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Abstract: Trace elements are important for human health and development. The body requires
specific micronutrients to function, with aberrant changes associated with a variety of negative
health outcomes. Despite this evidence, the status and function of micronutrients during pregnancy
are relatively unknown and more information is required to ensure that women receive optimal
intakes for foetal development. Changes in trace element status have been associated with pregnancy
complications such as gestational diabetes mellitus (GDM), pre-eclampsia (PE), intrauterine growth
restriction (IUGR), and preterm birth. Measuring micronutrients with methodologies such as
elemental metabolomics, which involves the simultaneous quantification and characterisation
of multiple elements, could provide insight into gestational disorders. Identifying unique and
subtle micronutrient changes may highlight associated proteins that are affected underpinning the
pathophysiology of these complications, leading to new means of disease diagnosis. This review will
provide a comprehensive summary of micronutrient status during pregnancy, and their associations
with gestational disorders. Furthermore, it will also comment on the potential use of elemental
metabolomics as a technique for disease characterisation and prediction.
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1. Introduction

Biological trace elements are important for human health with imbalances in elemental
homeostasis and metabolism playing a critical role in a variety of poor health outcomes. Micronutrition
consists of elements required in small amounts in the daily diet that are essential for proper growth,
development and physiology of organisms. For humans, this includes 13 elements that are not able to
be synthesised, such as iron, selenium and calcium [1]. Recent studies suggest that, in some developed
and relatively affluent societies, only 5% of the population meet the guidelines for adequate fruit and
vegetable daily intake of 2 serves of fruit and 5 of vegetables, indicating that our diets may be lacking in
essential nutrients that are principally acquired from these sources [2]. Maternal nutrition has long been
considered to be important for a healthy pregnancy [3,4]. Adequate intake of macro nutrients has been
correlated to positive pregnancy outcomes whereas hyperglycaemia, hyperlipidaemia and excessive
calorific intakes have been associated with pregnancy complications. Similarly, the micronutrient
status of women in many countries is below recommended daily intake (RDI) levels for both vitamins
and minerals [5]. Due to the increasing demand for many micronutrients during pregnancy, the World
Health Organization (WHO) recommends an increased intake of many nutrients during gestation
and lactation [6]. Despite this, the global burden of maternal undernutrition including micronutrient
deficiencies is persistent, particularly in South Asia where 10–40% are undernourished [7] Additionally,
nutrients such as vitamin D, calcium, magnesium, and iron are consumed in quantities 74% lower than
recommended levels in Australia; whilst vitamins A, C, and zinc consumption has been found to be
250% greater than recommendations, depending on the region [8].
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Micronutrients play key roles in pregnancy outcomes, with aberrant micronutrition, such as
deficiency in magnesium, potassium, calcium, selenium, and zinc being associated with poor perinatal
outcomes such as gestational diabetes mellitus (GDM) and preeclampsia (PE), both are associated
with an increase in other pregnancy complications including of fetal growth restriction (FGR), preterm
birth and still birth [9,10]. Gestational disorders can lead to severe long term health outcomes for both
mother and child after pregnancy, with this information in mind, it is of critical importance to identify
women at risk of these complications as early in gestation as possible [11]. To limit the severity of
negative outcomes or prevent disorders altogether, early detection and intervention is required.

The use of elemental metabolomics; the study of elements present within an organism, has only
recently been developed to a point which might be applicable to understanding human health. Recent
studies have successfully utilised trace element metabolomics to predict the onset and progression
of Alzheimer’s disease [12], Parkinson’s disease [13], diabetes [14], and cancer [15]. Multi-elemental
analysis and predictive capabilities of this methodology could contribute to further understand
gestational disorders and possible use as a means of predicting pregnancy outcomes. Complexities
surrounding nutrition and pregnancy are extensive with various elements correlated to diverse
outcomes. Currently, only a handful of essential elements are known to affect pregnancy outcomes,
even though there may be additional micronutrients that are essential for pregnancy health and human
development [16].

2. Maternal Nutrition

The inadequate levels of micronutrients are well understood in low income countries [17];
however, there is surprisingly little known about the micronutrient status of pregnant women in
many developed countries. Women often supplement their diet with multiple micronutrients during
pregnancy, and many more may consume the high-fat, low-nutrient diets typical of high-income
nations. Various micronutrients are important for successful pregnancy, although the specific
pregnancy related functions of many are poorly understood. Sedentary lifestyle, tobacco smoking,
alcohol consumption, and hypertension are maternal risk factors that have been extensively shown
to cause an increased incidence of negative outcomes during gestation. Micronutrients have roles
in modulation of the maternal and fetal metabolism, oxidative stress, placentation, and structural
development of key fetal organs and tissues [3,4].

The placenta plays a crucial role in mediating the transfer of nutrients via both active and
passive transport mechanisms [18]. Previous research indicates that the placenta will preferentially
uptake nutrients from the maternal system to prevent fetal deficiency [19,20]. Maternal conditions
such as diabetes or obesity can alter the nutrient transporters in the placenta, leading to increased or
decreased nutritional flow, with potential outcomes including overgrowth (macrosomia) or intrauterine
growth restriction (IUGR) of the foetus. As the placenta coordinates many aspects of gestational
development and maternal blood nourishes the foetus, biological samples from the maternal or fetal
circulation provide highly meaningful information relating to micronutrient status, maternal health
and fetal development.

A concept popularised by David Barker known as “fetal programming” or the “Developmental
Origins of Health and Disease” hypothesis, showed that there are a spectrum of processes that operate
in all pregnancies and infancy that shape future health and risk of disease [21]. Fetal programming
describes the maladaptive consequences to a maternal, fetal, or placental stressor during pregnancy
that can result in abnormal development leading to disease [22].

Maternal nutrition has been specifically noted to have significant impacts on offspring outcome,
as seen in the Dutch Famine (1944-45). After examining a cohort of 2414 people, it was noted that
famine at any time during gestation was associated with glucose intolerance in offspring. If exposed
early in gestation, there was an associated increase in obesity, coronary heart disease, atherogenic lipid
profiles, disturbed blood coagulation, and increased stress responsiveness in offspring, while women
who were conceived during this time had 5 times higher rates of breast cancer [23]. Although this
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study highlighted the complexities of human development, it also highlighted the importance of
maternal nutrition and dietary profile of micro and macronutrition to the fetal environment. Though
epidemiological studies have found correlations between over and under nutrition and programming
of disease, few have managed to elucidate the mechanisms involved and the interrelationships
of micronutrition in maternal and fetal health [24]. Currently, we only know how a selection of
micronutrients affect pregnancy outcomes even though many additional micronutrients are likely to
be essential to human development [16,25].

3. Micronutrition during Gestation and Lactation

3.1. Potassium

The RDI of potassium during pregnancy is 2800 mg/day to avoid deficiency (hypokalaemia)
(Table 1). Potassium can be acquired from sources such as leafy green, root vegetables, beans, peas and
fruits. Meat products, nuts and dairy products also have moderate amounts of potassium [16]. Normal
blood concentration of potassium ranges from 14.1 to 20.3 mg/dL, with levels lower than 9.7 mg/dL
indicative of hypokalaemia [26]. During pregnancy, birth outcomes based around hypokalaemia are
unknown, however there is the possibility of negative maternal outcomes such as extreme muscle
fatigue [27] or muscular paralysis [28]. Hypokalaemia is also concomitant with cardiac arrhythmias and
muscle weakness [29,30]. Hyperkalaemia (high potassium) is often used as a marker of acute metabolic
or renal dysfunction and has also been associated with severe atherosclerotic morbidity leading to
cardiovascular disease. Similar to hypokalaemia, there is limited literature associating hyperkalaemia
and poor pregnancy health, although both GDM and PE patients have a higher possibility to develop
renal dysfunction [31].
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Table 1. Recommended daily intake (RDI) and reference ranges for elements. Information gathered from Nutrient Reference Values for Australia and New Zealand.
New Zealand Ministry of Health, 2006. [8], Gluckman, P., et al., Nutrition and lifestyle for pregnancy and breastfeeding. 2014: Oxford University Press, UK. [16], Farinde,
A. Lab Values, Normal Adult: Laboratory Reference Ranges in Healthy Adults. Available online: https://emedicine.medscape.com/article/2172316-overview. [32],
FSANZ. The 23rd Australian total diet study; Food Standards Australia New Zealand: 2011. [33]. Additional information from [34,35]. Elements that are not present
did not have documented reference ranges. This is due to their normal concentration being unknown, or they are not in measurable quantities in human blood, serum,
plasma, urine, or cord blood.

RDI Blood Reference Range Serum/Plasma Reference Range Urine Reference Range Cord Reference Range

Na (Sodium) 460–920 mg [6] 310–335 mg/dL [36] - 45 mg/dL [36] 290–380 mg/dL [36]
Mg (Magnesium) 350 mg [6] 3.6–6.1 mg/dL [36] 1.7–2.2 mg/dL [16] 145–245 mg/day [36] -
P (Phosphorus) 1000 mg [6] 6–9.2 mg/dL [36] 2.7–4.4 mg/dL [36] 0.4–1.3 g/day [36] -

S (Sulfur) 900 mg [6] - - - -
K (Potassium) 2800 mg [6] 14.1–20.3 mg/dL [36] 13.3–17.2 mg/dL [36] 97.7–490 mg/dL [36] 21.9–46.92 mg/dL [36]
Ca (Calcium) 1000 mg [6] 8.6–10.2 mg/dL [36] 8.6–10 mg/dL [36] 100–300mg/day [36] -
V (Vanadium) <1.8 mg [32] - <1 µg/L [36] - -

Cr (Chromium) 30 µg [6] 0.5–2.5 µg/L [33] 0.8–5.1 µg/mL [33] - -
Mn (Manganese) 5 mg [6] 4–15 µg/L [36] 0.4–0.85 µg/L [36] 1–8 µg/L [36] -

Fe (Iron) 27 mg [6] - 50–170 µg/dL [36] - -
Co (Cobalt) - 0.7–3.4 µg/L [33] 0.3–7.5 µg/L [33] - -
Ni (Nickel) - - <2 µg/L [36] - -

Cu (Copper) 1.3 mg [6] 70–140 µg/dL [36] 80–155 µg/dL [36] 3–35 µg/day [36] 4.6–8.8 µmol/L [34]
Zn (Zinc) 11 mg [6] 4.5–6.5 mg/L [36] 0.66–1.10 µg/mL [36] - 15.8–22 µmol/L [34]

As (arsenic) - 0.2–2.3 µg/dL [36] - 5–50 µg/day [36] -
Se (Selenium) 65 µg [6] - 70–150 µg/L [36] 15–50 µg/L [36] 0.5–0.7 µmol/L [34]

Mo (Molybdenum) 50 µg [16] 0.6–4 µg/L [36] 0.3–2.0 µg/L [36] - -
I (Iodine) 220 µg [6] - 40–92 µg/L [36] 150–249 µg/L [36] -

https://emedicine.medscape.com/article/2172316-overview
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3.2. Calcium

Daily calcium intake during pregnancy is recommended at 1000 mg/day, increasing to
1200 mg/day in the last trimester (Table 1), with Vitamin D also consumed along with calcium to
allow for the adaptive homeostatic mechanisms for gestation and lactation to occur [6,37]. In western
diets, milk and milk products are the primary sources of calcium; with cereals, fruits, and vegetables
making a lesser contribution. Calcium’s requirement by bone makes it critical during stages of rapid
bone development, such as during gestation, infancy, childhood and adolescents [38]. Calcium is also
important in the extracellular fluid for physiological function through mediation of cell signalling
for both vasoconstriction, vasodilation, nerve transmission, contraction of muscles, and glandular
secretion of hormones [38].

To maintain physiological functions within the body, calcium levels in the blood are maintained
at around 8.6–10.2 mg/dL in adults, tightly controlled by the calcium sensing receptor, parathyroid
hormone (PTH), and active vitamin D—1,25-Dihydroxyvitamin D [39]. Measurement of blood calcium
is not an indication of total bone calcium, instead a representation of free calcium, a preferred indicator
for those with protein abnormalities such as low albumin, which effects the ratio of free calcium vs.
bound calcium. Measurements of calcium in urine are used to determine if renal excretion of calcium
is normal. Serum concentration levels of calcium generally vary above or below the normal range
under severe circumstances such as malnutrition or hyperparathyroidism [16]. When calcium levels
decrease, the calcium sensing receptor triggers PTH release form the parathyroid gland which triggers
the conversion of 25-hydroxyvitamin D to 1,25-Dihydroxyvitamin D, which increases circulating serum
calcium levels from bone stores and increases smooth muscle contraction [39].

Low calcium levels are also concomitant with an increased release of renin from the
kidneys, influencing maternal circulating renin-angiotensin-aldosterone systems (RAAS) leading
to hypertension through vasoconstriction and fluid/sodium retention. The nonrenal renin-angiotensin
systems (RAS) are important for ovulation, implantation, placentation, development of the
uteroplacental, and umbilicoplacental circulation [40]. The function of the RAS in the maternal
system is largely driven by maternal demand, and so the activity doesn’t reflect the role of RAS in
the placenta which may have other documented roles in pathological pregnancies such as IUGR, and
PE [40]. Calcium supplementation has been shown to be associated with a reduction in the risk of
gestational hypertensive disorders and an increase in birthweight [41].

3.3. Magnesium

The recommended intake of magnesium during pregnancy is 350 mg/day to maintain function
of over 300 enzymes that utilise ATP (Table 1) [6,16]. Leafy green vegetables provide a good source
of magnesium, due to its presence in the core of the chlorophyll molecule. Other important sources
include whole grains, nuts, legumes, cereals, and seafood. Water can also be an important source
of magnesium, dependant on how “Hard” or “Soft” the water, in hard water communities it can
comprise up to 38% of the daily magnesium consumption [42]. Enzymes in energy metabolism and
neuromuscular signalling require magnesium for substrate formation. Whilst acting as an allosteric
activator for phospholipase C, adenylate cyclase, and Na/K-ATPase; magnesium also regulates calcium
ion transport channels, calcium homeostasis, and is required for calcium-triggered release of PTH and
PTH action [43].

There is no generally accepted measurement for adequate magnesium status, as 50 to 60% resides
within bone [16]. Serum magnesium is the best measurement available, but only measures <1% of
total body magnesium. The normal reference range for serum is between 1.7 to 2.2 mg/dL, with levels
below 1.7 mg/dL often referred to as hypomagnesaemia [16,44]. There is currently no literature
surrounding how reference ranges for circulating magnesium should be altered during gestation.
Magnesium deficiency is often accompanied by calcium and potassium deficiencies. Calcium becomes
deficient due to the impaired PTH secretion caused by low magnesium, causing a perpetuation of low
serum calcium. The rise is active vitamin D to recruit calcium from the gut that is expected to follow
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is attenuated under calcium deficient conditions, propagating calcium deficiency. With potassium,
magnesium is required for it to be adequately conserved by the kidneys. When magnesium is low,
potassium levels cannot be maintained and can proceed to hypokalaemia [43,44]. There may be a
neuro protective effect of high maternal magnesium intake on offspring, whilst also having positive
effects on bone mineral density [30,45].

3.4. Manganese

Involved in cellular metabolic processes, manganese is a component of antioxidant enzymes such
as superoxide dismutase, and essential for development and human health. The bioavailability of
manganese is low, primarily consumed through whole grains, nuts, seeds, and tea [16,45–47]. Uptake
and retention is dictated by dietary calcium, iron, and phosphorus [48,49]. To reach an adequate
intake of manganese during pregnancy, it is recommended that 5 mg/day be consumed (Table 1) [6].
Manganese is a cofactor for an extensive number of enzymes, including oxidoreductases, transferases,
hydrolases, lyases, isomerases, ligases, lectins, and integrins [50]. Two of its more important roles
however are arginase, the last enzyme for the urea cycle, and the mitochondrial antioxidant manganese
super oxide dismutase [50].

Normal levels of manganese in the body range from 4–15 µg/L in blood, 0.4–0.85 µg/L in
serum, and 1–8 µg/L in urine [46]. Serum, plasma and urine concentrations have all been noted to
respond to dietary manganese intake, leading to disagreement on the best indicator of status [51,52].
During pregnancy, manganese concentrations have been shown to increase over the course of gestation
from 10–34 weeks, however values fit within the currently established reference ranges [53,54].
Recent studies examining excessive manganese exposure due to environmental pollution have
suggested that excessive manganese levels in pregnancy can negatively impact on the cognitive
develop of the unborn child [55]. Despite this, there is still a considerable need to investigate the effects
of manganese on foetal development during gestation [16].

3.5. Iron

The RDI for iron is 27 mg/day, however analysis of women living in America has found that
90% will not meet 22 mg/day (Table 1). Iron enters the diet through two different forms, haem
and non-haem. Haem is found within meats, poultry and fish due to the iron component in the
oxygen-transport metalloprotein haemoglobin [56]. Alternatively, non-haem iron is found in cereals,
legumes, fruits, and vegetables. Non-haem forms make up a larger portion of the diet, however are not
as bioavailable as haem forms [57]. Serum iron levels range from 50–170 µg/dL for women, pregnancy
iron levels increase to keep up with the haemoglobin levels of both mother and child, however they
appear to drop in concentration because of increased blood volume. There are no serum iron reference
ranges for pregnant women, though blood haemoglobin levels have been shown to decrease from
12–16 g/dL in non-pregnant to 10–14 g/dL in pregnancy [16].

Iron is required in a wide range of enzymes and pathways for its redox properties and coordination
chemistry [58]. In mammals, iron is integral to cellular respiration, oxygen transport, energy
production, and DNA synthesis [59]. Knowledge surrounding disease associated with iron revolves
around the understanding of iron homeostasis. Levels of iron may be affected by various factors such
as genetic variations, dietary influence, absorption, and haemolysis. Iron deficiency is the main cause
of anaemia, resulting from iron’s use in haemoglobin synthesis affecting healthy red blood cells [60].
High concentrations of iron within the blood can cause metabolic alterations resulting in increased
incidence of insulin resistance and type 2 diabetes in pregnant women [30,61].

3.6. Copper

The adequate intake of copper for pregnancy is 1.3 mg/day, with the upper safe intake being
8–10 mg/day (Table 1) [6]. Serum or plasma total copper levels are around 60–140 µg/dL for a healthy
adult, with no adequate reference range for pregnant women [16]. Copper is an essential element for
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fundamental biological functions such as accepting and donating electrons in oxidation-reduction
reactions, oxidative phosphorylation, free-radical detoxification, neurotransmitter synthesis, and iron
metabolism [62]. Sources of foodstuffs with high levels of copper include meats, shellfish, nuts,
and cocoa products. Foodstuffs low in copper can also provide a significant amount to a person’s
intake, these include tea, potatoes, milk, and chicken [56].

Overnutrition of copper is mostly prevented during pregnancy by an emetic response, however
can potentially result in toxic effects when over 15 mg are consumed [30]. Although there are no known
associations with pregnancy overnutrition of copper, it has been considered a potential risk factor in
cardiovascular disease [63,64]. High copper intake has also been negatively associated with cognitive
function [65]. Undernutrition of copper is uncommon but can result from genetic uptake disorders or
deficiency of trace elements from foodstuffs, more common in people consuming a Western diet [66].
Suboptimal intake in pregnancy may have negative effects on the developing lungs, skin, bones,
organ systems and the immune system of the foetus. In newborns, copper deficiency manifests as
oedema, anaemia, bone disease and recurrent apnoea [30,67]. Although copper is critical for pregnancy,
supplementation is not recommended [16].

3.7. Zinc

Western diets meet the adequate daily intake of zinc for pregnant and lactating women of roughly
11 mg per day (Table 1) [16]. However, in analysis of upper and middle class households, it was found
that greater than 30% of women did not reach this adequate intake level [68]. Zinc has both functional
and structural roles in a number of enzyme systems that are important for gene expression, cell growth
and division, neurotransmission, and reproductive and immune functions. A global search within the
human genome has found that about 2800 proteins consist of a potential zinc binding site, making up
around 10% of the proteome [69]. Shellfish, red meat, nuts, legumes, eggs, poultry, whole grains, some
fruits and dairy products are all foodstuffs with a high bioavailability of zinc [16]. A meta-analysis
by Foster, M. et al., (2015) on zinc status of vegetarians during pregnancy concluded that while
vegetarian women have lower zinc intakes than non-vegetarian women, both groups consume lower
than recommended amounts [70]. As a method of zinc status diagnosis, serum and plasma are used as
a marker of deficiency with normal serum zinc levels ranging for 0.66–1.10 µg/mL [16].

Imbalances in zinc homeostasis are associated with a variety of human diseases. Often accompanied
by malnourishment, zinc deficiency is estimated at 20–30% of the global population. Zinc is
essential to physical and neurological development of infants and children, whilst also vital to
protect plasma membranes from oxidative damage [71]. Immune system function is affected by
zinc deficiency, increasing the risk and severity of infection [72]. Zinc also plays a significant role in
neurological development of infants and children, with deficiency associated with neuronal atrophy,
behavioural problems, and impaired cognitive development [16]. A number of poor gestational
outcomes are associated with inadequate zinc intake. Zinc overnutrition is primarily associated with
maternal gastrointestinal stress which has not been associated with poor maternal outcomes or fetal
programming [16,30].

3.8. Iodine

The RDI for iodine is 220 µg/day during pregnancy (Table 1), however according to the WHO
there is concern for iodine availability in areas around Europe, the Eastern Mediterranean, Africa,
Himalayas, Andes, and Western Pacific [6,73]. Iodine is a key component of thyroid hormones,
thyroxine (T4) and triiodothyronine (T3) which regulate growth, development, reproductive function,
metabolic rate, cellular metabolism, and connective tissue integrity [74]. All biological actions of iodine
are attributed to thyroid hormones. Seafoods and some dairy foodstuffs contain a large concentration
of iodine. Whilst most iodine is derived from these sources, it is also possible to consume an adequate
amount of iodine through eggs, meats, and bread [56]. Iodine is primarily excreted through urine and
as a result is a good indicator of dietary iodine intake, with sufficiency defined as 150–249 µg/L [75].
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Low iodine is correlated to impaired neurological development, in particular neuropsychological
leading to cretinism, mental retardation and brain damage [30,76]. Attention Deficit Hyperactivity
Disorder is also more common in offspring, this is believed to be due to the disruption of brain
development and myelination of the central nervous system in utero [77]. Excess iodine intake has
its own accompanying risks. Symptoms of acute toxicity involve diarrhoea, hyperactivity, weakness,
convulsions, and possibly death [78]. Women with excessive iodine intakes are found to be more likely
to be suffering from thyroid related diseases such as hypothyroidism resulting in maternal weight gain
and haemolysis possibly resulting in negative fetal outcomes and death [79].

3.9. Selenium

Selenium is an essential trace element required in small amounts in the diet to comprise the
primary component of selenoproteins that have various roles including antioxidant function [80]. It is
recommended during pregnancy that women have an intake of 60 µg/day of selenium [81]. Food
sources of selenium are affected by the soil content in which they are grown so in areas with proficient
selenium in the soil there is a greater intake. Also, areas with high levels of sulphur in the soil are
known to have significantly reduced concentrations of selenium in the diet due to the competitive
absorption of sulphur over selenium [82]. Brazil nuts are particularly high in organic selenium content
and can lead to over nutrition if consumed in substantial amounts [83]. Selenium can also be obtained
from cereals and a variety of fruits and vegetables, with 30–40% of dietary intake found in meats,
fish and poultry [84]. There are a number of markers of selenium concentrations in the body [85].
Urinary excretion of selenium should range between 15–50 µg/L and is a marker of intake status.
Selenium status can also be measured within the blood serum where the reference range is between
70–150 ng/mL for adults and 45–90 ng/mL for newborns [16].

Selenium exerts its functions in the body in the form of selenocysteine (SeCys), the 21st amino
acid in the body [86]. Selenoproteins often contain SeCys, the main selenoprotein families are
the thioredoxin reductases (TRxR), glutathione peroxidases (GPx), and iodothyronine deiodinases
(IDO) [87]. Both TRxR and GPx are antioxidants that protect the body from high levels of oxidative
stress; whereas the IDO’s are used to convert the inactive thyroid hormone, T4, to the biologically
active form, T3 [88]. The thyroid is thus sensitive to selenium concentrations, and deficiency can
result in an exacerbation of iodine deficiency [88]. As discussed subsequently, selenium deficiency
during gestation has been associated with a number of negative outcomes, these include miscarriages,
premature birth, low birth weight, and preeclampsia [36]. Consistently high levels of selenium intake
can lead to selenosis: symptoms include gastrointestinal distress, hair loss, brittle fingernails and
fatigue. Selenosis has also been shown to cause mild nerve damage and increase the risk of type-2
diabetes mellitus. The effects of overnutrition of selenium on offspring is unknown, however it may
reduce the risk of maternal hyperthyroidism and lymphocytic thyroiditis [76].

4. Micronutrition in Gestational Complications

Poor micronutrition is often concomitant with increased incidence of gestational disorders such
as GDM, PE, IUGR, and preterm pregnancies [10,11,16]. The literature surrounding micronutrition
is also very complex, highlighting interactions that occur between various elements in physiological
systems, and is limited with regards to heavy metals that are not classified as essential micronutrients.

4.1. Gestational Diabetes Mellitus

Gestational diabetes mellitus is a severe complication of pregnancy with an increasing prevalence,
doubling incidence over an 8-year period [89,90]. The syndrome results from an impaired capacity of
maternal beta cells to adapt to decreased insulin sensitivity that occurs during gestation, impairing
glucose tolerance during pregnancy. The subsequent increased glucose levels that accompany GDM
can further impair the development of the placenta and fetal growth [91]. In addition, maternal
metabolic effects of GDM increase the chance of weight issues and poor pancreatic function. The effects
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on the foetus include increased adiposity and fetal hyperinsulinemia [92]. Poorly managed cases of
GDM have been shown to result in increased cases of hypoglycaemia, primary caesarean deliveries,
and large for gestational age offspring [93]. Although GDM can also cause IUGR, it is more likely to
result in macrosomic foetuses [91].

Low levels of circulating potassium have been associated with impaired glucose tolerance due to
the reduced ability for the pancreas to secret insulin [92]. Low selenium and chromium intake have
also been associated with GDM [94]. Low serum concentrations and urinary excretion of zinc have
been shown to be associated with diabetes [95] and zinc efficiency is also known to reduce growth
factor signalling, particularly the insulin-like growth factor axis [96,97]. A review by Zhang, C. and
Rawal, S. (2017) systematically evaluated the effects of iron intake, and iron status in GDM suggesting
that a potential link between greater iron stores or status during gestation and an increased risk of
GDM [98].

4.2. Pre-eclampsia

Occurring in approximately 3–5% of pregnancies, PE is associated with over 60,000 maternal
deaths a year and increases perinatal mortality 5-fold [99]. Characterised by maternal endothelial
cell dysfunction, resulting in symptoms that include maternal hypertension and proteinuria in late
gestation; there is no current early means of detection for PE. Believed to originate from abnormal
implantation and vascular development of the placenta, resulting in placental dysfunction, the initial
cause of PE is poor uterine and placental perfusion, which can lead to hypoxic conditions and increased
oxidative stress [100]. In some cases, the condition may progress to eclampsia, leading to seizures,
coma, and ultimately death [101].

Hypertension exhibited with PE is linked to the sodium:potassium ratio. Blood pressure is
correlated directly with sodium intake and inversely with potassium; however, potassium intake
has not been associated with hypertensive disorders in pregnancy [102]. A systematic review of
13 studies on calcium supplementation during pregnancy found that with supplementation of 1 g/day,
the average risk of PE was reduced by 55%, whilst gestational hypertensive disorders were reduced by
35% [103]. Due to magnesium deficiency being concomitant to calcium and potassium levels, it has
been linked to PE. Magnesium levels in women with PE have been shown to be significantly reduced
when compared to normal pregnant controls [46,104]. The decreased function of antioxidants that is
accompanied with selenium and zinc deficiency has led to them being associated with preeclampsia,
known to be correlated with high levels of oxidative stress [105].

4.3. Intrauterine Growth Restriction

Fetal growth restriction or IUGR occurs when the foetus fails to reach its expected growth potential
at the appropriate gestational age. Associated with increased perinatal morbidity and mortality, IUGR
is responsible for 30% of stillbirths, and increased incidence of premature births [106]. While IUGR
babies may be born small for gestational age (SGA), IUGR babies are more likely to show signs of
placental disease and have worse perinatal outcomes than SGA babies [107]. IUGR is mostly caused
by the placenta through either poor placental function and/or insufficiency and a failure to adapt to
improve fetal growth [108–110], this is known to be associated with an increase in diseases throughout
life [111].

Reduced uterine blood flow may occur due to maternal hypotension or renal disease, which can
lead to a reduced nutrient transport to the foetus which can cause IUGR [112,113]. Studies suggest
that lower maternal manganese levels are associated with IUGR and an increased incidence of lower
birth weight [114], whilst iron over nutrition has been linked to an increased possibility for SGA
babies [16]. During pregnancy, a poor intake of zinc is teratogenic, causing IUGR and structural
abnormalities [30,115]. Iodine deficiency is associated with a number of negative outcomes. Areas
deficient in iodine see an increase in both birthweight and head circumference in offspring [116].
Low selenium intake has also been associated with IUGR, and recurrent miscarriage [32].
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4.4. Preterm Birth

It’s estimated 1:10 babies are born prematurely with approximately one million children dying
each year due to complications associated with preterm birth. Factors such as maternal stress and
inflammation have been associated, however literature suggests that placental ischemia or other forms
of placental dysfunction are more likely to contribute to preterm birth [117]. There are higher rates of
disability in children and increased risk of disease susceptibility throughout life with preterm births,
with the chances increased the earlier a child is born [118,119].

Pre-term delivery was shown to be reduced in women supplemented with calcium. A WHO
randomised control trial of >8000 women with <600 mg/day calcium intake showed that those with
calcium supplementation had statistically lower incidence of pre-term birth than the placebo group
(2.6% supplemented vs. 3.2% placebo) [120]. Low magnesium levels have also been correlated with
increased incidence of pre-term birth and low birth weight in offspring in humans [45]. Iron deficiency
has been associated with poor growth development, premature birth, and impairment of cognitive
skills and neurodevelopment [16]. Women with low haemoglobin levels have been found to have
double the risk of premature delivery and low birthweight in offspring [121,122]. Two studies have
correlated low selenium concentrations in maternal and cord blood to pre-term birth, with evidence
suggesting that adequate maternal selenium may protect against pre-term deliveries [123,124].

5. Profiling Micronutrients in Disease

The complexities surrounding micronutrition during pregnancy are profound. As previously
stated, over and under nutrition of various elements can be correlated to diverse outcomes. Therefore,
measuring a small number of variables in isolation may not be able to give an accurate representation
of disease or be able to monitor disease progression. By measuring the pattern of many trace elements,
various disease conditions may be better characterised and therefore treated. Early work using
elemental metabolomics for Alzheimer’s disease, Parkinson’s, type 2 diabetes, and cancer has yielded
promising results for both characterisation and understanding of disease.

Elemental Metabolomics

Elemental metabolomics (also known as ionomics), is a technique which involves the simultaneous
quantification and characterisation of many chemical elements with high-throughput elemental
analysis technologies and their integration with bioinformatics tools [125]. The concepts behind
elemental metabolomics were established in the early 1940s, introducing terms like “metabolic
patterns”, “individual metabolic patterns”, and “hypothetical average individual”. It is only with
recent advances in sensitivity, throughput, instrumentation, cheminformatics, and bioinformatics that
determining the detailed metabolic pattern of an individual has become feasible [126]. This allows the
establishment of “elemental signature which may prove to be powerful diagnostic aids.

The majority of techniques used in elemental analysis include inductively coupled plasma mass
spectrometry (ICP-MS), inductively coupled plasma optical emission spectroscopy (ICP-OES), and
X-ray fluorescence [127]. Among them, ICP-MS is the most frequently used approach, which is capable
of detecting metals as low as parts per trillion. Compared to other methodologies, ICP-MS allows for
smaller sample size owing to its greater sensitivity and has the ability to detect different isotopes of the
same element (Figure 1) Currently, ICP-MS has been successfully used for large scale elemental studies
in yeast, plants and mammals [128,129]. These investigations illustrate the power of metabolomics to
identify new aspects of trace element metabolism and homeostasis, and how such information can be
used to develop hypotheses regarding the functions of previously uncharacterised diseases [130,131].
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Figure 1. Elements measurable by ICP-MS, image adapted from Zhang, P. et al., (2017) [126]. Classified
into essential, beneficial, others without a clearly defined function, and toxic elements. Essential and
beneficial elements comprise major structural components (Ca, P, S); components of hormones or
enzymes (Co, Cr, Cu, Fe, I, Mn, Mo, Ni, Se, Sn, V, Zn); responsible for maintenance of ionic equilibria,
activation, or signalling (Ca, K, Mg, Na).

ICP-MS has been used for the quantification of elements in a variety of different human diseases,
but the pattern of elements in disease states are far less well categorised. Even so, the limited work
that has been conducted in the medical field has yielded promising results for various conditions such
as Alzheimer’s disease, Parkinson’s, type 2 diabetes, and cancer. Little work has been conducted on
the determination of elemental metabolomic profiles during gestation. Once established, elemental
metabolomic profiles could better characterise various biological conditions and pathologies, providing
novel treatment options. For example, recently it has been shown that metabolomics can identify genes
and gene networks that directly control the metabolome [131]. In addition, this technique may provide
a powerful tool for investigating more complex networks in gestation that control developmental and
physiological processes that influence the metabolome indirectly.

With the accelerated development of elemental metabolomics, advanced strategies have been
developed for systematic analysis of chemical elements. A recent study identified a distinctive pattern
of serum elements during the progression of Alzheimer’s disease. With the metabolomic analysis
of elemental ratios, this study was able to differentiate with 90% accuracy between diseased and
healthy individuals. Essential elements such as manganese, selenium, zinc and iron were shown to
increase initially with early onset of Alzheimer’s then decrease with the development of mild cognitive
impairment and ultimately true Alzheimer’s disease [12].

In another study, trace elements in plasma were analysed for 238 diagnosed Parkinson’s patients
and 302 controls. Their findings indicated that lower plasma selenium and iron concentrations may
reduce the risk of developing the disease, whereas lower plasma zinc was associated with an increased
risk factor. They also used a model to then predict patient disease status based on several trace elements,
also defining other features such as sex and age, highlighting possibilities for future computational
strategies to improve elemental metabolomic studies [13].

Sun et al., analysed the fasting elemental concentrations of 976 middle-aged Chinese men and
women to determine associations of ion modules and networks with obesity, metabolic syndrome,
and type 2 diabetes mellitus (T2D). They found that copper and phosphorus were always ranked as the
first two specific ion networks in people with health complications, whilst specific elemental patterns
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were also observed for each of the conditions [132]. Another study noted that increased urinary nickel
concentrations were associated with an increased incidence of T2D in 2115 Chinese aged 55–76 years
old [14].

Golasik et al., investigated the relationship between elemental status and cancer risk to support
diagnosis. Disturbance in the homeostasis of metals is among one of many factors that can cause
cancer malignancy. Through analysing both essential elements (calcium, magnesium, zinc, manganese,
copper, iron etc.) and toxic elements (cadmium and lead) in hair and nail samples of patients with
laryngeal cancer, they noted that most of the essential elements were significantly reduced in cancer
patients, whilst toxic elements increased. Using a variety of bioinformatic techniques they were also
able to determine classifiers for prediction of cancer probability, which may be useful for estimating
risk, and early screening of cancer [15].

Elemental studies have also been used to examine metal concentrations in saliva and blood
of periodontal disease patients. Using cluster analysis of metals in the classifications of samples,
the resulting clusters suggested the elemental profiles of those with periodontal disease are different
from controls. These researchers concluded that this may become a basis for future diagnostic and
prognostic tools for periodontal disease [133].

6. Conclusions

Gestational complications such as GDM, PE, IUGR, and preterm birth can have lifelong
consequences for the health of the mother and child. However, pregnancy disorders such as these are
poorly understood despite extensive research. Little work has been conducted on the determination
of elemental metabolomic profiles during gestation and how this might be influenced by maternal
nutrition. Once established, elemental metabolomic profiles could better characterise various biological
conditions and pathologies, providing novel treatment options. Currently, we only know how a select
few micronutrients affect pregnancy outcomes [25], even though many additional micronutrients are
likely to be essential to human development.

Development of elemental metabolomic technology for generating a micronutrient “signature” or
“fingerprint” as a predictive biomarker of pregnancy complications could provide vital information on
relationships between specific micronutrients and pregnancy complications. Many key proteins in
the body require specific micronutrients to function, therefore screening to identify novel and subtle
micronutrient changes could highlight associated proteins that may affected and underpinning the
pathophysiology of these complications. This would open up the way for simple interventions and
therapies which could prove to be of immense benefit to both mother and baby.
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