, while GPx activity was higher in umbilical cord blood com-
pared to CAT and SOD activities in fetal circulation, which was lower. Pub-
lications report higher SOD activity in women with preeclampsia (Nikolic
et al., 2016; Roy et al., 2015), whereas others found significantly lower ac-
tivity (Negi et al., 2012; Pimentel et al., 2013). A meta-analysis concludes
that SOD activity is lower in preeclamptic women (Taravati and Tohidi,
2018) and Cord plasma activity of superoxide dismutase was significantly
lower in preterm infants (Norishadkam et al., 2017). Negi et al., observed
a significant rise in the levels of carbonylated protein along with decreased
levels of catalase in the umbilical cord blood of pregnancies with pre-
eclampsia and eclampsia (Negi et al., 2014). Several studies show de-
creased CAT and SOD activity, and increased lipid peroxidation in the
blood plasma from women with preeclampsia (Chiarello et al., 2020;
Garcia, 2016; Kumar and Das, n.d.). However, an increase in CAT and
GPx activities was observed in preeclamptic women (Taravati and Tohidi,
2018). A few studies were found significantly lower GPx activity in
women with preeclamptic (Chamy et al., 2006). Taravati and Tohidi re-
ported a significant increase in GPx activity in preeclamptic women com-
pared to normal pregnant women (Taravati and Tohidi, 2018). According
to the above, the increase or decrease in the levels of antioxidant enzymes
is probably determined by the trimester of gestation evaluated and the re-
sponse to oxidative stress as a compensatory response to it, the state of ad-
aptation as part of the metabolic response and, mainly the degree of
biochemical alteration related to clinical severity. Increase in GPx levels
in the fetal circulation found in our study could be explained by the fact
that GPx is directly involved in the elimination of ROS to inhibit lipid per-
oxidation especially in the membrane phospholipids. The elevated levels
may be an adaptive response to high levels of oxidative stress in later stages
of preeclampsia (D'Souza et al., 2016). Higher significant activity of gluta-
thione peroxidase and catalase reflect the persistence of oxidative stress. In-
creased glutathione peroxidase activity may probably serve as a
compensatory mechanism to prevent further damage by reactive radicals
(Knapen et al., 1999; Taravati and Tohidi, 2018).

4.4. Perinatal outcomes and preeclampsia

The perinatal outcomes of women who develop preeclampsia are high
rates of perinatal mortality, IUGR and increased neonatal morbidity due
to premature delivery. Likewise, NEC is reported with a higher incidence
in newborns with IUGR (de Souza Rugolo et al., 2011). Our study reports
that preeclampsia is associated with the risk of developing neonatal dis-
eases such as IUGR, NEC and BPD in premature newborns. Yang et al., re-
ports that maternal hypertension was associated with an increased risk:
1.86 times more development of neonatal NEC, and intrauterine growth re-
striction increases 3.59 times the development of NEC (Yang et al., 2018).
On the other hand, the prematurity and IUGR were more among pre-
eclamptic group a case control study in preeclamptic women (S.
Bharadwaj et al., 2018a). No studies were found to determine the associa-
tion between preeclampsia and BPD, however, they have been related to
the presence of oxidative stress as a pathophysiological factor (Perrone
etal., 2012).
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Newborns, especially if preterm, are particularly prone to the action of
free radicals due to, functional immaturity of organs, increase of tissue
mass with aerobic metabolism and relative deficiency of antioxidant sys-
tems (Giuffre et al., 2015; Mutinati et al., 2014). When we compared the
presence of neonatal disease in preterm newborns with oxidative stress
markers and antioxidant status, we found that when IUGR and NEC devel-
oped, levels of MDA, protein carbonyl, hydroperoxides, and GPx activity
were elevated in umbilical cord blood. We also observed a significant re-
duction in CAT and SOD activity. Most of the studies showed a relationship
between increased levels of oxidative stress biomarkers and/or decreased
levels of antioxidants in cord blood and higher risk of clinical outcomes
(de Almeida et al., 2021). Also observed that the imbalance between oxi-
dant and antioxidant factors seems to play an important role in the onset
of the main pathologies of the preterm infant, such as BPD and NEC
(Falsaperla et al., 2020). A review by Casavant et al., showed that prema-
ture newborns had lower levels of catalase and to increased rates of NEC
(Casavant et al., 2019).

4.5. Oxidative stress and perinatal outcomes

Our study established a positive correlation between the development
of IUGR and the levels of protein carbonyl, MDA, hydroperoxides and
GPx activity. An inverse correlation was identified between CAT activity
with the risk of [IUGR and NEC. When IUGR and NEC were associated, a pos-
itive correlation was found with MDA levels in umbilical cord blood, while
a negative correlation was found with SOD activity. There is a clear associ-
ation between OS markers and the risk of developing free radical-related
diseases in preterm newborns (Perrone et al., 2010). Several studies
showed a greater association with increased oxidative stress (advanced ox-
idation protein products and MDA) and/or reduced antioxidant levels and
RCIU (Bandyopadhyay et al., 2017; de Almeida et al., 2021; Perrone
et al., 2016; Silva et al., 2019). While, Ghany et al., described a significant
relationship between decreased catalase levels at birth and the risk of ECN
(Abdel Ghany et al., 2016). Early neonatal outcomes such as IUGR had sig-
nificant correlation with protein carbonyl levels among cases in preeclamp-
tic women (S. Bharadwaj et al., 2018a).

We conclude that OS has been identified in the pathogenesis of pre-
eclampsia and neonatal disease. There is increased oxidative damage in
both the maternal and fetal circulation in women who develop preeclamp-
sia exposed to air pollution during pregnancy. Therefore, these pregnancies
complicated by preeclampsia have a greater adverse outcome as neonatal
disease in the preterm infant. It is important to early identify the critical ex-
posure windows throughout gestation and to the newborns at risk of dis-
eases associated with oxidative stress early and implement preventive
measures before and during pregnancy, and the adoption of appropriate
policies to diminish ambient air pollution emissions and to raise awareness
of pregnant women. In addition, we propose that a research is needed to
link pregnancy outcome data with spatially and temporally resolved ambi-
ent air pollution data.
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