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Abstract

Nitrate is a nitrogen oxoanion formed by loss of a proton from nitric acid. It is an important source of
nitrogen which is essential for protein formation. Regular levels of nitrate in the environment do not exceed
2-5mg/L. Fertilizers, herbicides and pesticides increase, however, the amount of nitrate in drinking water.
In 2011 the World Health Organization (WHO) has issued a revised document on nitrate and nitrite levels
in drinking water to help establish a common guideline that will help countries. To date, the majority of
guidelines on drinking water quality that is directly related to nitrate levels are based in its toxic effect in
infants and neonates (primarily the occurrence of methemoglobinemia) and suggest as an arbitrary cut-
off the existence of less than 10 mg/L as a measure of safety. Exposure to nitrate levels has been linked
to adverse neurodevelopmental effects, fetal malformations and several forms of cancer. However, the
associations remain scarce in several fields as the majority of available data is retrieved from articles
that investigate the impact of nitrosatable drugs, rather than environmental exposure. In Greece, seven
vulnerable regions have been recently identified, following the country’s referral to the Court of Justice by
Commission. The aim of the present article is to summarize current evidence and provide recommenda-
tions for clinical practice and future research in the field.
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Introduction

Nitrogen is an essential component of proteins the atmosphere consists of nitrogen, rendering it
and is, therefore, mandatory for all living organisms ~ the largest source of nitrogen in the planet. In the
on Earth. It is estimated that approximately 78% of  environment it can be found in several forms and
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the nitrogen cycle regulates this process through
the processes of fixation, ammonification, nitrifi-
cation, and denitrification of nitrogen. In the soil,
the primary source of nitrogen is considered to be
decaying plants, residues of animals and various bac-
teria that transform nitrogen compounds in nitrate
(NO3-). Besides these sources, various fertilizers
and synthetic biochemical compounds that tend
to pollute the environment increase nitrate levels.
Therefore, territories inhabited by humans tend to
have increased levels of nitrate.

Nitrate and nitrogen are undetectable without
testing as they are colorless, tasteless and odorless.
The World Health Organization (WHO) has issued
a revised document on nitrate and nitrite levels in
drinking water in 2011 to help establish a common
guideline that will help countries form appropriate
legislations for drinking water quality’. The impor-
tance of nitrate levels in public health is underlined
by the first document that referred to the levels that
should be considered as appropriate which was
published by WHO in the first edition of Guidelines
for Drinking Water Quality (GDWQ) in 1958 - shortly
after the first reports of neonatal toxicity?.. Human
exposure to nitrate is more common through food and
water consumption as air pollution is considered to
be a minor source of nitrate exposure. The contribu-
tion of water and food on nitrate levels in humans
is entirely dependent on the actual levels of nitrate
in water. It is estimated that in areas with low levels
of nitrate (<10 mg/I) the main source of nitrate are
vegetables, which are commonly cultured with the
use of pesticides, herbicides and fertilizers®*. On the
other hand, in areas where nitrate levels exceed 50
mg/], drinking water may contribute to up to 14-20%
of nitrate uptake in the average person’.

Considering the fact that neonates and infants
that are bottle fed with formulas receive substantial
levels of nitrate, it is estimated that in this population
plain water is the major source of nitrate in their
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body. Extreme nitrate levels can directly and acutely
harm neonates and infants by inducing methemo-
globinemia, a life-threatening condition that leads
to cyanosis, shortness of death, dizziness, headache,
seizures, coma and even death’. The pathophysiologi-
cal process that underlies this association is based
in the reduction of nitrate to nitrite by bacteria that
colonize the oral cavity of infants. Nitrite bounds to
hemoglobin, forming methemoglobin which substan-
tially reduces the oxygen carrying capacity of red
blood cells, thus, depleting vital organs from oxygen.
Methemoglobinemia is considered to be toxic when
methemoglobin exceeds 10% of the normal hemo-
globin concentration and it is believed that infants
younger than 4 months are more prone to develop
the condition as their system is immature and does
not produce appropriate levels of nicotinamide ad-
enine dinucleotide (NADH)-cytochrome b5-metHb
reductase (an enzyme that is essential to help reduce
methemoglobin to hemoglobin)&.

To date, the majority of guidelines on drinking
water quality that focus on nitrate levels is based
in its toxic effect in infants and neonates. In 2000,
Knobeloch et al reported two cases of methemoglo-
binemia in two infants that were bottle fed with well
water with a concentration of nitrate-nitrogen of ap-
proximately 25 mg/L°. Studies in older children (aged
1-7 years) revealed that the methemoglobinemia did
not occur until nitrate-nitrogen levels exceeded 50
mg/1*. On the other hand, breastfeeding seems to be
entirely protective against this condition as studies
suggest that breasted children are not at risk, even
when maternal consumption was high (100 ppm in
drinking water)*!. Taking in mind this information,
the United States Environmental Protection Agency
chose to issue a statement that suggests that the maxi-
mum contaminant level (MCL) for nitrate should be
setat 10 mg/L (approximately one half of the lower
levels observed in the international literature)2.

Leaving aside the acute toxicity that nitrate-nitro-
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gen induces in neonates and infants, several reports
have been published in the international literature
during the last decades that underline the important
adverse effects of nitrate on human physiology. The
purpose of the present review is to summarize the
associations of nitrate-nitrogen with gynecological
diseases and adverse pregnancy outcomes, present
information related to Greece and provide directions
for current clinical practice and future research.

Nitrate and infertility

Current evidence does not support an association
between nitrate consumption and the occurrence of
infertility. However, the majority of data is retrieved
from animal experimental studies, is relatively out-
dated and as stated in the WHO document lacks
a standard multigenerational reproductive study
protocol 34 On the other hand, indirect evidence
has shown that nitric oxide is directly related with
altered sperm parameters in men and with idiopathic
infertility and endometriosis in women'>'¢, To date, it
is known that nitric oxide is endogenously generated
from the amino acid l-arginine following a process
that is regulated by complex nitric oxide synthases.
In 2010 Weitzberg et al proposed an alternative path-
way of nitric oxide generation that is based in back
reduction of nitrate and nitrite (which are generally
considered to be inert end products)'’. Since then,
however, there has been no study to support the
potential interaction of nitrate consumption with
infertility; hence, this remains to be investigated in
forthcoming projects.

Nitrate, antenatal healthcare

and adverse pregnancy outcomes

The majority of available data in the field correlate
nitrate to various fetal abnormalities that can be
either lethal in utero, or result in pathophysiological
and anatomical adverse effects later in life. Various
reviews have focused in the past in this field and un-

derline these consequences which seem to be more
pronounced in populations that reside in locations
with high environmental exposure®®, A recent study
that was conducted by Bose et al used Bayesian
distributed lag interaction models to identify the
potential window that renders lung function more
sensitive in nitrate exposure and revealed that early
gestational exposure reduces lung capacity at 7 years
of age'®. Consequently, this results in increased risk
of asthma occurrence?’, whereas, exposure in early
childhood seems to be also associated with the de-
velopment of eczema (atopic dermatitis)?L.
Neonates exposed in high nitrate levels in utero
exhibit thyroid abnormalities as well also and the
underlying pathophysiological routes that have been
speculated rely on the reduced thyroid absorption
of iodine. Specifically, nitrate seems to inhibit the
sodium/iodine symporter as the latter seems to be
responsible for the transportation of iodide, thiocy-
nate, nitrate and perchlorate?2 This is why specula-
tions related to the potential harmful effect of these
substances on fetal neurodevelopment have been
previously communicated?. In the clinical setting,
nitrate is not considered to be a potent goitrogenic
substance; however, several reports indicate that it
may induce mental retardation through suppressed
thyroid function®*. Various reports have been pub-
lished in this field with conflicting results and a recent
study from the Isfahan province which recruited
women with moderate exposure to nitrate (10-36
mg/L) did not reveal a significant association be-
tween nitrate levels and congenital hypothyroidism?®.
The sodium iodine symporter that was previously
mentioned has been also considered as a potential
mechanism that could correlate nitrate exposure
to neonatal size and gestational age at delivery?S.
Evidence is, nevertheless, extremely scarce in the
literature and does not support this association.
Specifically, a recent study that included 107 pregnant
women did not reveal significant differences in the
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anthropometric indices of fetuses?’.

Neural tube defects have been also reported among
women that consume nitrosatable drugs and the rela-
tive increase of these disorders has been reported
toreach 2.7 (95% confidence interval [CI] = 1.4-5.3)
compared to the unexposed population?®. In 2011 the
National Birth Defects Prevention Study that involved
1,223 case mothers with neural tube defect-affected
pregnancies and 6,807 control mothers confirmed
this association?. Environmental exposure through
the consumption of water nitrates does not seem to
be, however, as significant as anticipated3®3..

Nitrosatable drug exposure has been also linked
to hypoplastic left heart syndrome, limb deficiencies
and oral clefts®. Prenatal vitamin C supplementation
may help reduce the incidence of these malforma-
tions and is suggested by the National Birth Defects
Prevention Study group?:. However, as in the case of
neural tube defects, environmental exposure from
drinking water and vegetables has not been linked,
yet, to these complications.

Despite the significant amount of data that seem
to correlate nitrate to adverse pregnancy pregnancy
outcomes, there is also indirect evidence that sup-
ports the use of antenatal nitrate supplementation
in fetal growth restriction and preeclampsia. The
assumption of this beneficial effect is based in the
observation of low nitrate/nitrite levels in plasma
and urine samples of patients with preeclampsia®,
The potential beneficial effect of nitrate is thought
to be exerted through its reduction to nitrite and
nitric oxide which seems to improve the impaired
uteroplacental vascular function that is observed
among pregnancies complicated by FGR and hyper-
tensive disorders of pregnancy®. Nevertheless, the
actual level of human exposure to nitrate has not
been sufficiently reported among these pregnan-
cies; hence, several gaps exist in the literature that
require further investigation. Moreover, the small
sample size that has been used renders impossible
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the communication of potential adverse effects on
fetal development, as these require large sample
sizes that usually can be retrieved by population
based studies.

A significant issue that needs to be determined
among studies investigating the potential effect of
nitrate on antenatal outcomes of fetuses is the actual
exposure of the fetus, which is mostly based on ma-
ternal exposure levels. In 2006 Blount et al suggested
that ion chromatography and electrospray tandem
mass spectrometry are useful in determining accu-
rately perchlorate, thiocyanate, nitrate and iodide
in human amniotic fluid®*. This measurement is of
course not feasible in the clinical setting as a screen-
ing tools as it would require the implementation of
prenatal amniocentesis in nearly all cases. However,
calibration of the actual correlation of maternal
serum and amniotic fluid levels could be feasible
in high risk populations in order to help establish a
common minimally invasive measurement (based in
peripheral blood sampling) that accurately reflects
the level of neonatal exposure following maternal
consumption of increased doses of nitrate.

Nitrate and gynaecological cancer

The National Cancer Institute has published a
statement in 2019 that correlates increased nitrate
consumption with an increased risk of developing
colon, kidney, and stomach cancer®’. In 2001 the
Iowa Women’s Health Study was the first population
based study that revealed that municipal drinking
water nitrate level was directly linked to cancer risk
in older women?®, In a recent meta-analysis, Xie et al
observed that nitrate levels are positively associated
with adult glioma and thyroid cancer risk with pooled
RR of 1.21 (95%CI = 1.03-1.42) and 1.52 (95%CI =
1.12-2.05)*. Information in the field of gynaecological
cancer, including breast cancer, is scarce; however, the
aforementioned meta-analysis combined data from
3 published studies in the field of breast cancer and
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revealed that the relative risk does not increase ((RR =
0.97,95%CI =0.79-1.19). Nevertheless, the findings of
this study are limited by the aggregated nature of the
data that were used which precludes the feasibility of
appropriate subgroup analyses using different cut-off
values for abnormal nitrate exposure. The National
Institutes of Health (NIH)-AARP Diet and Health Study
provides more robust information that supports an
association between nitrate and nitrite and ovarian
cancer risk*. For the purposes of this latter study,
151,000 women were investigated and those belong-
ing to the highest intake category of animal sources
of nitrite were found to have a 34% increased risk
(95% CI: 1.05-1.69) of developing ovarian cancer.
The same conclusions were also provided by Choi
et al who also observed that private well users were
more likely to develop ovarian cancer (HR=1.53,
CI=0.93-2.54)*. To date, there are no studies in the
field of other forms of gynecological cancer and it is
the authors’ belief that future research should at least
target the potential interplay of nitrate/nitrate with
endometrial pathology.

Discussion

Several factors seem to regulate nitrate exposure,
including geological, agricultural and seasonal influ-
ences. Groundwater is distinguished at 2 subsurface
levels, shallow and deep, using an arbitrary limit of
5 meters. It is estimated that shallow groundwater
is more susceptible to environmental pollutants
including chemical and nitrogenous fertilizers. In
the United States the majority of the population has
access to drinking water from domestic wells and
major aquifers*2 Nevertheless, a significant propor-
tion of families still receives water from private wells
and in the U.S. this is estimated to reach 14% of the
population®3. The actual MCL of nitrate in these wells
cannot be estimated; however, previous studies sug-
gest that in more than 20% of cases these exceed
the appropriate MCL*. It is, therefore, anticipated

that approximately 3% of the population is exposed
to abnormal nitrate levels which can be toxic in the
long term. This is why the American Academy of
Pediatrics recommends that all prenatal and well-
infant visits should include questions that address
information concerning the water home supply*®.
In Greece, the issue of nitrate exposure is relatively
unexplored and in 2019 the European Commission
decided to refer Greece to the Court of Justice ask-
ing for financial sanctions*. The reason behind this
decision is Greece's reluctance to provide informa-
tion on Nitrate Vulnarable Zones and absence of
a national policy concerning the establishment of
specific action programs for these areas. Recently,
the Ministry of Environment and Energy has des-
ignated seven vulneralble zones (Figure 1) accord-
ing to the requirements of the Directive 91/676/
EEC (transposed into national legislation with JMD
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Figure 1. Vulnerable zones in Greece (highlighted in blue).
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161890/1335/1997)* and underlined the necessity
for the adoption of sound agricultural practices that
will limit the level of exposure of the population at
risk. The actual cut-off level for safety is not trans-
parently reported; however, the statement refers
to the level of 25 mg/L as an endpoint above which
nitrate exposure should be considered as a matter
of public health concern.

Implications for current clinical practice and future
research in the field

Given the information presented in the present
article, physicians in Greece should address the issue
of the safety of the available drinking water during
patient assessment. Ideally, this should be done in
the first prenatal visit and during the first pediatric
assessment of newborns. Specific programs should
target populations at risk and evaluate the amount
of nitrate exposure and correlate this to the reported
adverse effects that are presented by ELSTAT (the
Hellenic Statistical Authority). This way we will be
able to retrieve more information concerning the
actual correlation of nitrate with gynaecological
diseases and adverse pregnancy outcomes in the
Greek population that will help establish a national
preventive plan and diminish the potential adverse
effects that arise from abnormal environmental
exposure.
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