
Citation: Valverde, M.; Granados, A.;
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Abstract: Environmental pollution of megacities can cause early biological damage such as DNA
strand breaks and micronuclei formation. Comet assay tail length (TL) reflects exposure in the uterus
to high levels of air pollution, primarily ozone and air particles (PM10), including mothers’ smoking
habits during pregnancy, conditions which can lead to low birth weight. In this biomonitoring study,
we evaluated basal DNA damage in the cord blood cells of newborn children from Mexico City.
We found a correlation between DNA damage in mothers and their newborns, including various
parameters of environmental exposure and complications during pregnancy, particularly respiratory
difficulties, malformations, obstetric trauma, neuropathies, and nutritional deficiencies. Mothers
living in the southern part of the city showed double DNA damage compared to those living in the
northern part (TL 8.64 µm vs. 4.18 µm, p < 0.05). Additionally, mothers’ DNA damage correlates
with exposure to NOx (range 0.77–1.52 ppm) and PM10 (range 58.32–75.89 µg/m3), as well maternal
age >29. These results highlight the sensitivity of the comet assay in identifying differential in utero
exposure for newborns whose mothers were exposed during pregnancy. They also suggest the
importance of antioxidants during pregnancy and the role of the placental barrier in protecting the
newborn from the DNA-damaging effects of oxidative pollution.

Keywords: comet assay; human biomonitoring; NOx; PM10; tail length

1. Introduction

Air pollution is characterized by a complex mixture of gases and particles whose
sources and composition are closely related. Particulate matter (PM), ozone (O3), nitrogen
oxides (NO, NO2), sulfur oxides (SO, SO2), and carbon monoxide (CO) are the main
pollutants used to quantify exposure to air pollution. Today, there is a large body of
literature linking the presence of these contaminants with adverse health effects [1].

The metropolitan area of Mexico City is a heavily polluted area with a wide variety
of pollutants, among which ozone and airborne particles play a significant role [2]. Due
to the ring of mountains encircling the city, winds in the metropolitan area of Mexico City
follow specific routes, leading to a non-uniform distribution of pollutants across different
areas. Mexico City has one of the highest concentrations of children in the world, with
around 500,000 registered births each year. Several studies in recent years evaluated both
the mortality and morbidity associated with the effect of pollution in Mexico [3–5]. The
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high concentration of pollutants, mainly particulate matter and to a lesser extent ozone, has
been associated with an increase in different diseases such as neurodegeneration and with
excess mortality from cardiovascular and respiratory failure [6–9]. It is important to point
out that these results are consistent with reports from other highly polluted cities [9–14].

The symptoms associated with environmental pollution, most investigated in Mex-
ico, include impaired lung function, respiratory symptoms, inflammation, altered heart
rate, and asthma [15–20], information consistent with that of other polluted cities in the
world [21,22].

With regard to environmentally induced diseases, molecular biomarkers play a key
role in understanding the relationships between exposure to genotoxic chemicals and
the development of chronic diseases, as well as in the identification of subgroups and
individuals with higher risk. Among these biomarkers, in the last decades [22,23], single-
cell gel electrophoresis or comet assay, since its original version proposed by Singh et al. in
1988 [24], has become a preferred test for DNA damage assessment in human biomonitoring
studies, with its alkaline version allowing the detection of different types of DNA damage,
such as single-strand breaks (SSB), sites alkali labile (apurinic/apyrimidinic (AP) sites),
crosslinks, and incomplete DNA repair sites in single cells. More recently, standardized
assay protocols have been published that also highlight its use in biomonitoring studies [25].

In Mexico City, several studies evaluated the genotoxic effect of air pollution using
the comet assay [26–30]. Most of these studies found that inhabitants of Mexico City
present more damage than those living outside the urban area and associated this damage
to oxidative stress [26–28]. Two studies measuring DNA damage in peripheral blood
lymphocytes and exfoliated epithelial cells from nasal mucosa and tears found that residents
living in the southern part of the city show a higher incidence of damage [29,30].

In the present study, the comet assay was used to assess baseline DNA damage in cord
blood cells from newborns and to correlate it to the damage in peripheral blood lympho-
cytes from their mothers. Given that the mothers lived during pregnancy in different zones
of the metropolitan area of Mexico City with variable concentrations of contaminants, the
objective of the study was to investigate the potential effect of this non-uniform distribution
of the contaminant on the genomic integrity of the mother–newborn couples.

2. Materials and Methods

If not mentioned otherwise, all the chemicals and materials were from Sigma Aldrich,
Burlington, VT, USA.

2.1. Study Population

The study population was composed of 104 newborns: 64 born in the Centro Médico
Nacional 20 de Noviembre, located in the Southwest zone of the city, and 40 born in the
Hospital Gustavo Baz Prada, located in the Northeast zone. Thirty-nine mothers from the
first group and all 40 mothers from the second group were also included. All the mothers
involved in the study have the same socio-economic status, and their place of residence is
in an urban environment (Mexico City). Heparinized cord blood samples and maternal
venous blood samples were kindly provided by Dr. Fernando Escobedo, Dr. Patricia Birott
and Dr. Luis Amaro.

The ethics committees of both hospitals approved the protocols for sample collection
and analysis from both cord blood and maternal venous samples together with the ques-
tionnaires, in accordance with the declaration of Helsinki (HGBP/057/0998). Informed
consent was obtained from all the subjects (from mothers and mothers signed in the name
of their newborns) involved in the study. Questionnaires were used to gather personal
information, lifestyle details, and medical history from the mothers.

Newborns’ health parameters, including weight, length, and Apgar scores at one and
five minutes from the birth, were also recorded. Low birth weight was defined according
to the national standards curves (<2500 g). Additionally, newborns‘ complications such
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as respiratory difficulties, malformations, obstetric trauma, neuropathies, hypoxia, and
nutritional deficiencies were also documented.

2.2. Pollution Data

The Automatic Atmospheric Monitoring Network or The Red Automatizada de Moni-
toreo Ambiental (R.A.M.A.) provided pollutant data for Mexico City during the sampling
year. The website network of R.A.M.A. has been organized as an annual database that con-
tains information on the concentrations of pollutants that have been recorded every hour
since 1986 (http://www.aire.cdmx.gob.mx/, accessed on 17 September 2017). For analysis
purposes, the Mexico City metropolitan area was divided into zones, namely northeast
(NE), northwest (NW), southeast (SE), and southwest (SW). The average concentrations of
different pollutants (ozone, particulate matter-PM10, sulfur dioxide, carbon monoxide and
dioxide, and nitrogen oxide and dioxide) were obtained for each mother during their ges-
tation period by means of the R.A.M.A database reports (http://www.aire.cdmx.gob.mx,
accessed on 17 September 2017) accessed on 17 September 2017. It should be noted that
in recent years, ozone concentrations were indistinctly higher in the southern part of the
city. Therefore, the metropolitan area was also divided into north (N) and south (S) zones
to calculate the concentrations of pollutants in these zones. Alternatively, separate anal-
yses were performed considering the area of residence of the mothers, based on two or
four subgroups.

2.3. Alkaline Comet Assay

The comet assay was performed within a maximum of 12 h after the sample collection,
and the protocol used, with some modifications, was as described by Singh et al. [24] and
Tice et al. [31]. Briefly, 10 µL of whole blood was mixed with 75 µL of 0.5% low melting
point (LMP) agarose, and the mixture was spread on microscopic slides previously covered
by a layer of 0.5% normal melting point agarose. After solidification at 4 ◦C, another
layer of 0.5% LMP agarose was added and solidified. Lysis was carried out for at least
one hour at 4 ◦C (2.5 M NaCl, 0.1 M EDTA, 10 mM Tris, pH10, freshly added 1% Triton
X-100, and 10% DMSO). Alkali unwinding was performed for 20 min (0.3 M NaOH, 1 mM
Na2EDTA, pH > 13) and electrophoresis was conducted for 20 min in the same buffer at
0.8 V/cm under the dim light. The slides were neutralized with 0.4 M Tris (pH 7.5) and
then stained by adding 20 µL of ethidium bromide (20 µg/mL). Fifty nucleoids per slide
were evaluated on two slides per individual. The comet’s head and tail were defined
as described previously [30]. The nucleoids were scored, determining DNA migrations
(microns, µm) in the comet tail (comet tail length, TL) as well as the comet head with an
ocular micrometer.

2.4. Statistical Analysis

Descriptive statistics concerning mother–newborn couples are reported in Table 1.
They include quantitative and qualitative parameters of the mother’s pregnancy and
newborns such as maternal age, zone of residence, exposure to air pollution, and health
status, and DNA damage was reported as mean ± standard deviation (SD) or percentage
for continuous or discrete variables, respectively. Then, univariate analysis was carried out
to evaluate the effect of each variable on the level of DNA damage, measured as tail length
(TL). All variables were categorized according to clinical parameters whenever possible,
e.g., birth weight < 2500 g, or—as in the case of pollutants—using tertiles.

The difference in the level of DNA damage was measured for each variable with
the Chi-square test for qualitative variables and with the Student’s t-test for continuous
variables. Logarithmic transformation of data was applied to normalize the distribu-
tions of variables, which showed a significant departure from normality according to the
Kolmogorov–Smirnov test.

http://www.aire.cdmx.gob.mx/
http://www.aire.cdmx.gob.mx
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Table 1. Descriptive analysis of study groups, mother residents in Mexico City and their newborns.

Mother/Newborn/Delivery
Characteristics N Mean ± SD

or % Min-Max

Maternal age (years) 79 28.5 ± 6.3 14–43

Multiple births 1 94 90.4%
1–4>1 10 9.6%

Number of pregnancies 1 14 30.4%
1–7>1 32 69.6%

Number of abortions
No 33 68.8%

0–4Yes 15 31.3%

Infections during pregnancy No 71 73.2%
Yes 26 26.8%

Use of medications
during pregnancy

No 70 72.2%
Yes 27 27.8%

Smoking during pregnancy No 39 86.7% 0–20
(Cigarettes/Day)Yes 6 13.3%

Weeks of gestational age ≥37 47 54.0%
27–42 (Weeks)<37 40 46.0%

Birth weight (%) ≥2500 g 58 76.7% 1114–4500 (g)
<2500 g 24 29.3%

Apgar score at 1 min 78 7.99 ± 1.15 1–9

Apgar score at 5 min 80 8.81 ± 0.53 6–9

Area of residence (2 levels)
North 42 58.9%
South 31 41.1%

Area of residence (4 levels)

North-West 7 9.7%
North-East 35 47.9%
South-West 19 26.0%
South-East 12 16.4%

SD: standard deviation, g: grams.

Lognormal models were applied to study variables associated with TL in mothers and
newborns. The mean ratio (MR), together with its asymptotic 95% confidence intervals
(95% CI), was computed for all variables included in the final models (only variables
significantly associated to DNA damage were reported in the tables). The following
variables were included in all models as potential confounders: maternal age (years);
multiple births; number of pregnancies; number of abortions; infections during pregnancy;
use of medications during pregnancy; smoking during pregnancy; weeks of gestational age;
birth weight (%); Apgar score at 1 min; Apgar score at 5 min; area of residence; NOx (ppm);
PM10 (µg/m3); and ozone at delivery (ppm). Due to small numbers, a forward variable
selection procedure was adopted, iteratively adding variables one at a time, selecting the
variable that improves the model fit the most at each step. No interaction was found to
be significantly associated to the outcome. To reduce the presence of multicollinearity,
a correlation analysis was performed to identify and select variables that were highly
correlated. The critical limit for significance was set at p < 0.05. The statistical software
used for all analyses was SPSS (SPSS for Windows, 28.0).

3. Results

The mean age of mothers (± SD) living in Mexico City that delivered a newborn
and were included in the study was 28.49 ± 6.34 years, with a mean gestation time of
37.1 ± 3.36 weeks. Approximately 70% of them had previous pregnancies, did not have
any history of abortion, were not diagnosed with any infections, and did not receive
any medical treatment during pregnancy. Six mothers (13.3%) reported smoking during
pregnancy (Table 1).
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Most newborns (76.7%) had a regular weight at birth (≥2500 g), and their condition
was good at the 1st and the 5th minute after birth (Apgar score), with a mean score of
7.99/10.0 at 1st min and 8.81/10.0 at 5th min. As for the place of residence, mothers lived in
all parts of Mexico City (Table 1), with a higher concentration in the northeast area (47.9%).

The pollution level in the city—as expected—was rather high, with the mean 9-months
average concentration of air pollutants exceeding most international standards for urban
air pollution, i.e., nitrogen oxide (NOx) 1.32 ppm, PM10 69.25 µg/m3, and ozone 0.81 ppm
(Table 2). Sulfur dioxide, carbon monoxide and dioxide, and nitrogen dioxide did not show
variation in concentration, which is of interest for this study (data not shown).

Table 2. The average concentration of NOx, PM10, and ozone in the group of mothers living in Mexico
City. Exposure to ozone was calculated as: (1) average concentration of the first trimester; (2) average
concentration during pregnancy; (3) ozone concentration on the day of delivery.

Exposure to Air Pollution N Mean ± SD Min-Max

NOx (ppm) 70 1.32 ± 0.35 0.425–2.72
PM10 (µg/m3) 52 69.25 ± 10.48 40.75–93.46
Ozone (ppm) 52 0.81 ± 0.10 0.51–1.90

Ozone 1st trimester (ppm) 70 0.89 ± 0.18 0.315–1.26
Ozone at delivery (ppm) 70 0.85 ±0.34 0.33–1.87

SD: standard deviation.

To evaluate the influence of study parameters on the level of DNA damage in mothers
and their newborns, univariate analysis was preliminarily conducted. Significantly higher
damage was found in those mothers delivering multiple births, having products of less
than 2500 gr, or experiencing a health complication at delivery (Figure 1A,B,D). Other
parameters significantly affecting DNA damage were residence in the southern part of
Mexico City, delivery after 29 years of age, being exposed to the highest tertile of ozone at
delivery day, and unexpectedly being exposed to PM10 in a range of 58.32–75.89 µg/m3

(Figure 1E–H).
As far as DNA damage in newborns is concerned (Figure 2A–H), we found only an

association with the smoking habits of the mother and with exposure to ozone during
pregnancy (Figure 2C,H). However, newborns showing low birth weight or experiencing
health complications at delivery reported a borderline increased level of damage (p < 0.051)
(Figure 2B,D). Interestingly, smoking during pregnancy results in borderline DNA damage
increase for mothers, while for newborns, the smoking habit of their mothers means an
increase in basal DNA damage (Figures 1C and 2C).

Furthermore, we found a significant correlation between DNA damage in mother–
newborn couples (r = 0.511, p < 0.001) (Figure 3A). However, we found that the newborns
accumulate more damage than the mothers (Figure 3B).

Mothers who lived in the south of the city (a highly ozone-contaminated area) showed
a double level of DNA damage when compared to those who lived in the northern part of
the city (TL 8.64 µm (South) vs. 4.18 µm (North), p < 0.05) (Figure 4A).

In addition, our hypothesis was partially confirmed in newborns. In them, we ob-
served a 39.3% increase in the DNA damage of newborns whose mothers lived in the
southern part of the city compared to mothers who lived in the north; however, this in-
crease was not statistically significant (TL 9.89 µm (South) vs. 7.10 µm (North), p = 0.19)
(Figure 4B).

To take into account the presence of confounding variables and evaluate the pos-
sible interaction between variables in determining DNA damage, separate multivariate
lognormal models were fitted to data in the group of mothers and in that of newborns.

The increased level of DNA damage in mothers living in the southern part of Mexico
City was confirmed, with a TL 94.0% longer than in mothers living in the northern quarters
[MR = 1.94; 95% CI= 1.03–3.63]. The results concerning the role of single pollutants
were quite contrasting. While the concentration of ozone at the delivery day significantly
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increased in the tertile exposed to the highest concentrations, i.e., ≥1.01 ppm, [MR = 3.51;
95% CI = 1.53–8.03], a non-dose-response trend was found for PM10 (Table 3).
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Table 3. Multivariate lognormal modelling of the association between selected predictive variables
and DNA damage (TL) in mothers.

Variables β ± SD MR [95% CI] p-Value

Area of
Residence

NorthSouth
- 1.00

<0.050.66 ± 0.31 1.94; [1.03–3.63]

NOx (ppm)
≤1.19 - 1.00

1.20–1.96 −0.77 ± 0.36 0.46; [0.24–0.94] <0.05
≥1.97 0.72 ± 0.41 0.38; [0.21–1.12] n.s.

PM10 (µg/m3)
≤58.31 - 1.00

58.32–75.89 −0.75 ± 0.37 0.47; [0.23–0.99] ≤0.05
≥75.90 −0.50 ± 0.37 0.61; [0.19–0.78] ≤0.05

Ozone at
delivery (ppm)

≤0.73 - 1.00
0.74–1.00 0.06 ± 0.32 1.06; [0.56–2.01] n.s.
≥1.01 1.26 ± 0.41 3.51; [1.53–8.03] <0.01

Maternal age <29 - 1.00
<0.05≥29 0.88 ± 0.41 2.41; [1.04–5.60]

Difficult delivery No - 1.00
<0.05Yes 0.80 ± 0.33 2.23; [1.16–4.31]

SD: standard deviation.

With respect to NOx, a reduction in DNA damage was observed among mothers
exposed to the intermediate tertile of this pollutant [MR = 0.46; 95% CI = 0.24–0.94]. Among
other covariates, a significant increase in DNA damage was observed for the mother’s
age, with mothers older than 29 years showing a level of damage 2.41 times higher [95%
CI 1.04–5.60, p < 0.05], and in mothers with health complications at delivery [MR = 2.23;
1.16–4.31; p < 0.05] (Table 3). The multivariate analysis of parameters influencing the level
of DNA damage in newborns is reported in Table 4. Higher values were found in newborns
experiencing health complications at delivery MR = 1.78 [1.02–3.11, p < 0.05], in those
whose mothers smoked during pregnancy, i.e., MR = 2.72 [1.06–6.93, p < 0.05], and in
low-birth-weight newborns MR = 1.76 [1.00–3.09, p = 0.05].

Table 4. Multivariate lognormal modelling of the association between selected predictive variables
and DNA damage (TL) in newborns.

Variables β ± SD MR [95% CI] p-Value

Difficult delivery No
Yes

- 1.00
<0.050.58 ± 0.28 1.78; [1.02–3.11]

Birth weight ≥2500 g - 1.00
<2500 g 0.57 ± 0.28 1.76; [1.00–3.09] <0.05

Smoking during
pregnancy

No - 1.00
<0.05Yes 0.99 ± 0.46 2.72; [1.06–6.93]

SD—standard deviation.

4. Discussion

The harmful effects caused by environmental pollution and associated genotoxic dam-
age in individuals living in highly polluted urban areas have been extensively studied in
Mexico. The latest Global Burden of Disease report [9], which considered exposure to air
pollutants during pregnancy as a risk to the mother, also extends this risk to newborns. In
this report, the risk of respiratory infections; tracheal, bronchial and lung cancer; ischemic
processes; and chronic obstructive diseases associated with exposure to PM and ozone
during pregnancy was evaluated. That is why we decided to study different variables
intrinsically and extrinsically affecting the genetic integrity of newborns in a highly pol-
luted area such as Mexico City. We decided to design a biomonitoring study evaluating
DNA damage in exposed mothers and newborns because we were able to identify potential
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risk variables according to the Global Burden of Diseases report [9]. As a result of in
utero exposure, the basal DNA damage in the umbilical cord leukocytes of newborns in
Mexico City was measured as a DNA-TL of 9.51 ± 9.57 µm. Surprisingly, the average
maternal DNA-TL value was lower (7.74 ± 9.05 µm), especially in comparison with the
value observed in our previous report on non-pregnant young women from the same city
(12.22 ± 4.38 µm) [29]. This could be due to the fact that women have better nourishment
and multivitamin supplementation during pregnancy, which results in increased antiox-
idant defense [32,33]. In addition, the slightly higher DNA damage of newborns when
compared to their mothers is a condition reported previously by other studies comparing
DNA damage and other genotoxic endpoints in newborns and adults [34]. This result
suggests that newborns had increased susceptibility to environmental genotoxic agents,
a condition also reported by other reports in newborns and adults [34]. Additionally, the
presence of a correlation between DNA damage in newborns and mothers is known, and
it was extensively discussed by Sram et al., who used the comet assay to evaluate DNA
damage in the peripheral white blood cells of newborns in the Czech Republic [35]. Thus,
the probability of finding DNA damage in the child of a mother with risk factors during
pregnancy is higher [36–40].

In agreement with other reports, most of the adverse clinical conditions occurring
during pregnancy, such as the number of pregnancies, the number of previously aborted
fetuses, and the multiplicity of births, were correlated with an increase in DNA damage in
the venous blood cells of mothers [34,41,42].

Our data show that health complications at birth, such as respiratory difficulties,
malformations, obstetric trauma, and neuropathies, in addition to nutritional deficien-
cies, result in a constant but non-significant increase in DNA migration in newborns, as
evaluated by the alkaline comet assay.

Smoking during pregnancy increased the level of DNA damage in newborns, con-
firming results previously reported by other groups [34,43–48]. Low birth weight has
also been associated with smoking during pregnancy [49]. In our multivariate analysis,
these three variables independently explained DNA damage in Mexico City newborns,
i.e., health complications at delivery, low birth weight, and smoking during pregnancy. It
is important to mention that even when we found a tendency of DNA damage increase
in relationship with PM10 exposure, this could be related to low birth weight, as other
studies mention [50]. Trying to further assess the potential interaction of these two air
pollutants on inducing DNA damage, we performed an additive model. We used the
synergy index [51,52]; however, we did not find any additive effects between ozone and
PM10 concentrations.

In this work, we were able to substantiate, in a different timeframe, our previous
results, where we observed that mothers living in the southern part of the city present
greater DNA damage [28], even though current results present a lower average value than
in our previous work. On the other hand, DNA damage in newborns also tends to be
greater when mothers lived in the southern area of Mexico City, although results did not
reach statistical significance, possibly because of additional heterogeneity due to a cluster
of children whose mothers lived in the northwestern part of the city. It is worth mentioning
that this increase is not related to any of the pollutants evaluated; however, a random
clustering due to the small number of subjects (n = 7) cannot be ruled out.

In addition to the fact that newborns’ DNA damage correlates with the accumulation
of ozone during pregnancy, the results of the present study suggest the possibility that
protection from the other pollutants present in the southern area of the city can be offered by
the placenta. Interestingly, mothers living in the northern area had the lowest DNA damage,
and this area showed the lowest concentrations of ozone [26,27,29,30,53,54], opposite
to the highest concentration of NOx. In this regard, it has recently been reported that
NOx can generate inter-crosslinks due to the formation of a double-strand diazonium ion
intermediate, and this could explain the reduction in DNA migration that we observed in



Toxics 2023, 11, 766 12 of 15

mothers who are exposed to high concentrations of NOx [55]. It is worth noting that this
kind of damage can drastically affect the structure and function of DNA.

The slightly higher DNA damage that we observed in newborns can be explained
by the existing report of less nucleotide excision repair and fewer antioxidant abilities in
newborns compared to mothers [56,57]. It is important to mention that there are many
factors that can affect the estimation of personal exposure to pollutants, such as the time
spent indoors [58], the type of building [59], the air filtration system [60], the occupancy [61],
and the interior sources (such as cooking) [62]. In our study, we found that most of the
mothers’ work and workplaces are very close to their place of residence and that all mothers
lived inside Mexico City, and we did not observe differences between the time they spent
working, so the monitor closest to their place of residence was assigned to each mother.
However, we believe that in future works, it will be necessary to use personalized monitors
for a more accurate estimate of exposure to these environmental contaminants.

5. Conclusions

Basal DNA damage in both newborns and their mothers, as well as the in utero
exposure history, could be determined by the comet assay. The sensibility of the test is
sufficiently strong to identify differentially the effects of the exposure during pregnancy
by mother–newborn couples, and it allows for the estimation of long-term risks [63]. The
identification of variables related to DNA damage both in newborns (health complications
in childbirth, smoking habits of mothers during pregnancy, low birth weight, and ozone
during pregnancy) and mothers (maternal age > 29 years, health complications in childbirth,
living in the southern area of the city, high ozone level at 1 ppm, and mid-range exposure
to NOx and PM10) indicates that environmental pollution can be considered a risk starting
from in utero exposure, and this could have long-term repercussions in newborns [64].
Early control of these exposures may help to reduce the long-term effects caused by in utero
exposures. These conditions can have an impact on health later in life, including serious
conditions such as childhood cancers and immune disorders. To improve prevention
strategies of these disorders, additional research should be planned to assess DNA damage
as a marker of risk in exposome studies. Prospective studies are required to validate
biomarkers such as the comet assay as suitable tools for disease prevention in public health.
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