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Preface to ”“Ageing and Nutrition through Lifespan”

Population is ageing at an unprecedented speed globally. As concept, ageing is considered a
continuous process starting from birth and is accompanied by various physiological changes and a
number of chronic diseases that affect health and quality of life. Ageing as a continuous process is
depending on life course exposures to health risks, lifestyle and nutrition, socioeconomic background,
and other factors.

There is considerable interest among scientists regarding the direct and indirect effect of nutrition
in optimal ageing. Nutrition has a beneficial effect in a variety of chronic disease that impact the
process of ageing. Given the importance of this issue, the journal Nutrients is planning a Special
Issue on “Ageing and Nutrition through Lifespan” with the aim of providing a source for accurate,
up-to-date scientific information on this topic.

We invite you and your co-workers to consider submission of your original research findings
or a review article on the topic. Manuscripts should focus on the direct impact of specific food
components, dietary patterns, energy intake, macro-, micro- nutrients, alcohol intake, food insecurity
as well as malnourishment and appetite to the ageing process (healthy, active, successful ageing,
frailty and other similar indices) across lifespan. In a similar way, we also welcome manuscripts
that focus on the indirect effect of nutrition to the ageing process throughout the pathway of chronic
disease (i.e., obesity, diabetes, depression and mental diseases).

This book is dedicated to my beloved father, Athanasio Tyrovola.

Stefanos Tyrovolas

Special Issue Editor
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Abstract: Introduction: The use of medication has increased in recent years in the US while the
use of dietary supplements has remained stable but high. Interactions between these two kinds of
products may have important consequences, especially in the case of widely used medications such
as antihypertensives and antibiotics. The aim of this paper is to estimate the prevalence of potentially
serious drug-dietary supplement interactions among tetracyclines, thiazides, and angiotensin
II receptor blocker users by means of the NHANES 2013-2014 dataset. Methods: Data from
2013-2014 NHANES were obtained. Potential interactions analysed were tetracyclines with calcium,
magnesium, and zinc, thiazides with vitamin D, and angiotensin II receptors blockers with potassium.
Prevalence was calculated for each potential interaction. Logistic regression was used to assess
associated factors. Results: 864 prescriptions issued to 820 patients were analysed. Overall prevalence
of potential interaction was 49%. Older age and higher educational level were strongly associated
with being at risk of a potential interaction. Factors such as age, race, civil status, citizenship, country
of birth, BMI, and physical activity did not show notable associations. Conclusions: Healthcare
professionals should be aware of other medical products when they prescribe or dispense a medication
or a dietary supplement, especially to the older population and people with a higher educational level.

Keywords: prevalence; interactions; dietary supplements; antibiotics; antihypertensive medication

1. Introduction

The use of prescription medicines has increased recently in the United States (US) [1]. This general
increase is not homogenous across all drug classes. While important increases are noted in the
consumption of some prescription drugs such as anti-hypertensive agents (i.e., angiotensin II receptor
blockers and thiazides), consumption of other drug classes, for instance oral antibiotics, has decreased.
The use of dietary supplements is high and has remained stable over recent years in the general
population in the US. The latest figures point to a prevalence in the use of dietary supplements of
around 50% [2]. This use is higher in the older population, and among females, non-Hispanic whites,
and people with a higher level of education.

One of the main health concerns related to the use of prescription medicines is the potential risk
of adverse events and interactions. Interactions may occur between medications but also between
medications and dietary supplements [3]. Qato et al. reported a range of prevalences of concomitant
use of medication prescription and dietary supplements of between 0.2% and 2% of the general
population [4]. Drug-drug interactions are usually checked by prescription and dispensing systems,
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which will prompt a warning message to the physician or pharmacist if a drug—drug interaction is
detected. However, these systems have no information on patients’ use of dietary supplements, as most
of these supplements are obtained over the counter [3].

Interactions between prescription medication and dietary supplements may occur with widely
used medications, such as antihypertensive agents and antibiotics [5,6]. The consequences of
these interactions may vary between drugs and dietary supplements. Certain minerals including
calcium, magnesium, and zinc may interact with tetracycline. The effects of these interactions could
cause a reduction in tetracycline absorption (decreasing or eliminating the therapeutic effect) [3,5].
Other minerals, such as potassium, can cause interactions with anti-hypertensive drugs, including
angiotensin II receptor blockers, provoking hyperkalaemia [5]. The use of thiazides has to be especially
controlled in patients with osteoporosis because they could also interact with vitamin D and/or calcium
causing hypercalcaemia and a potential metabolic alkalosis [5].

Since consumption of dietary supplements is rarely supervised by healthcare professionals,
this information may help these professionals in their prescription and medication-counselling
practice [3]. Specifically, although studies regarding consequences of prescription medication and
dietary supplement interaction do exist, only a few of them have focused on American populations [4],
revealing the lack of information. Thus, the aim of this paper is to estimate the prevalence of potentially
serious drug—dietary supplement interactions among tetracyclines, thiazides, and angiotensin II
receptor blocker users by means of the NHANES 2013-2014 dataset. The secondary aim of this
paper is to outline the profile of a patient at risk of interactions between medication and dietary
supplements. The NHANES survey is among the few large population-based nationally representative
health and nutrition studies to apply standard design, and it includes the most detailed information
regarding dietary habits and dietary supplement intake, as well as medication prescription. Due to the
potential consequences of prescription medication and dietary supplement interaction, it is important
to discern what patient profile is at the greatest risk of consuming dietary supplements that cause
serious interactions. Thus, the information derived from our study will be important for effective US
and international public health planning.

2. Methods

2.1. Study Design

We obtained data from the 2013-2014 National Health and Nutrition Examination Survey
(NHANES). NHNAES is a nationally representative cross-sectional survey conducted by the National
Center for Health Statistics (NCHS) and Centers for Disease Control and Prevention. NHANES includes
information about the non-institutionalised US population. This database is used worldwide and has
produced satisfactory results [6,7].

2.2. Ethics

The NCHS Research Ethics Review Board (ERB) approved the 2013-2014 study protocol (protocol
2011-17). NHANES and all participants provided written informed consent.

2.3. Interactions under Study

Table 1 shows the drug-dietary supplement interactions studied. We considered medication
groups if they represented a prevalence of use higher than 2% of the population included in the database.
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Table 1. Drug—dietary supplement interactions and their consequences.

Prevalence of Potential

Prescription Medicine  Dietary Supplement Potential Clinical Consequences of the Interaction .
Interactions

Decreased therapeutic effect as a consequence of a reduction in the

Calcium . . 44.3%
Te : absorption of tetracycline [3].
etracyclines . L.
. Decreased therapeutic effect as a consequence of a reduction in the o
Magnesium N . 26.9%
absorption of tetracycline [3,5].
Zine Decreased therapeutic effgcl as a consequence of a reduction in the 37.4%
absorption of tetracycline [3,5].
Thiazid Calcium Hypercalcemia and metabolic alkalosis. Thiazides reduce the urinary 53.5%
tazides Vitamin D excretion of calcium. Vitamin D increases the absorption of calcium [5]. 52.1%
Angiotensin II receptor . Higher risk of hyperkalaemia, especially in patients with decreased o
blockers Potassium renal function, heart failure, or diabetes [5]. 28.8%

Tetracycline interacts with divalent ions such as calcium, magnesium, and zinc, forming a relatively
stable and poorly absorbed chelate, preventing absorption of the antibiotic due to a lower amount of
calcium in the gut available to be absorbed. This interaction may reduce or even abolish the therapeutic
effect of the antibiotic, thereby diminishing anti-infectious efficiency. For this reason, tetracycline
should be taken one hour before or two hours after meals [3,5].

Thiazide diuretics can cause increased calcium reabsorption in distal tubules of the kidneys,
which contributes to hypercalcemia. Another cause of hypercalcemia is the excess of vitamin D,
for example, through high doses of oral supplements, which increases the absorption of calcium in the
gut. Due to the retention of calcium in the body, metabolic alkalosis may be developed [5].

Finally, angiotensin II receptor blockers are potassium-sparing and can, therefore, have additional
hyperkalaemic effects if combined with potassium supplements or salt substitutes containing potassium.
The use of potassium supplements is the main risk factor for developing hyperkalaemia, as this causes
a rapid rate of increase in serum potassium levels. Other contributory risk factors such as poor renal
function, heart failure, and diabetes should also be considered, as they are associated with a faster rate
of hyperkalaemia progress [5,8].

3. Population and Prescription Medication Information

The sample was composed of tetracyclines, thiazides, and/or angiotensin II receptor blocker users.
These drugs were chosen due to the potential severity of their interactions and their high prevalence
of use in the American population. Prescription medication information was obtained through the
Prescription Medication subsection included in The Dietary Supplement and Prescription Medication
section of the Sample Person Questionnaire. This section provides personal information on the use of
prescription medication in the month prior to the participant’s interview. The name of the medication
was provided by the participant to the interviewer, who entered it into the computer where it was
automatically matched to a generic drug name and code. Medication is presented following the WHO
Drug Statistics Methodology of ATC index [9].

Tetracyclines: We considered a patient to be a tetracycline consumer if he/she reported having
taken a medication with a generic drug name included in the ATC group JO1AA.

Thiazides: We considered a patient to be a thiazide consumer if he/she reported having taken a
medication with a generic drug name included in the ATC group CO3AA.

Angiotensin 11 receptor blockers: We considered a patient to be an angiotensin II receptor blocker
consumer if he/she reported having taken a medication with a generic drug name included in the ATC
group CO9CA.

4. Dietary Supplement Information

Dietary supplement information was obtained through the dietary supplement subsection also
included in The Dietary Supplement and Prescription Medication section of the Sample Person
Questionnaire. This subsection allows for collection of personal data on the use of dietary supplements
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in the month prior to the participant’s interview. Interviewers reported the supplement product name,
which was automatically disaggregated to up to 34 nutrients.

We considered a participant to be a nutrient supplement consumer if he/she had taken any
supplement containing at least one of the nutrients under study (Table 1).

5. Other Covariates

Demographic covariates were sex, age, race/ethnicity (Hispanic origin: Mexican-American,
other Hispanic, non-Hispanic white, non-Hispanic black, other race), educational level (primary,
secondary, university), civil status (married/with partner, widow/er, divorced, single), citizenship
(American/non-American), and country of birth (U.S./Other country).

We also considered body mass index (BMI) and physical activity. BMI was determined from
height and weight measured by health technicians previously trained by an expert anthropometrist.
We categorised this variable as follows: underweight (<18.5), normal weight (18.5-24.9), overweight
(25.0-29.9), and obesity type I (30.0-34.9) and obesity type II and type III (>35.0).

Physical activity was self-reported and measured through a question asking if participants did
any moderate-intensity sports in a typical week. The answer was dichotomic (yes/no).

6. Statistical Analysis

Prevalence rates were calculated for each potential interaction described in Table 1. The reference
population consisted of those who reported having taken one of the medications under study.

A multivariate logistic regression analysis was conducted to determine the factors associated with
a higher probability of having a potential interaction using the presence/absence of the interaction as the
dependent variable and demographic and clinical variables as independent variables. The regression
model provided odds ratios (OR) and 95% confidence intervals for the associations between the
dependent variable and each of the independent variables. Crude associations obtained from bivariate
logistic regressions were also presented.

To test potential interactions between demographic and clinical variables, such as age and physical
exercise or gender and BMI, we tested the association between the probability of having a potential
interaction and the interacting term of the dependent variables. The interacting terms were not
statistically significant and, therefore, were not included in the final model.

All analyses were performed taking into account the appropriate weights. This procedure was
developed with the goal of obtaining nationally representative estimates and accounting for unequal
probability of selection derived from study design and non-response.

STATA 13.1MP was used to perform the statistical analyses.

7. Results

7.1. Sample Demographic Characteristics

The total sample was made up of 864 prescriptions issued to 820 individuals. Five per cent of
those prescriptions involved tetracyclines, 61% involved thiazides, and 46% angiotensin II receptor
blockers. Some of these prescriptions consisted of a combination of a thiazide and an angiotensin
1T inhibitor.

Sociodemographic characteristics are shown in Table 2. The proportion of women was 57%.
The majority of the sample was non-Hispanic white (70%) and had secondary-level education (57%).
Regarding civil status, 66% of the sample was defined as married or with a partner. Some 88% had
been born in the U.S. and a higher percentage (97%) had American citizenship. The main BMI category
was type II or III obesity (32%). Only 30% of the sample did moderate-intensity sport.
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Table 2. Sociodemographic characteristics of the sample (n = 820).

% or Mean 95% CI

Gender,% (n)

Men 42.6 (350) 38.7;46.7

Women 57.3 (470) 53.3;61.3
Age, mean (range) 61.4 (20-80) 60.3; 62.6
Age group,% (n)

20-39 6.4 (41) 4.6;88

40-59 34.1(249) 29.4;39.2

60-79 50.0 (470) 45.6; 54.4

>80 9.5 (104) 7.6;11.9
Race,% (n)

Mexican-American 3.9(63) 2.0,7.7

Other Hispanic 3.5(62) 2.3;5.5

Non-Hispanic white 70.4 (357) 65.5;75.0

Non-Hispanic black 15.6 (237) 11.4;21.0

Other race 6.4 (101) 44;92
Education,% (n)

Primary 15.7 (191) 11.9;20.5

Secondary 57.4 (450) 53.6; 61.1

University 26.9 (179) 22.7;31.7
Civil status *,% (n)

Married/with partner 65.5 (482) 62.0; 68.9

Widow/er 12.9 (131) 10.4;15.8

Divorced 14.4 (131) 12.3;16.9

Single 7.1 (75) 52,95
Citizenship *,% (n)

American 88.3 (633) 84.4,91.3

Non-American 11.7 (186) 8.7,15.6
Country of birth *,% (n)

us. 97.7 (779) 96.1; 98.6

Other country 2.3 (40) 1.4;39
Body mass index (categories),% (n)

Underweight 0.5 (5) 0.1;,2.2

Normal weight 10.6 (109) 7.6; 14.5

Overweight 30.7 (247) 26.4;35.3

Obesity type I 26.5 (206) 22.2;31.4

Obesity types II and IIT 31.6 (253) 28.3;35.2
Physical activity in a typical week,% (n)

Yes 40.4 (313) 35.9;45.0

No 59.6 (507) 55.0; 64.1

* The following variables contain one missing value: civil status, citizenship and country of birth.

7.2. Prevalence of Potential Interactions

Table 1 shows the prevalence of potential interactions among the sample. Forty-four percent of
the people using tetracyclines were consuming calcium and 26% and 37% of them were consuming
magnesium and zinc, respectively. Among the users of thiazides, 54% and 52% used calcium and
vitamin D, respectively. Finally, 26% of consumers of antagonist II receptor blockers presented a
potential interaction due to the concomitant use of potassium. Overall, 49% of the participants were at
risk of at least one of the studied interactions.

7.3. Factors Associated with Potential Interactions

Table 3 shows the factors associated with suffering a potential interaction between medications
and dietary supplements. According to the adjusted analysis, age and educational level were strongly
associated with the probability of a potential interaction. Also, compared to the non-Hispanic white
population, the non-Hispanic black population presented a lower probability of a potential interaction.
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The remaining variables (sex, civil status, citizenship, country of birth, BMI category, and physical
activity) showed no statistically significant association with the risk of a potential interaction.

Table 3. Factors associated with potential interactions based on the multivariate weighted logistic
regression model ¥.

Bivariate Analysis Multivariate Analysis
OR 95% CI OR 95% CI

Gender

Men ref ref -

Women 1.08 0.79; 1.49 1.23 0.87;1.75
Age (1 year increase) 1.02 1.01; 1.03 1.02 1.01;1.03
Race

Non-Hispanic white ref ref -

Other Hispanic 0.42 0.17;1.03 0.44 0.14; 1.33

Mexican-American 0.44 0.24; 0.80 0.55 0.25; 1.20

Non-Hispanic black 0.42 0.29; 0.60 0.45 0.30; 0.66

Other race 0.58 0.83;1.78 0.60 0.29;1.26
Education

Primary ref ref -

Secondary 2.10 1.31;3.40 1.95 1.18;3.23

University 2.03 1.24;3.31 1.63 1.01; 2.63
Civil status *

Married/with partner ref ref -

Widow/er 0.98 0.66; 1.46 0.84 0.50; 1.43

Divorced 0.92 0.65; 1.32 1.05 0.71; 1.56

Single 0.56 0.25;1.26 0.95 0.39;2.34
Citizenship *

American ref ref -

Non-American 0.40 0.16; 0.99 0.86 0.27;2.72
Country of birth *

uUsS. ref ref -

Other country 0.65 0.41;1.02 1.12 0.57; 2.20
Body mass index (categories)

Underweight *

Normal weight ref ref -

Overweight 0.90 0.53;1.51 0.77 0.45; 1.29

Obesity type I 1.23 0.77;1.97 1.00 0.59;1.71

Obesity types IT and III 1.17 0.83; 1.67 1.04 0.74;1.48
Physical activity in a typical week

Yes ref ref -

No 0.69 0.41;1.17 0.71 0.41;1.24

$ Potential interactions include the interaction of tetracycines with calcium, magnesium or zinc, thiazides with
vitamin D and Angiotensin II receptor blockers with potassium; * Few values to be considered. CI = Confidence
interval; OR = Odds ratio.

Older people had a higher risk of using a prescription medication and a dietary product with a
potential interaction effect (OR = 1.02 (95% CI 1.01, 1.03)) per year, i.e., OR is 1.22 in patients 10 years
older). People with a higher educational level (secondary or university) showed a higher risk of using
a dietary product with a potential interaction with one prescription medicine (OR = 2.0 (95%CI 1.18;
3.23) and OR = 1.6 (95% CI 1.01; 2.63), respectively).

8. Discussion

One in every two people who take one of the considered medications is at risk of a potential
interaction. Specifically, older people and the population with a higher educational level represent a
profile at risk of a potential interaction between medications and nutritional supplements. Older people
are also more likely to use both drugs and supplements because of a higher potential to get sick [10].
This is an important issue from a public health perspective, as there are population groups, such as the
older population, who are high consumers of these two kinds of health products. This study is one of
the first to examine factors associated with specific medication-dietary supplement interactions [11,12].
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Qato et al. already showed that more than two-thirds of older adults used prescription medication
with OTC medication or dietary supplements [4]. This is in line with our results indicating that
the older population has greater probability of suffering a potential interaction. According to
Kantor et al. supplement use in the US showed a downward trend among young adults aged 20 to
39 years, stable use among middle-aged adults aged 40-64 years, and an increase among adults over
65 years of age; this last population has a greater probability of being under pharmacotherapeutic
treatment due to their clinical status [2]. In this population, the intake of both products is essential.
Polypharmacy is a well-known phenomenon that is mainly observed in older populations [13].
The appropriateness of these medications is questioned in some cases [14]; however, in other situations
such as antihypertensive or diuretic medication, the need is beyond doubt as cardiovascular illnesses
are among the most important causes of death and disability in the US [15]. A similar scenario is
observed with dietary supplements, where the effect of the supplementation may reduce the risk of
several chronic diseases [16,17].

People with a primary level of education showed lower likelihood of being at risk of a potential
interaction. This group also has a lower likelihood of taking dietary supplements. An explanation
for this might be that people with a higher educational level might be over-concerned due to a flood
of health information about health, and they might be taking dietary supplements when they do not
need them. However, this result may also indicate a higher concern regarding the health of people
with a higher education; higher education mediates the impact on health outcomes through health
literacy [18]. Furthermore, people with a higher education level, which are likely to have a higher
socioeconomic status, may have more resources to access dietary products.

These results are especially important for healthcare professionals. Determining whether patients
at risk of suffering a potential interaction are taking a dietary supplement that might interact with their
prescribed medication is important. In the case of tetracyclines, the effect of the drug may be decreased
and the patient may be uncovered for a potential infection; in the case of thiazides, patients may suffer
metabolic alkalosis; and in the case of angiotensin II receptor blockers, cardiac function may be affected.
This information should be considered at the time of prescription or dispensation. A secondary
assessment could be made to analyze whether this supplement is really needed, and if so, to try to
adapt it to the pharmacologic treatment. In addition, the assistance of a specialist, such as a nutritionist,
is recommendable.

In this line, public policies designed to inform healthcare professionals how to detect potential
interactions and tools to help them identify them are highly recommended. These tools could be
incorporated in the respective electronic tools of prescription and dispensing, and they might not only
remind healthcare professionals to ask about the use of those dietary supplements that may generate
an interaction, but also offer alternatives to avoid the interaction in the event that the supplement is
recommended. In addition, it is important to inform citizens that, before taking a supplement, it is
desirable to consult their doctors to verify that the supplement is necessary and safe taking into account
their prescription drugs.

This study has several strengths. Itis among the first to evaluate medication use with specific dietary
supplements in a representative sample of the American population, providing useful information
for targeted public health planning. In the NHANES, medication and dietary supplement use were
assessed through in-home interviews, and boxes were seen by the interviewers in most participants.
This reduces the recall bias, which is especially notable in medication [1]. However, the present
study also has several limitations. First, there is no certainty that the interactions detected occurred.
Furthermore, some of these interactions were dose-dependent, and information on dose was not
available. Second, information only showed self-reported recent consumption, so it was impossible
to discern whether the consumption was concurrent. Finally, other important medication groups
that might generate serious interactions, such as quinolones, were not assessed due to their limited
representation in the sample. These limitations are not restricted to the present study, as the
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methodology and analysis strategy followed were similar to those of previous studies based on the
NHANES database [4].

9. Conclusions

There are two main population groups at risk of potential interactions: older people and the
population with a higher educational level. With respect to other races, non-Hispanic whites present
a higher risk of potential interactions. These results add important information about ways of
approaching patients when they receive a prescription or ask for a medication. Health policy should
take this information into account so as to inform healthcare professionals, and electronic tools should
be developed or adapted to help in the re-assessment of their pharmacotherapeutic planning.
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Abstract: This study analyzed how maternal obesity affected fatty acids (FAs) in breast milk and
their association with infant growth and cognition to raise awareness about the programming effect
of maternal health and to promote a healthy prenatal weight. Mother—child pairs (7 = 78) were
grouped per maternal pre-pregnancy body mass index (BMI): normal-weight (BMI = 18.5-24.99),
overweight (BMI = 25-29.99) and obese (BMI > 30). Colostrum and mature milk FAs were determined.
Infant anthropometry at 6, 18 and 36 months of age and cognition at 18 were analyzed. Mature
milk exhibited lower arachidonic acid (AA) and docosahexaenoic acid (DHA), among others, than
colostrum. Breast milk of non-normal weight mothers presented increased saturated FAs and n6:n3
ratio and decreased «-linolenic acid (ALA), DHA and monounsaturated FAs. Infant BMI-for-age
at 6 months of age was inversely associated with colostrum n6 (e.g., AA) and n3 (e.g., DHA) FAs
and positively associated with n6:n3 ratio. Depending on the maternal weight, infant cognition was
positively influenced by breast milk linoleic acid, n6 PUFAs, ALA, DHA and n3 LC-PUFAs, and
negatively affected by n6:n3 ratio. In conclusion, this study shows that maternal pre-pregnancy BMI
can influence breast milk FAs and infant growth and cognition, endorsing the importance of a healthy
weight in future generations.

Keywords: maternal obesity; breastfeeding; breast milk; colostrum; mature milk; fatty acids;
LC-PUFA; omega-3; omega-6; DHA; AA; children; growth; cognition; early life nutrition; programming

1. Introduction

In spite of efforts made, as well as existing evidence-based information, for tackling obesity and
the burden of the disease, obesity is a societal challenge that is still on the rise, including in women
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of reproductive age, and this is affecting the health of future generations [1]. Early-life nutrition
plays a key role in infant growth and development and has a programming effect related to the
appearance of future non-communicable diseases, such as obesity, diabetes and others [2,3]. Breast milk
composition and breastfeeding practice are some of the most influential factors of child outcomes [4-6].
Even though lactation comprises a relatively short period in the average person’s lifespan, the exposure
to breast milk in the first months of life occurs during a very critical period of rapid growth and
development [2,7-9]. Maternal obesity influences the nutritional status of the child through different
mechanisms, breastfeeding being one of them. If the mother of the child has obesity, the fatty acid
(FA) profile in breast milk can be different, with a prevalence of pro-inflammatory FAs beyond those
critical for neurodevelopment [10]. Thus, the early nutritional status and future health of the child can
be affected.

Breast milk contains long-chain (LC) polyunsaturated fatty acids (PUFAs), which are crucial
nutrients—especially docosahexaenoic (DHA) and arachidonic acid (AA)—involved in growth, the
immune system, vision, and cognitive and motor development [11]. These nutrients are associated
with the prevention of obesity [12,13] and other infectious and chronic diseases in the future life [14].
However, maternal characteristics, such as diet [15] or obesity [10], may alter the FA content in human
milk. Studies have shown that the breast milk of mothers with overweight and obesity have higher
levels of n6 FAs and lower levels of n3 FAs than the breast milk of normal-weight mothers [16-18], and
a high ratio of n6:n3 LC-PUFAs in red blood cells membrane phospholipids has been reported as a risk
factor for obesity [19]. In fact, in high-fat rodent models of maternal obesity, lowering the maternal
n6:n3 ratio using a novel genetic model or supplemental fish oil has been shown to prevent offspring
obesity [20]. Nevertheless, the results appear to be inconsistent [18,21].

The direct impact of maternal weight on the infant cognition has also been studied [21-24]. Mostly,
observational, prospective and longitudinal studies correlate a high pre-pregnancy maternal body
mass index (BMI) with poorer cognitive performance [24]. High gestational weight gain (GWG) seems
to augment this correlation, as well [25]. However, three studies have failed to find an association
between maternal obesity and cognitive infant deficits [26-28].

Although there are studies that have analyzed the influence of maternal weight on breast milk FA
composition [10,18,29-35], none of these studies have further assessed its effect on infant cognition
and growth. Furthermore, there is a lot of variability regarding the timing of breastmilk collection in
the existing studies, and most of them focus on the analysis of mature breastmilk, without considering
the evolution of the different FAs from colostrum to mature milk. Therefore, the current study aims
to analyze the implications of maternal obesity on FA levels in colostrum and mature milk and their
association with infant growth and cognition, to raise awareness about the programming effect of
maternal nutrition and promote a healthy weight in women.

2. Materials and Methods

2.1. Statement of Ethics

This study was carried out in accordance with the ethical standards recognized by the Declaration
of Helsinki (2004), the EEC Good Clinical Practice guidelines (document 111/3976/88 of July 1990) and
current Spanish legislation governing clinical research in humans (Royal Decree 561/1993 on clinical
trials). Additionally, the study was approved by San Cecilio University Hospital Ethics Committee
and the Faculty of Medicine at the University of Granada. Written informed consent was obtained
from all participants at the beginning of the study.

2.2. Study Population and Design

For the present study, a subsample of mother—child pairs (7 = 78) from the PREOBE cohort
was selected and classified according to maternal pre-pregnancy BMI: normal-weight (BMI =
18.5-24.99 Kg/m?, n = 34), overweight (BMI = 25-29.99 Kg/m?, n = 27) and obese (BMI > 30 Kg/m?, 1 = 17).
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The PREOBE study (Role of Nutrition and Maternal Genetics on the Programming of Development of
Fetal Adipose Tissue) is an observational cohort study of a total of 331 pregnant women that analyzes
the impact of maternal obesity and gestational diabetes. The information regarding the PREOBE
study has been published elsewhere [34] and was registered at www.ClinicalTrials.gov (NCT01634464).
Figure 1 presents the study design and information of the PREOBE study.

Pregnant women assessed for
eligibility (n=474)

Excluded (n=143)
* Not meeting inclusion criteria (n=19)
* Other reasons (e.g. declined to participate) (n=124)

| Eligible (n=331) |

[
¥ ) v ’

| Normoweight (n=132) | | Overweight (n=56) | | Obese (n=64) | | Gestational Diabetes (n=79) |
J/Dmp outs (n=28) lDrop outs (n=8) lDrnp outs (n=20) lD7‘0p outs (n=10)

Mothers-child pairs at Mothers-child pairs at Mothers-child pairs at Mothers-child pairs at
delivery (n=104) delivery (n=48) delivery (n=44) delivery (n=69)

Figure 1. Participants in the PREOBE cohort and classification following BMI and gestational
diabetes criteria.

Briefly, the study and recruitment of participants were carried out at San Cecilio University
Hospital and the Mother-Infant Hospital in the city of Granada, Spain. The inclusion criteria were:
singleton pregnancy, gestation between 12 and 20 weeks at enrollment, and an intention to deliver in one
of the two obstetrics centers mentioned above. Women were excluded if they were participating in other
research studies, receiving drug treatment or supplements of DHA or folate for more than the first three
months of pregnancy, suffering from disorders such as hypertension, pre-eclampsia, fetal intrauterine
growth retardation, infections, hypo- or hyperthyroidism and hepatic renal diseases, or following an
unusual or vegan diet. Maternal age, pre-pregnancy BMI, parity, smoking status, diet, alcohol habits,
socio-demographic information, education, gestational weight gain, infant anthropometry, gender and
feeding practices were recorded. After birth, the women were encouraged to breastfeed their infants.

2.3. Breast Milk Sample Collection

Colostrum and mature milk were collected at 2-4 and 28-32 days postpartum, respectively, by an
experienced nurse at the hospitals or by the mother at home (after receiving training by the nurse).
Samples were collected over the course of an entire day (24 h) from both breasts before and after each
feed. Milk samples were gathered in sterile polypropylene tubes by mechanically expressing each
breast with a breast pump. Mothers were given 14 tubes with a capacity of 5 mL and the total volume
obtained from each mother ranged from 45 to 70 mL. The samples collected at each time were frozen
at —20 °C at home, and mothers brought them to the 3-month offspring follow-up visit. Each time,
the samples were transported in ice boxes to the laboratory, where they were stored at —80 °C until
analysis. All samples from each woman were mixed and aliquoted prior to analysis.

2.4. Fatty Acid Analysis of Breast Milk

The FA composition of breast milk was determined according to the method described by
Chisaguano et al. [35]. 50 pL human milk samples were used for the analysis. FA methyl esters (FAMEs)
were prepared with sodium methylate in methanol (0.5 M) and boron trifluoride methanol solution
(14% v/v). They were then separated and quantified by fast gas chromatography (GC)using a HP-6890
Series GC System (Hewlett-Packard, Waldbronn, Germany) equipped with a flame ionization detector
(FID), a split/splitless injector, a HP-7683B Series autoinjector, and a fused-silica SP-2560 capillary column
(75 m 0.18 mm internal diameter, 0.14 pm thickness) coated with a 100% bis-cyanopropyl polysiloxane
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stationary phase (Supelco, Saunderton, UK). The chromatographic conditions used were: hydrogen
as the carrier gas at a constant linear velocity of 22 cm/s (which gave an initial pressure of 39 psi).
The detector and injector temperatures were set at 300 °C and 250 °C, respectively; the split ratio was at
1:50 and the injection volume was 1 uL. Oven temperatures were programmed as follows: the initial
temperature was set at 120 °C, which was increased at a rate of 25 °C min~?! to 180 °C. This temperature
was held for 6 min and finally increased to 240 °C at a rate of 25 °C min~!, and held for 9 min.

FAs were identified by a comparison of the peak retention times of those of the standard solution
Supelco 37-component FAME mix (Sigma-Aldrich, St. Louis, MO, USA). FAs were then quantified
by standard normalization (% total fatty acids), and they are therefore expressed as a percentage of
the total amount of FAs. FA summatories were derived by adding the corresponding single FAs to
saturated FAs (SFAs), monounsaturated FAs (MUFAs), PUFAs, n6 PUFAs, n3 PUFAs, n6 LC-PUFAs
and n3 LC-PUFAs. Moreover, n6 to n3 ratios were created for analysis.

2.5. Assessment of Anthropometric Infant Outcomes

After birth, the infants received a medical examination during which anthropometric
measurements were recorded. Data, such as weight, length and BMI at 6, 18 and 36 months of
age were included in the present study. Length and weight (with light clothing and no shoes)
were recorded using a Harpenden Infantometer (Model 702) calibrated stadiometer (Holtain, Wales,
United Kingdom) and a Multina Comfort calibrated balance scale (SOEHNLE, Backnang, Germany),
respectively. Weight, length and BMI measurements were ultimately converted to weight-for-age
z-scores (WAZ), length-for-age z-scores (LAZ) and BMI-for-age z-scores (BMIZ) (SD scores), according
to World Health Organization (WHO) child growth standards [36,37].

2.6. Assessment of Infant Cognitive Development

Infant cognitive development was assessed at 18 months of age using the Bayley Scales of Infant
Development III (BSID III) [38], by trained psychologists in the presence of the mother of the child.
These scales measure the level of motor, language and cognitive or mental development. The present
study uses the Cognitive Composite score, which is the global score of the scales and represents the
overall cognitive development of the children.

2.7. Statistical Analysis

Statistical analyses were performed using the SPSS statistical software package for Windows
(version 23.0; SPSS Inc., Chicago, IL, USA). The Kolmogorov-Smirnov test was used to study the
normal distribution of the data and non-normally distributed data were natural log-transformed.
Means and standard deviations (SD) were used to describe continuous variables. The characteristics
of the population were analyzed using the ANOVA and Bonferroni post-hoc test. To analyze the
FA evolution from colostrum to mature milk, a paired Student’s t-test was used. The independent
Student’s t-test was used to compare the breast milk FA composition between maternal weight groups.
The associations between breast milk FAs and child anthropometric measurements and cognitive
scores were determined using linear regression analyses and corrected for potential confounders such
as maternal BMI, smoking, education, GWG and parity, and infant characteristics, such as gender
and feeding practices. The Bonferroni correction (0.05/(48 FAs x 3 study groups = 144 analyses)) was
applied to take multiple testing into account and p-value thresholds were set at 0.002. In the tables,
p-values < 0.05 are highlighted in bold, while those <0.002 are additionally marked by stars.

3. Results

3.1. Characteristics of the Population

The characteristics of the population are shown in Table 1. Normal-weight women presented
the highest GWG, followed by overweight and finally mothers with obesity. The latter group had
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the highest n6:n3 ratio in dietary intake, while normal-weight mothers had the lowest intake of AA.
No significant differences were found in infant characteristics according to maternal BML

Table 1. Characteristics of the population.

Characteristic Normal-Weight Overweight Obesity 4
Mean (SD) Mean (SD) Mean (SD)
Maternal characteristics n n n
Age (years) 34 31 (4) 27 32 (4) 17 32 (4) 0.492
Pre-pregnancy BMI (kg/m?) 34 22.14 (1.54) @ 27 27.59 (1.35) ® 17 33.40 (2.65) © <0.001 *

Weight Gain (kg) 25 13.17 (3.55) 23 10.32 (5.20) 15 9.14 (7.06) 0.042
Education (%) 0.660

<High school 26 14.71 19 11.11 11 23.53

High school 3 8.82 5 18.52 2 11.76

>High school 5 76.47 3 70.37 4 64.71
Smoking during pregnancy (%) 0.415

No, never 17 7727 15 71.43 10 73.68

Yes 3 13.64 5 23.81 1 7.14

Quit 2 9.09 1 4.76 3 21.43

Maternal dietary intake
Energy (Kcal/day) 27 2066.37 (261.93) 23 2089.59 (542.07) 12 2058.08 (469.97) 0.961
Lipids (g) 27 86.89 (17.29) 23 85.25 (25.86) 12 93.23 (20.95) 0.468
Lipids (%) 27 37.76 (5.26) 23 39.04 (7.73) 12 41.17 (5.38) 0.307
SFA(g/d) 27 30.81 (6.36) 23 30.05 (8.67) 12 34.19 (5.87) 0.203
MUFA (g/d) 27 36.53 (10.92) 23 39.33 (17.63) 12 36.32 (12.08) 0.926
PUFA(g/d) 27 12.10 (3.17) 23 13.34 (6.59) 12 14.63 (3.95) 0.285
n6 PUFA (g/d) 27 2.48 (1.95) 23 2.89 (2.53) 12 3.44 (1.50) 0.122
n3 PUFA (g/d) 27 0.18 (0.11) 23 0.21 (0.13) 12 0.20 (0.09) 0.427
n-3 from fish (g/d) 27 0.36 (0.31) 23 0.28 (0.34) 12 0.45 (0.34) 0.690
AA (g/d) 27 0.11 (0.06) @ 23 0.17 (0.08) 12 0.16 (0.08) @& 0.005
EPA(g/d) 27 0.12 (0.11) 23 0.09 (0.11) 12 0.16 (0.12) 0.213
DHA (g/d) 27 0.24 (0.18) 23 0.22 (0.21) 12 0.31 (0.21) 0.269
né6:n3 27 12.99 (2.98) 2 23 13.53 (3.40) 2 12 19.12 (8.94) © 0.004
Infant characteristics

Sex, male (%) 14 41.18 11 40.74 7 41.18 0.999
Birth weight (g) 32 3359.06 (352.35) 27 334037 (511.85) 16  3532.35(389.61) 0.277
Birth length (cm) 31 50.52 (1.57) 27 50.30 (1.88) 16 51.22 (1.80) 0.245
Birth head Circumference (cm) 26 34.31 (1.36) 22 34.36 (1.39) 16 34.69 (1.40) 0.674
Placenta (g) 30  496.67 (144.11) 25  509.20 (130.25) 16 568.13 (143.17) 0.332
Newborn according Lubchenco curves # (%) 0.627

SGA 0 0.00 1 4.55 0 0.00

AGA 26 81.25 16 72.73 11 73.33

LGA 6 18.75 5 22.73 4 26.67
Breastfeeding (%) 0.290

Exclusive 16 53.33 16 66.67 8 50.00

Mixt 10 33.33 3 12.50 3 18.75

Artificial 4 13.33 5 20.83 5 31.25

Different superscript letters indicate differences among BMI groups, according to ANOVA and the Bonferroni
post-hoc test. Chi-square test was applied to qualitative variables. p-values < 0.05 are highlighted in bold and those
<0.002 are additionally marked by stars. * The newborns were divided into three groups according to the Lubchenco
curves: SGA: Small for Gestational Age; AGA: Appropriate for Gestational Age; LGA: Large for Gestational Age
(LGA). t Breastfeeding practice information was collected at 3 months of age of the child. SFA: Saturated Fatty
Acids; MUFA: Monounsaturated Fatty Acids; PUFA: Polyunsaturated Fatty Acids; AA: Arachidonic Acid; EPA:
Eicosapentaenoic Acid; DHA: Docosahexaenoic Acid.

3.2. Breast Milk Fatty Acid Evolution

The FA evolution from colostrum to mature milk is shown in Table 2. In spite of maternal
pre-pregnancy BMI, mature breast milk presented lower levels of C16:1n9, C20:1n9, AA, C22:1n9,
C22:4n6, C22:5n6, C22:5n3, DHA, C24:0, C24:1n6 and n3 LC-PUFAs, and higher levels of C8:0, C10:0,
medium-chain FAs (MCFAs), eicosapentaenoic acid (EPA):AA and DHA:AA ratios than those found
in colostrum.
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Regarding other biologically important FAs, and always compared to colostrum levels, the mature
milk of normal-weight mothers showed higher levels of C12:0 and C18:3n6, and lower levels of C16:0,
C20:0, C20:3n6, C22:0, C22:2 n6, C23:0, saturated fatty acids (SFAs) and n3 PUFAs; the mature milk of
overweight mothers showed increased levels of C6:0, C16:1n7, linoleic acid (LA), C18:3n6, EPA and
n6:n3 ratio, and decreased concentrations of C15:0, C16:0, C17:0, C20:0, C23:0 and SFAs; and finally, the
mature milk of mothers with obesity had higher levels of C6:0, C12:0 and C18:0 and lower levels of
C18:1n7 and C22:0.

3.3. Breast Milk FAs According to Maternal Weight Group

Table 2 also shows the differences in breast milk FAs between weight groups. Compared to
normal-weight women, the overweight group had higher levels of C14:1, C15:0, C17:0 and C17:1 in
colostrum; and higher levels of C22:5n6 and n6:n3 ratio and lower levels of DHA and EPA:AA in
mature milk.

On the other hand, compared to normal-weight mothers, mothers with obesity had lower levels
of C18:0, C18:1n9t and ALA in colostrum; and lower levels of C18:1n9, C18:1n9t, ALA and MUFAs and
higher levels of C22:2n6, C22:5n6, C23:0 and SFAs in mature milk.

We also compared overweight with mothers with obesity and found that the group with obesity
had lower concentrations of C8:0, C15:0, C17:0, C18:1n9t, ALA in colostrum; and higher levels of C16:0
and SFAs and lower levels of ALA in mature milk.

3.4. Association of Breast Milk FAs with Infant Growth

Table 3 shows the associations between breast milk FAs and infant growth. All associations were
observed after adjusting for potential confounders, which included maternal pre-pregnancy BMI,
maternal smoking, weight gain during pregnancy, maternal education, gender of the child and type of
infant feeding practice.

Table 3. Associations between breast milk PUFA levels and anthropometric measurements in infants.

BMIZ WAZ LAZ
Colostrum Mature Milk Colostrum Mature Milk Colostrum Mature Milk

Fatty Acid 6mo n =37 6mo n =39 6mo n =37 6mo n =39 6mo n =38 6mo n =39
18mo n = 38 18mo n =37 18mo n = 38 18mo n =38 18mo n = 38 18mo n =38
36mo n =16 36mon =13 36mon =16 36mon =13 36mon =18 36mo n =14

B P B 4 B P B |4 B P B 14
C18:3n3 (ALA)

6mo -011 063 -015 040 -006 077 -022 024 005 080 -012 049

18mo 032 013 -011 057 011 063 -013 051 —020 026 -006 0.9

36mo -044 021 001 099 —-027 052 006 095 -017 063 -086 022
C18:2n6 (LA)

6mo 033 012 -013 043 042 0027 016 036 015 040 009 0.0

18mo -019 034 004 08 018 037 005 079 006 073 017 026

36mo 012 075 -022 050 002 096 -0136 075 001 098 -033 041
C20:4n6 (AA)

6mo 044 0016 002 091 —020 026 004 084 025 013 003 086

18mo -003 089 -012 057 006 077 =013 052 010 050 015 039

36mo 030 030 009 081 042 020 007 08 020 048 012 075
C20:5n3 (EPA)

6mo -051 0012 000 099 -036 007 -013 049 018 031 -018 029

18mo -030 012 000 098 -013 051 008 066 015 035 009  0.62

36mo -074 0155 -108 030 -058 034 -113 028 014 069 -059 0.6l
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Table 3. Cont.

BMIZ WAZ LAZ
Colostrum Mature Milk Colostrum Mature Milk Colostrum Mature Milk

Fatty Acid 6mo n = 37 6mo n =39 6mo n =37 6mo n =39 6mo n =38 6mo n =39
18mo n = 38 18mo n =37 18mo n = 38 18mo n =38 18mo n = 38 18mo n = 38
36mon =16 36mon =13 36mon =16 36mon =13 36mon =18 36mon =14

B 14 B 4 B 14 B 14 B p B P
C22:6n3 (DHA)

6mo -0.37 0.043 -0.16 038 -031 007 =029 0.10 0.00 099 -023 017

18mo 0.14 0.42 0.03 0.88 0.08 0.66 0.00 099 -0.05 074 -0.03 0.84

36mo 0.42 0.29 0.33 0.46 0.65 0.13 0.38 0.39 0.46 0.22 0.58 0.14
n6 PUFA

6mo 0.21 0.32 0.13 0.45 0.34 0.07 0.16 0.35 0.20 0.27 0.10 0.55

18mo 0.16 041 -0.06 0776  0.18 0.40 0.04 0.83 0.08 0.65 0.18 0.23

36mo 020 0587 -0.19 0.64 0.15 072 =011 0.79 0.07 084 -031 044
n3 PUFA

6mo -0.38 0.047 -0.19 027 -033 007 -0.32 007 -0.00 0991 -022 0.8

18mo 0.16 038 -0.11 0.56 0.04 084 -011 053 -0.12 0427 -0.05 075

36mo -0.20  0.60 0.17 0.78 0.05 0.90 021 0.74 005 0897 -018 0.77

n6 LC-PUFA

6mo -0.38 0.047 -0.06 077 -0.17 036 0.00 0.98 0.19 0253  0.09 0.65

18mo -0.05 077 =027 0.19 0.03 088 —0.17 041 0.10  0.508  0.19 0.25

36mo 0.40 0.22 0.11 0.78 0.60 0.09 0.12 0.76 025 0390 -0.03 095

n3 LC-PUFA

6mo -0.43 0.020 -019 028 -0.34 005 -033 0.06 003 0866 -024 0.16

18mo 0.07 070 -0.04 0.82 0.05 078 -0.02 09 -0.01 0955 0.02 0.89

36mo 0.28 0.44 0.19 0.63 0.53 0.18 0.21 0.59 042 0211 0.40 0.31

n6:n3

6mo 042 0.031 030 0.10 045 0.011 045 0.013 0.11 0.519  0.30 0.08

18mo -0.04 0.82 0.05 0.78 0.06 0.74 0.14 0.47 0.14 0369 0.21 0.19

36mo 0.30 034 023 055 0.05 088 —0.18 0.65 0.01 0978 -0.26  0.58
LCn6:3

6mo 0.12 0.56 0.14 0.41 0.22 0.24 0.29 0.09 015 0373 024 0.13

18mo -0.13 048 -0.08 066 -0.04 086 -0.05 0.77 0.11 0.490  0.07 0.65

36mo 0.35 054 -0.07 0.86 0.16 081 -0.08 085 -031 0516 -030 046

Associations were evaluated using lineal regression analyses. (3 and p are corrected values after adjustment for
potential confounders: maternal pre-pregnancy BMI, maternal smoking, weight gain during pregnancy, maternal
education, sex of the child and type of infant feeding practice. p-values < 0.05 are highlighted in bold and those
<0.002 are additionally marked by stars. mo: month; LA: Linoleic Acid; AA: Arachidonic Acid; ALA: a-linolenic
Acid; EPA: Eicosapentaenoic Acid; DHA: Docosahexaenoic Acid; PUFA: Polyunsaturated Fatty Acids; LC-PUFA:
Long chain Polyunsaturated Fatty Acids.

At 6 months of age, we found that colostrum levels of AA, EPA, DHA, n3 PUFAs, n6 LC-PUFAs
and n3 LC-PUFAs were inversely associated with infant BMIZ, while the n6:n3 ratio was positively
associated with it. Also, at 6 months of age, LA and the né6:n3 ratio in both colostrum and mature
milk were positively associated with WAZ. No associations were found between mature milk and any
variable at 1.5 or 3 years of age.

3.5. Associations of Breast Milk FAs with Infant Cognition

Table 4 presents the associations between breast milk PUFAs and infant cognition at 18 months of
age. When the whole population was analyzed, no associations were found. However, infants born
to normal-weight mothers presented a positive association between cognition scores and LA and n6
PUFA levels in colostrum. On the other hand, the infants of overweight mothers presented a direct
association of DHA and n3 LC-PUFA levels in colostrum with cognitive score, while the n6:n3 ratio
in colostrum was inversely associated with it. With respect to infants born to mothers with obesity,
a positive association was found between ALA levels in mature milk and cognition.
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4. Discussion

The present study offers the evaluation of human breast milk FA composition during the first
month postpartum according to maternal weight, and the impact on child outcomes from 6 months to
3 years of age. This is one of the very few studies analyzing the influence of maternal weight on breast
milk FA composition and, to our knowledge, the second one to assess this parameter in both colostrum
and mature breast milk. Moreover, we believe this is the first study to address its effect on both infant
cognitive developmental parameters and growth all in one study.

Upon analysis of the population characteristics, we observed that women with obesity had the
lowest GWG, even though no nutritional intervention was carried out. This finding is in line with
the results of a systematic review about GWG in women with obesity where they concluded that
GWG decreased with each higher BMI classification [39]. In fact, weight loss during pregnancy is
more common in women with obesity than non-obese women [40] and GWG decreases as the severity
of obesity increases [41]. Nonetheless, we observed that women with obesity had the highest n6:n3
ratio in their dietary intake, which suggests they had the lowest-quality dietary intake, as similarly
demonstrated by other studies where a high weight status is related to a high dietary intake of n6 FAs
and a low intake of n3 FAs [42].

We did not observe any differences in infant characteristics according to maternal BMI. Evidence
suggests that infants born to mothers with obesity have an increased risk of having a higher weight and
length at birth [1], but this was not the case in our population. Since GWG is directly associated with
birth weight [43], a possible explanation for this finding is that women with obesity showed the lowest
GWG, and therefore their offspring did not present increased weight at birth. This is in the line with the
conclusions of the systematic review of Faucher and Barger, in which several studies reported a linear
decrease in the prevalence of being large for gestational age (LGA) and less GWG [39], suggesting
that women with obesity and low GWG would have some benefits on fetal growth. This could be the
reason why in our study children from women with obesity did not present higher weight or length.
Nevertheless, our data still showed a tendency in which formula-fed infants and those considered
LGA represented a higher percentage in the groups of women with overweight and obesity, according
to Lubchenco’s curves [44].

Regardless of maternal weight, our data showed that when breast milk transitioned from colostrum
(2—4 days postpartum) to mature milk (28-32 days postpartum), the levels of crucial FAs such as AA,
DHA, and n3 LC-PUFA were decreased. Other authors have also demonstrated this finding [45,46].
The high content of crucial FAs in colostrum has biological relevance because it is highly associated
with child outcomes, possibly because of the nutrient supply during the first few days of life, which
are critical for infant health [47]. Nonetheless, we also found higher levels of EPA:AA and DHA:AA
in mature milk, which are positively associated with health outcomes as well [48]. Analyzing the
breast milk evolution within each weight group, we found that SFA concentrations decreased in the
mature milk of women with normal-weight and overweight, but not in the mature milk of women
with obesity. As described in other studies, the human milk of these women could present higher
levels of SFA [17]. The factors attributed to this increased amount of SFA in breast milk of women
with obesity could be the metabolic status and diet. It is well known that obesity is intrinsically a
pro-inflammatory state influenced by dietary intake [49], where the ratio of n6:n3 PUFA is a clear
factor affecting inflammation and obesity development [50]. In our study, the higher dietary intake of
n6:n3 PUFA ratio in women with obesity, might be enhancing the pro-inflammatory state, and thereby
affecting the levels of breast milk SFAs. Moreover, the fact that women with an increased BMI may
have an increased intake of n6:n3 PUFA might also explain the higher n6:n3 PUFA ratio found in the
mature milk of overweight women compared to their colostrum, although their increased intake of
dietary n6:n3 was not significant.

To the best of our knowledge, eight studies have evaluated the FA composition of breast milk
according to maternal BMI, but the results available in the literature are not entirely consistent and
the studies differ in terms of the weight groups tested and the timing of sample collections. Out of
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these eight studies, only one shares the same collection timing for colostrum that we used [32]; another
one used a similar timing for both colostrum and mature milk [16], but the other 6 studies collected
the milk in different times ([10,17,18,29-31]). Regarding the weight groups used, 5 did not share the
same groups that we used [10,16,17,29,31], and 2 out of the 3 studies that did [18,30,31] used a different
criteria to classify weight according to BMI [30,32].

Although our results and the ones available in the literature suggest that a high maternal weight
status alters human milk nutrient content, there is an inconsistency regarding which FAs are the most
influenced according to BMI groups. This could be attributed to numerous factors, such as sample size,
population, methods, FAs included in the analysis, weight group classification and the timing of breast
milk collection. However, it is important to highlight that, even without a clear consistency among
studies, an increased BMI is found to alter FA concentrations in breast milk, generally increasing SFA
and n6 PUFAs and decreasing FAs from the n3 series. An important factor that could explain the
differences found among weight groups could be related to dietary intake during late pregnancy, since
several studies have demonstrated that this affects breast milk composition [51]. This suggests that
women with overweight and obesity could have an increased dietary intake of n6 FAs and SFAs and a
poor intake of n3 FAs. As previously mentioned, this happened in our population, where we found
that the n6:n3 ratio of dietary intake was higher in women with an increased BMI, especially those with
obesity. Since a maternal pro-inflammatory diet is positively associated with increased concentrations
of SFA and MUFA in breast milk [10], specific maternal metabolic markers could be an interesting
approach to predicting the predominance of certain FAs in breast milk.

This study also analyzed the possible association between breast milk FA composition and infant
growth and cognition. It is well known that many nutrients are critical for proper infant growth and
neurodevelopment. Animal models and epidemiological studies suggest that PUFAs such as AA and
DHA are particularly important [52,53]. Thus, we evaluated the association between the PUFA levels
in breast milk and infant anthropometric measurements at 6, 18 and 36 months of age. For this analysis,
we used the z-score values WAZ, LAZ and BMIZ to evaluate with greater accuracy which children
were within or outside the normal range [1,36,54]. Our findings showed that LC-PUFAs—especially
AA, EPA, DHA, n3 and n6 LC-PUFAs—in colostrum had a negative association with infant BMIZ at
6 months. In accordance with these results, a recent review that analyzed the association between n3
PUFAs and growth suggested that DHA during pregnancy, lactation and early life may be associated
with significant benefits in infant growth and development [55]. Similarly, Pedersen et al. observed a
negative association between DHA levels in breast milk and BMI in children from 2 to 7 years of age.
They also found an overall inverse association between breast milk DHA and body fat percentage [56].
Although it is important to mention that BMI is not the best method to quantify body composition,
and especially to assess body fat in children [57,58], DHA content in breast milk could have some
benefits in postponing the age of adiposity rebound [56], which is the second rise in adiposity that
usually occurs between 3 and 7 years of age [59]. It is known that the age that rebound occurs predicts
later fatness, meaning that an earlier rebound would be a risk factor for later obesity [59]. On the other
hand, our data also indicated that n6 PUFA levels may contribute to a fat mass increase in children [59],
since LA in colostrum and the n6:n3 ratio in both mature milk and colostrum could influence WAZ and
BMIZ at 6 months of age. Since the n6 PUFAs in mature milk were generally increased in overweight
and obese mothers, their children could be more susceptible to developing obesity [17,20,50]. Indeed,
children from overweight and obese mothers presented a tendency to be LGA. In contrast, Much et al.
found that AA and n6 PUFAs in mature breast milk were negatively associated with infant weight and
BMI (up to 4 months of age) [33], suggesting that the role of these n6 FAs (including AA) might be
age-dependent and serve as important regulating factors for growth in early postnatal life. Due to
the low variability of AA contents in breast milk across populations (0.24-1% of FAs) [7], a possible
explanation of this discrepancy could be the quantitative amount of milk intake by the breastfed infant,
meaning that depending on the daily ingested volume of milk, AA would have its growth-regulatory
effects or not [33]. Further studies are needed to look into such quantitative aspects. In our study,
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we only found significant associations between FAs and infant growth at 6 months of life, but not
at 18 nor 36. This finding may be due to the child’s own diet, lifestyle and metabolism. However,
the associations found at 6 months are relevant, because it is a crucial age that represents a critical
period in the child’s development and programming [3]. A curious result that we found is that length
was not correlated to any PUFA, which again is in disagreement with Much et al. They inversely
correlated DHA, EPA and n3 PUFA with length at 1 year of age. Their milk collection was at 6 weeks
and 4 months postpartum [33], whereas in our study it was at 2—4 days and 28-32 days postpartum.
Therefore, the possible evolution of FA species over time would be a possible explanation for the
different results. From our study and the evidence gathered, we can see that PUFAs in breastmilk
influence infant growth; however, there is a high variability in existing results. Further studies are
needed to obtain more conclusive outcomes [2].

PUFAs are also critical for an adequate brain growth and function in aspects such as neurogenesis,
nerve impulse transmission, neuronal integrity, and vitality and gene expression in the brain [52,53,60].
Thus, we explored the association between breast milk PUFA levels and cognitive score at 18 months
of life. On the one hand, when we analyzed the total population, we found no association between
any FA in breast milk and child development. Similarly, there have been observational studies that
found no strong evidence for a beneficial role of LC-PUFAs in order to explain the positive relationship
between breastfeeding and cognition [61]. This raises the question as to whether LC-PUFA levels may
only be beneficial in children’s mental development when breastfeeding levels are high [62]. Although
we corrected the analysis by the type of breastfeeding, this information was collected at 3 months of
age, so we do not know which effect could have had a longer period of exclusive breastfeeding.

We also explored the association between breast milk FA levels and infant cognition according to
maternal BMI. In general, we found a direct association between n3 and n6 PUFA levels in colostrum
and infant cognition at 18 months of age. The colostrum from overweight mothers was the one
that presented more relevant associations, specifically, a high n6:n3 ratio was negatively associated
with cognition, whereas higher DHA concentrations were directly associated with better cognitive
scores, which is in line with Bernard et al. [63]. This suggests that the cognition of infants born to
overweight women could be enhanced by promoting n3 FAs, more specifically DHA, in the maternal
diet. These results are in line with meta-analyses, animal and epidemiologic studies [60,64,65], and
support WHO recommendations on breastfeeding for the two first years of life or beyond [66]. We must
consider that, in our study, the cognitive score was assessed at 1.5 years of life, and at this age, there
are many factors related to the child that could influence their cognition. The potential cofounders that
we have used to adjust this analysis were mainly related to the mother, and only the gender and type
of feeding practice were related to the child. Important factors such as infant diet or physical activity
are lacking and could have a huge influence in the results because intake of micronutrients, such as
n3 FAs, vitamin B12, folic acid, zinc, iron and iodine, together with malnutrition and general dietary
patterns and other lifestyle habits, influence child cognitive development as well [67-69].

Overall, our study highlights the importance of the maternal health before, during and after
pregnancy, since it could have a great impact in the breast milk FA composition and, in consequence,
in the offspring’s growth and cognition which affects their future health. Many women start developing
healthy habits when they are pregnant or planning a pregnancy. However, as presented in our study,
the pre-pregnancy health status has an important effect in the quality of the human milk, consequently
affecting the health of the child. Therefore, bigger efforts must be put in place to promote and
guarantee a healthier lifestyle and nutritional status in the general population to pursuit healthier
future generations.

We acknowledge some limitations in our study, such as the small sample size. However, it is
important to understand that, even though PREOBE is a larger cohort, we were not able to include all
the participants in the present study due to lack of data or samples, possibly related to indisposition to
participate given the complexity and sensitivity of the periods involved: childbirth and breastfeeding.
Although risk factors, such as socio-demographic information and maternal diet, allowed us to adjust
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our statistical models for potential confounders, we cannot rule out residual confounding, especially
coming from data related to the infants at 1.5 and 3 years of age because data on their dietary intake,
lifestyle and other characteristics, could be greatly influencing the results. Another limitation is that
women receiving supplements of DHA for over 3 months were excluded, but we do not know the
possible effect of that initial supplementation in the breast milk FA profile. Moreover, recording the
timing between sample collection or the last meal, collecting information on what was consumed
before and after each sample was taken, and analyzing the different breast milk samples of one day
without mixing them, would provide valuable data to assess the human milk nutrient content and
impact. In general, further research is required to provide a better understanding of the role that
FAs play in obesity development and management, paying special attention to the methods used for
analysis and promoting the comparison of results between cohorts.

5. Conclusions

In conclusion, our results show that (1) the FA composition of colostrum and mature milk was
different. Regardless of maternal weight, mature milk had lower levels of AA and DHA (among others)
than colostrum; (2) Maternal obesity influenced the FA concentrations in breast milk. Overall, breast
milk of mothers with a high BMI presented increased SFA levels and n6:n3 ratio, and decreased ALA,
DHA and MUFA concentrations; and (3) The early supply of n6 and n3 PUFAs through colostrum
influenced infant weight status and cognition, at 6 and 18 months of life, respectively. Infant BMIZ at
6 months of age was inversely associated with colostrum levels of n6 and n3 LC-PUFAs (e.g., AA and
DHA) and positively associated with n6:n3 ratio. Depending on the maternal BMI, infant cognition
may be positively affected by colostrum levels of LA, n6 PUFAs, DHA, n3 LC-PUFAs and ALA, and
negatively affected by the n6:n3 ratio. Since the maternal pre-pregnancy weight can influence the
breast milk FAs, which is related to the early nutritional status of the child and to health conditions
throughout the life span, this study endorses the need for early preventive health care through diet
and lifestyle. A healthy weight in women before, during and after pregnancy should be encouraged to
promote beneficial FAs in breast milk and promote healthier future generations.
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